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ABSTRACT
The primary goals of the present investigation were to demon
strate sexual recombination in the blue-green alga Anacystis nldulans,
and to determine if antibiotic sensitive strains could be transformed
with deoxyribonucleic acid extracted from resistant strains. Since
Anacystis nidulans is prolcaryotic and shows a marked structural resem
blance to some bacteria, bacterial genetic methods were utilised.
The work was divided into four phases. The first was to obtain
axenic cultures, the second was concerned with the production and char
acterization of antibiotic resistant mutants, the third with the demon
stration of sexual recombination, and the fourth with determining if
transformation takes place when antibiotic sensitive cells are exposed
to the deoxyribonucleic acid from resistant cells.
Bacterial dilution, plating and streaking methods were used un
successfully in attempts to obtain axenic cultures of Anacystis.
Bacteria were found to grow much more rapidly than the algal cells and
petri dishes were covered with bacteria before the algae appeared.
Methods utilising ultraviolet light and antibiotics were also unsuccess
fully used since the alga was at least as sensitive to these selective
agents as the bacteria.
Mutants were obtained by exposing wild type Anacystis cultures
to increasing concentrations of either polymlxin, streptomycin or both*

ix

X

Mutation from sensitivity to resistance to both of these antibiotics
was found to be stepwise and unaffected by the presence of bacterial
contaminants.
Recombination experiments vera carried out on both liquid and
solidified media*

Different strains resistant to 100 j^g/ml streptomycin

were mixed with each other and with strains resistant to varying con
centrations of polymixin. In no case did the results indicate that sex
ual recombination occurs in Anacystis nldulans under the conditions used.
Five transformation systems were used in attempts to confer
antibiotic resistance on antibiotic sensitive strains.

Deoxyribonucleic

acid was extracted from antibiotic resistant strains by either the use
of high concentrations of polymixin or by the use of sodium lauryl
sulfate. Sensitive strains were exposed to the transforming principle
in media supplemented with various amino acids and under different con
ditions of light and temperature. In the transformation systems uti
lized, genetic transformation was not found to occur in Anacystis
nldulans.

INTRODUCTION
Prior to 19U6, biologists believed reproduction in both the bac
teria and blue-green algae to be strictly asexual.

In that year, how

ever, Lederberg and Tatum showed sexuality in bacteria.

Because of the

relative ease of bacterial culture methods, and their short generation
time, bacteria became a prime genetic tool.

Pew workers pursued

studies with the blue-green algae, although sane of these algae bear a
marked structural resemblance to the bacteria.
The primary goals of the work presented here were to determine
if sexuality does exist in Anacystis nidulans and to attempt transfor
mation of antibiotic sensitive strains with deoxyribonucleic acid (DNA)
from strains resistant to antibiotics.
Anacystis nidulans (Kicht) Dr. and Daily was selected as the
experimental organism for several reasons.

Preferably, an organism

which is to be used for genetic studies should be easy to culture and
should have a short generation time.

The nutrient requirements for

Anacystis were established in 1950 (Gerloff, Fitzgerald, and Skoog, 1950
layers 1950) and redefined more procisely in 1955 by Kratz and Myers.
In addition, problems pertaining to growth such as the buildup of per
oxides in the medium,were investigated by Van Baalen (1965, 1967).
Thus, with well defined inorganic media and proper growing conditions,
the generation time for Anacystis nidulans is short enough so that the
large quantities of organisms necessary for DNA extraction can be

obtained within a few weeks. In addition, since quantitative surface
plating Is possible, viability counts can be made.
Gerloff, Fitzgerald,and Skoog (1950) found bacteria associated
with the gelatinous sheath surrounding many species of blue-green al
gae. Since the sheath surrounding Anacystis nidulans is thin compared
with some other blue-green algae, it was expected that axenic cultures
of Anacystis could be obtained with relative ease.
There has been little work on the ultrastructure of Anacystis.
The organism is generally unicellular, although the Indiana strain used
in this study tends to form two to four cell filaments. The ellipsoi
dal cells are prokaryotic and are about 2^ wide and

long. Classi

cally, Anacystis nidulans was considered to be composed of three major
regions i

the fibrous sheath, the chromatoplasm or peripheral pigaent-

contalning region, and the centroplasm which contains nucleoproteins.
Lefort (i960) and Ris and Singh (1961) examined various blue-green al
gae tinder the electron microscope. They found the structures of the
genera examined (Colothrix, Nostoc, Anacystis, Qloeocaps^, Oscillatoria,
and Fhormidium) to be similar, but with patterns of pigment distribu
tion characteristic for each species*

In Anacystis nidulans, the chro-

matqplasraic region is bounded on the outside by two unit membranes with
a cell wall between them, followed by a plasma membrane also made up of
two unit membranes. Concentric lamallae of pigment-containing unit
membranes separated by thin layers of cytoplasm are interior to the
plasma membrane. Both Lefort, and His and Singh compare this lamellar
structure to that found in the chloroplasts of higher plants. The cen
troplasm, or central area of the cell contains nucleoplasm and granules
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which are thought to be ribosomes (Ria and Singh, 1961). When cells
are treated with uranyl acetate, fibrils with the dimensions of doublestranded UNA nay be found throughout the nucleoplasm.
The present investigation was divided into four phases, the
first of which was to obtain axenic cultures of Anacystis nidulans.
The second phase was concerned with the production and characterization
of nutants, and the third with recombination between these mutants.

In

the final phase of this work antibiotic sensitive strains were exposed
to DHA extracted from antibiotic resistant strains in attenpts to pro
duce transformants.
Few workers have reported success in their attempts to purify
blue-green algae. Standard plating and dilution techniques were em
ployed successfully by Lewin (1959) with sane algae, but not specifi
cally with Anacystis. McDaniel, Middlebrook, and Bowman (1962) re
ported purification of blue-green algae by treating the cultures with
detergent and phenol, and Stewart (1962) used ultraviolet irradiation
followed by treatment with antibiotic8. Gerloff, Fitzgerald, and Skoog
(1950) and Allen (1952) could not obtain axenic cultures using standard
techniques because the bacteria which remained after dilution covered
the plates before the algal colonies appeared.

Bunt (1961 a,b) re

ported success in purifying Nostoc, Anabaena, and Gloeotrlchia by trans
fer of newly formed hamogonla from culture tubes to petri dishes, but
was unable to purify species such as A. nidulans which do not form hormogonia. Tchan and Gould (1961) and Vance (1966) used various antibio
tics, both alone and in combination, but they were also unsuccessful*
In the present work, all of the above methods were employed.

h
The second phase of this work was concerned with the production
of antibiotic resistant nutanta and the characterisation of these
mutants as to types of rotations and mutation rates. Singh and Sinha
(19o5) report having obtained (frlindrospermum magus Kuetz mutants re
sistant to penicillin or streptomycin. Kumar (1962, 1963) reported
that he was able to obtain Anacystis nldulans mutants ten times as re
sistant to penicillin or streptomycin as his parental strains in addi
tion to an ultraviolet light resistant strain.

Unfortunately, Kumar

did not give any details of his methods or the degrees of antibiotic
resistance obtained. He reported using a modified fluctuation test
(Luria and Delbruck, 19U3) for mutant analysis, although he did not
mention what modifications he made.
Pik£lek (1967) obtained Anacystis mutants resistant to several
compounds including penicillin, streptomycin, isonicotlnhydrazide, and
chloramphenicol. Pik&lek's work indicated that resistance to antibio
tics might be stepwise although he did not give quantitative data.
Bazin (1968) reported obtaining Anacystis nidulans resistant to
high concentrations of streptomycin or polymixin. The streptomycin
mutants were obtained by selection, but the polymixin mutants were de
rived from strains treated with fluorouracil and 8-azaguanine. All of
the above authors reported that their mutants were stable and not cross
resistant.
Bryson and Demerec (1900) showed that there are two basic pat
terns of antibiotic resistance in bacteria, the "penicillin-type" and
J
the "streptoo^cin-type." In the case of "penicillin-type" resistance,
the effects of mutations are cumulative. Strains resistant to low
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antibiotic concentrations become resistant to higher concentrations as
•ore nutations ooeur (stepwise nutations). Streptomycin resistance, an
the other hand, is caused by nutations of genes with different poten
cies. Some nutations occurring in a parent population will make the
cells resistant to high antibiotic concentrations, whereas others will
allow survival only in low concentrations (one-step mutations).

Kumar

did not state whether or not Anacystis nidulans mutants follow the bac
terial patterns. Pik&lek and Basin suggest that mutation to streptomy
cin resistance nay be stepwise.
Several problems may be encountered in calculations of mutation
rates. In the first place, one must determine by a fluctuation test if
nutation has actually occurred, or if he has selected for previously
existing mutants. Secondly, various factors must be considered such as
delay in phenotypic expression] inhibitory effects of parent cells on
mutants, and selective effects causing differences in growth of parental
and mutant strains (Braun 1953)*

Luria and Delbruck (19U3) formulated

several methods for determining mutation rates. Their formulae tend to
minimize error due to the above factors since only the presence or ab
sence of mutants is considered. The use of such formulae, however, makes
modification of the fluctuation test neeessazy when cultures are grown in
liquid media since individual colonies cannot be counted. In actuality,
one cannot be sure that mutant frequencies accurately reflect mutation
rates unless a fluctuation test is run, and all variables are controlled.
Nutation rate analysis gives only reasonable estimates of the actual num
ber of mutational events which have occurred.

6
The third phase of this work was designed to demonstrate the
presence or absence of sexual recombination In Anacystis nldulans under
the culture conditions used. Kumar (1963) found that when strains of
AnacystiB resistant to different antibiotics were grown together, double
resistant mutants appeared more frequently than would be expected on the
basis of mutation alone. He also tested for synergistic effects by
treating cells of one strain with culture filtrates from the other and
\

"""

found that the filtrates were not responsible for the resistance of
these strains. His results led him to conclude that sexual recombina
tion was responsible for the large number of "double mutants

which he

obtained. Pik&lek (1967) attenpted to repeat Kumar's work, but found
that Kumar's "double resistant" mutants were actually only resistant to
one of the antibiotics, the other having been depleted from the medium.
Basin (1968) obtained cells resistant to both streptomycin and polymixin
by mixing strains resistant to each of the antibiotics. In the current
study, this author has, with sane modifications, attempted to repeat the
work of Bazin and Kumar.
Die fourth, and final, phase of this research was devoted to
transformation in Anacystis nldulans. In 1928, Griffith found that a
mouse infected with a non-virulent strain of Pneunococcus would contract
pneumonia when also Injected with a heat-killed virulent strain. A few
years later, Dawson and Sia (1931) succeeded in carrying out a similar
transformation of non-virulent to virulent strains, but in an "in vitro"
system. It was not until 19hU that the transforming principle was iso
lated and identified as deoxyribonucleic acid by Avery, McLeod, and
McCarty. Prior to this, workers discounted the possibility that DIIA
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could be the genetic material, since it was thought to consist of re
peating tetranucleotides which could not possibly carry enough informa
tion to specify the structure of an organism.

After the experiments of

Avery et al., however, Pollister and Mirsky (19^6) showed that 91$ of
the contents of trout sperm nuclei are nucleoprotamines, and Swift (1950)
demonstrated the constancy of DNA content in the nuclei of plants of the
same species. Hershey and Chase (1952) found that in bacteriophage only
the HIA is active during reproduction, the protein sheath having been
previously shed. Finally, the tetranucleotide theory was shattered when
several workers (Wilkins, Stokes and Wilson, 1953; Watson and Crick,
1953; Chargaff, 1950) analyzed the macronolecular structure of DNA,
showing that it could easily carry sufficient information to act as the
genetic material.
Since that time there has been considerable work on conditians
necessary for transformation, and several bacterial transf araatian sys
tems are relatively well understood. The majority of research has dealt
with Haemophilus influenzae. Bacillus subtilis. and Pneumococcus. The de
velopment of a high degree of competence, the ability of an organism to
be transformed, has been found to be dependent on several factors in
bacteria. First, cells must be removed from actively growing cultures
at the end of the log phase of growth and placed in a minijnal medium in
which little growth occurs.

The lack of transformability of actively

growing cells has been noted by various authors (Young, Spislsen, and
Crawford, 1963; Spencer and Harriott, 1965; Anagnostopoulos and Spizizen,
1961). Secondly, the concentration of cells in the transforming medium
is critical. Spencer and Herriott (1965) found a $0% decrease in cell

- -
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_

viability whan the cell oonoentration was allowed to fall below
5 x 10® calls par ml.
Finally, the composition of the transforming medium must be
considered. Anagpostopoulos and Spizizen (1961) working with B. subtilis,
used a

medium to which they added casein hydrolyzate, glucose

as a carbon source, L-tryptophan, and MgSO^. They found that the histidlne in the casein hydrolyzate was acting as a chelating agent for the
copper compounds in the

medium*

Without the chelator, copper

was found to inhibit competence. In transformation systems utilizing
H. influensae, Spencer and Herriott (196$) found that in order to achieve
caqsetence, L-aspartic acid, L-glutamic acid, L-cystine, L-arginine, and
fumario acid ware necessary In addition to the basic salts needed for
growth. In systems with other compounds added, the degree of competence
diminished. These authors did not mention the addition of chelating
agents nor did they use minimal media containing copper compounds.
Several explanations have been given for the development of com
petence.

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

of competent B. subtilis contain more galactosamlne and alanine, but less
glutamic acid, diaminopimelic acid, and glucosamine than the cell walls
of incompetent cells. There is considerable evidence that this variance
in cell wall structure is due to the presence of an autolytic enzyme
which is active in the walls of competent bacteria (Young and Spizizen,
1963). The addition of chloramphenicol to a transformation system ren
ders the system incoupetent, showing that protein synthesis is necessary
for transformation and suggesting that competence may be dependent on the
active uptake of DNA.

Nava, Galls, and Beiser (1963) found that
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antibodies nay b« developed which inhibit oaapetence in ftxemeocoocus.
They surmise, therefore, that antigens specific for competence must
exist on the surfaces of the bacteria, and that these antigens serve as
receptor sites for transforming DKA.
In addition to the competency of the cells in a transformation
systeei, one oust consider the transforming principle, that is, the HIA
and genetic markers beinc used. Several studies hare been done which
not only elucidate the method of entry of ENA into a recipient cell, but
also strengthen the theory that the uptake is active. Levine and Strauss
(1965) and Ephrussi-Taylor (1962), found a lag period characterizing the
entry of DNA. When competent cells were treated with EWA and Immediately
washed, some of the cells vest transformed. This suggested that the UNA
was adsorbed as soon as it was added to the culture.

When, however, the

transformation process was terminated with decxyribonuclease (ttiase) a
lag period appeared. The authors believe that the DNA, once adsorbed,
is still sensitive to ENase until it actually enters the cell. The
length of the lag period, then, is dependent on the amount of time elaps
ing between the adsorption and entry of the donor UNA.

Since the length

of the lag period and the temperature are Inversely proportional, Levine
and Strauss (196$) believe the process to be an enzymatic one. Strauss
(196$) states that DNA enters the recipient cell in a linear fashion. He
bases his conclusion on the observation that more time is needed for the
appearance of two linked markers than for a single marker. Goodgal and
Herrlott (1907) found that large SNA molecules with a molecular weight
of about 1$ x left are more readily absorbed by competent cells than
smaller molecules, and Stuy (1965) showed that donor UNA is not only

/
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absorbed In the double stranded stage, but is also physically- incorpo
rated Into the recipient genome. This rules out any- copy-choice
Mchanism.
Sone of the nutations which nay be used as markers in transfor
mation systems have been classified by ^jhrussi-Taylor, Sicard, and
Kaman (1965)* as having high or low efficiency in their abilities to
transform. These workers determined that: (1) high efficiency muta
tional sites are especially ultraviolet sensitive, (2) aultisite nuta
tions which cover several low- efficiency sites have high efficiency, and
(3) although spontaneous mutation gives rise to both high and low effi
ciency mutants, mutagens such as ethyl methane sulfate and nitric acid
oauee only low efficiency mutations. They suggested that this latter
effect may be due to the rejection by the recipient strain of the guanine
deficient DNA which results from treatment with these mutagens.
Hotohldss (I9£l) was successful in developing a transformation system for
Pneumococooua utilizing penicillin resistant strains, and Ephrussi-Taylor
(1962) transformed streptomycin sensitive strains with ENA from a resis
tant strain.
Kumar (1963) and Basin (personal communication) both reported that
they were unable to transform streptomycin resistant strains of Anacystis
with ENA from resistant cells. In the current work, the author has at
tempted transformation by using general and specific bacterial transfor
mation systems and both polymlxin and streptomycin mutants as transforming
principle donors.

GROWTH AND PURIFICATION

MATERIALS AND METHODS

Stock cultures of #625 Anacystis nldulans, (Kratz and Allen
strain) were obtained fron the Culture Collection of Algae at Indiana
University. Early cultures were grown in cyanophycean medium (Starr,

i960) modified by the replacement of 10£ of the water with Sorenson's
buffer (Gortnex; 19U9) at pH 8.

More recently cyanophycean medium has

been replaced by medium C (Kratz and tyyers, 1955)*

In agar cultures the

manganese ions were deleted fron this medium as suggested by Marler and
Van Baalen (1965).
Cells were gram in liquid medium C both in 18 x 150 ran culture
tubes and in flasks with a capacity of three liters, the latter being
aerated fron the building air supply. Illumination for all cultures
grown in liquid medium was provided by

inch GE, cool white, power

groove, fluorescent lights at an intensity of 3U0 fc. Die temperature
was maintained at 39° C t 2° C.
Growth Curves
Cultures for growth data were gram as above but in B & L
3/k" x 6" (16.8 m ID) selected culture tubes. The following method was
devised to correlate cell numbers with optical density so that the num
bers of cells in tubes could be oaloulated without opening the tubes.
A B & L Bpeotroriic 20 colorimeter was used for colorlmetric read
ings. Since the Spectronie 20 is not accurate at readings between 10 and
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0 percent transmittance (instructions for B & L Spectronic 20) aceto
carnine blanks of various concentrations were used to calibrate the
colorimeter when culture samples gave readings in this range. A blank
containing mBdium C was used to set the colorimeter to 0, and then
blanks containing acetocarnine were adjusted to !?0, 2f>, or 10% trana
mittance compared to the medium C blank.

When a sample containing a

kaDwn number of cells gave a transmittance reading below 10%, an acetocamine blank was used in place of the medium C blank in order to in
crease the apparent tranamittance of the sample.

As the number of cells

in the culture increased, blanks containing higher concentrations of
acetocarnine were used so that readings always remained within the accu
racy of the colorimeter.

The optical densities of tubes containing

known numbers of cells were then read using the appropriate acetocarnine
blanks as a standard, and the cell number was correlated with the opti
cal density (Fig. 1). All readings were made at a wave-length of U35 m^
the peak absorption for acetooarxine. Since most readings were made
using the acetocarnine blanks, the absorption spectrum for medium C was
not considered.
To obtain cultures containing known numbers of cells, cell counts
were made using a Zeiss phase microsoope at a magnification of 1,200X.
A Petroff-Hauser bacterial counting chamber l/£0 an deep was used to de
termine the cell number. Straight lines were fitted to optical density,
cell number data by the use of regression lines (Speigel, 1961); see
Fig. 1.
Optical density readings were then used in place of cell counts
to deteralne the number of oells in each of the tubes and to calculate
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the specific growth rate K.

0.3010 logg Nf/N0
K: -^n^ation tine

where the

genera-

tian tine is given in days (Oginaty and Umbreit, 19J>U; Kratz and Ifyers,
19$5). The cell number at the beginning of a generation is represented
by N0, and Nf equals the cell number at the beginning of the following
generation. Since Nf is always two tijnes NQ, the log2 of N^A0 equals
log^o2
0.3010
1, and K can be expressed as generation line ^ gefter&tlon CSS*
Cells are considered to be in the log phase of growth when the value of
K remains constant. Cultures were also grown on solidified asdiimi C in
petrl dishes in an airtight cabinet with the ataosphere initially en
riched with 2.0/S CO2 (Marler and Van Baalen, 1965)*

Illumination was

provided with a bank of 100 and 60 watt tungsten bulbs at an Intensity
of 200 fc, and the temperature was held at 37° C t 2° C.

Purification
Purification was attempted by the dilution and plating methods
suggested by Lewin (1959) and McDaniel et al. (1962) as well as by the
use of increasing concentrations of antibiotics. Dihydrostreptonycin
sulphate, bacitracin, tyrothricin, actidion, neomycin, and polymixin B
sulphate (all California Biochemical Corporation) were used in concen
trations of lifg/al, 10fg/ml and lOO^g/ol. Neomycin was also used at a
concentration of I4.OO qg/nl. These concentrations were used stepwise and
simultaneously as well as on both liquid and solid media. Media con
taining these antibiotics were autoolaved at l£ psi and 25>0° P for
1$ nin, but all remained selective. In addition, attempts at purifica
tion were made using a 360 watt Uviarc ultraviolet light (Braun) with

1$
00% of the Incident light at 2537 % and the source at a distance of
20 on from the surface of the plates.
RESULTS AMD DISCUSSION
Growth rates in tube cultures were obtained for analysis of
mutation rate and to find the best tine for placing cells in a transfor
mation system. Cell numbers in each of eight growth tubes and average
cell numbers are shown in Table 1. Fig. 2 and Table 1 show average
growth data for the right tubes. These data indicate that the growth of
Anacystis under these conditions does not follow a single sigmoid growth
curve.
First, there is no lag phase. This may be due to the large
inoculum (5.88 x 10^ cells/ml) necessary so that the optical density of
the cultures can be read within the limits of accuracy of the colori
meter. In addition, cells were placed into the same type of mediun in
Which they had been growing. According to Oginsky and Unbreit (195k)
the lag phase should be very short under these conditions. The growth
curve obtained agrees closely with that of Whitton (1967) who used simi
lar growth conditions.
Secondly, the specific growth rate (K) decreases as the cultures
age showing that a log phase of growth is not maintained for more than
a single generation (Table 2). The slowing growth rate is not due to
a lack of nutrients since their addition to the oulture does not increase
the rate. layers (19$0) found that growth rates may be increased by bub
bling CO2 through the tubes. Diis procedure, however, is not practical
with the large number of tubes needed for mutation studies.
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Fig. 2 Nuaber of An*cystl« nidulans cells /«1 (X 106) in actively growing cultures as a function of
tine (days). Cultures were grown in 18 x 150 na culture tubes at 39° t 2 C and 340 fc fluorescent light.

Although the specific growth rate decreases when K is calculated
using successive generations (Table 2), growth is cyclic with lag phases
occurring between days 3 and 6, 10 and 11, and 13 and 15 (Fig. 2).

The

cyclic nature of the growth curve nay be attributable to a buildup of
peroxides and their subsequent destruction by catalases and peroxidases.
Marler and VanBaalen (1965) point out that the mercury line from fluo
rescent lights produces peroxides in autoclaved medium C when manganese
ions are present.

Anacyatis is sensitive to 250 mg H202/liter in liquid

culture and fluorescent light produces 110 mg

/liter in six hours.

Thus, using Marler and VanBaalen's data, one can assume that a lethal
peroxide level should be reached after 13*62 hours in the absence of
catalase and peroxidase activity. In the case of the above cultures the
lethal level was never reached, but slowing of growth after initial ino
culation may be due to peroxide buildup.

Renewed increase in rate might

be expected after the destruction of peroxides by induced endogenous at
exogenous enzymes or after a lag phase during which the cells became ac
climated to the peroxide-rich medium.
Growth rates on solidified medium C were not determined since
under these conditions only the presence or absence of growth was con
sidered. Because solidified medium C does not contain manganese ions,
peroxide buildup in the medium was not considered to be important
(Marler and VanBaalen 1965).
All attempts to grow axenic cultures of Anacystis were unsuccess
ful. Gerloff et al. (1950) state that purification is difficult due to
the association of bacteria with the gelatinous sheath surrounding the
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alga. Occasional clustering of several bacteria around a single
algal cell has bean noted but no baoterla hare been seen within the
•heath.
Standard plating and dilution techniques suggested by Levin
(195>9) were of little value in the purification of Anacystis. Difficulty
was encountered because the growth rate of baoterlal contaminants was so
nuch faster than that of the alga. On petri dishes, algal colonies from
single cells appear after about four days. The bacterial colonies, on
the other hand, beeone visible by the end of the first day and cover a
large portion of the plate by the tine the algae appear. Repeated
vashing and centrifugation of algal cells was not found to be of any
value in removing bacteria from algal cultures, even when used in con
junction with dilution and streaking.

Again, the bacteria filled the

plates before the algae appeared. These results agree with those of
Allen (1952) who also found that unicellular blue-green algae could not
be purified using standard nethods. The detergent-phenol method of
McDaniel et al. (1962) was also unsuccessful.
died but the bacteria survived.

In this ease the algae

Due to the unavailability of Arko

Detergent used by McDaniel, Alconox (Alconox Inc.) was substituted. It
is possible that this substitution caused failure of the method since
Arko nay kill bacteria uhile Alconox kills algae.
Attempts were also aade to purify cultures by the use of anti
biotics. In all oases bacteria were less sensitive to the antibiotics
than the algae. These results are in concordance with those of Tchan
and Gould (1961) and Vance (1966) who were unable to obtain axenic cul
tures with the use of antibiotics.

They reported that bacterial
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contaminants, which are sensitive to antibiotics in the absence of al
gae, are resistant when the algae are present.

Die algae, therefore,

seen to protect the bacteria against the action of antibiotics. It is
possible that this protection is afforded by the algal sheath.
Ultraviolet irradiation was also used in an atterpt to purify
cultures.

Ninety to ninety-five percent kill of both algae and bacteria

occurred after five seconds. The 50 plates containing irradiated cells
showed either no growth at all, or the few algal colonies which did grow
were overrun with bacteria. In addition, fungal contamination was high
since at least sane fungal spores are less sensitive to ultraviolet light
than are algae and bacteria.

Stewart (1962) claims to have purified al

gal cultures by irradiation followed by treatment with antibiotics.
Since no satisfactory cultures were obtained after irradiation, Stewart's
method was not used.
Although axBnic cultures could not be obtained, actively growing
cultures of Anacystis nidulans contained fewer bacteria than senescent
cultures, and the former were therefore used for mutation, recombination,
and transformation studies.

MUTATION AND RECOMBINATION
MATERIALS ACT METHODS
For purposes of mutant production and recaabination studies,
cultures vere grown in 18 x 150 on culture tubes in medium C (Kratz and
Mirers, 1955) as modified by Marler and Van Baalen (1965). All conditions
vere the sane as those described for tube cultures in the preceding sec
tion except for same experiments in which the temperature -was varied.
Cultures were also grown an petri dishes as previously described, but
without Initial enrichment of the atmosphere with CC>2, and at various
temperatures.
Polynixin B sulfate, B grade (California Biocheuical Corp.),
sterile streptomycin sulfate (Ell Lilly & Co.) and dihydrostreptoawcin
sulfate U.S.P., B grade (California Biochemical Corp.) were the primary
antibiotics used for mutant selection. Nean^cin sulfate U.S.P., C grade
(California Biochemical Corp.) was initially tested for suitability as a
selective agent, but was found to be selective in concentrations too
high to be easily dissolved.
For mutation studies 18 x 150 ran culture tubes containing 20 ml
medium C were inoculated with the stock cultures of Anacystis nidulans.
These were grown for two weeks at 37° C t 2° C, and the cultures were
then transferred Into tubes containing medium C supplemented with the
antibiotic being used as a selective agent. Generally tubes containing
0, 1, 2.5, 5, 10 and lOO.i/g/ml (w/v) of the antibiotic were prepared,
22
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and these were Inoculated in parallel series with a portion of each cul
ture going into each concentration. Since a lag period of several days
was expected (Galloway and Krauss, 1959; Whitton, 1967; Pilealek, 1967),
cultures were allowed to grow for at least two weeks before being
scored for growth.

An inoculum was considered to have grown (i.e.,

Bcored) if distinctly green pellets were visible at the bottoms of the
culture tubes. Samples of 0.02 of a ml from cultures which did not
show growth after two weeks were examined Microscopically. If no cells
were found, growth was not considered to have taken place. If, however,
cells were found in the samples, the tubes were allowed to grow for
another week, after which they were again scored.
For experiments in which petri dishes were utilised, cells were
grown in tubes, and then aliquots were plated. In most cases growth
conditions were the same as those for tubes, although in some experiments
plates were placed at room teoperature under fluorescent lights at an
intensity of U80 fc. Growth was considered to have occurred when colo
nies could be seen at a magnification of 60X under a dissecting
microscope.
Mutation rates were calculated according to the formula
-(In 2)(in p)
a N
where a = the mutation rate; p - the fraction of cul
tures without growth, and N - the number of cells inoculated into selec
tive medium (Braun,19£3).
Attests to demonstrate recombination in Anacystis nidulana were
made utilizing streptomycin and polymixin mutants. Strains resistant to
low concentrations of the respective compounds were grown together and
separately in tubes containing non-selective medium. These strains were
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then inoculated either into mixtures of the same concentrations or into
higher concentrations of the two antibiotics. This method was used to
test for recombination among several strains resistant to streptomycin
and between strains resistant to both antibiotics.

Experiments utiliz

ing petri dishes were carried out according to the methods of Bazin
(1968).
EXPERIMENTS UTILIZING STREPTOMYCIN
In the following experiments, SR designates streptomycin resis
tant strains of Anacystis nidulans.

The letter following SR represents

the clonal line from which the strain was derived, and the number indi
cates the antibiotic concentration In 4g/ml to which the strain is re
sistant. In tube cultures, the streptomycin was added to medium before
autoolaving at 15 lbs pressure for 1$ min.

The media, however, were

still selective since wild cells were either killed or reduced in number
when placed in these media (Table 3). For cultures grown on petri
dishes, sterile streptomycin was added to already autoclaved medium.

Mutation
To derive mutant strains, separate culture tubes containing medi
um C were inoculated with various numbers of wild cells and cultured
under conditions previously stated.

After two weeks, subcultures of 100

cells (counts made with a haemocytoneter) were transferred into 20 ml of
Ijjg/ml streptonycin medium.
Stocks originally obtained from the Indiana Collection were found
to survive oa a concentration of 1 ^g/ml streptonycin when the tubes con
taining the supplemented medium were inoculated with large numbers of
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Table 3.
Results of mutation studies of wild and
streptomycin resistant cells grown in
liquid nediuB C for two weeks
at 37° C and 31*0 fc
fluorescent light

Strain and/or
streptomycin
Concentration
resistance of of streptomycin
initial cell
in selective
.type C<fg/nl)
medium (yjml)

Percentage
of tubes
showing
growth

Inoculum
size
(nunber of
cells x 10')

Muta
tion
rate

/

1.0

100.0

2.2

/

2.5

0.0

2.2

/

5.o

0.0

2.2

/

10.0

0.0

2.2

/

100.0

0.0

2.2

SRB 1

0.0

100.0

2.3

SRB 1

1.0

100.0

2.3

SRB 1

2.5

80.0

2.3

9.15 x 10"8

SRB 1

5.0

65.0

2.3

5.9

x 10-8

SRB 1

10.0

65.0

2.3

5.9

x icr8

SRB 1

100.0

0.0

2.3

SRC 1

0.0

100.0

1.3

SRC 1

1.0

100.0

1.3

SRC 1

2.5

100.0

1.3

SRC 1

5.0

95.0

1.3

3.19 x 10-7

SRC 1

10.0

95.0

1.3

3.19 x 10-7

SRC 1

100.0

55.0

1.3

8.5 X 10~8
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cells (2.2 x 107 cells/ml).

These results are In keeping with those of

Kumar (1962, 1963) who found a resistance to low streptomycin concen
trations* and Pikalek (1967) who considers Anacystis nidulans to be re
sistant to streptomycin at a concentration of 1

These cells were

probably not exposed to a high enough number of molecules per cell to
effect a killing concentration of streptomycin (Spotts and Stainer,
1961).

When the inoculum siae was 100 cells/20ml, the survival rate of

wild cells on 1 yg/ml streptoa^cin was low, and after one month only
three tubes out of eight showed algal growth. These three surviving
cultures were designated SRA, SRB, and SRC, and were treated as geneti
cally different.

These strains retained their antibiotic resistance

through subsequent transfers to both selective and unsupplemented medium.
Both wild cells and mutant strains were then tested for resis
tance to higher streptomycin concentrations. Table 3 shows the results
When 20 aliquots of wild cells (2.2 x 107 cells/aliquot) and 20 aliquots
each of strains SRB-1 (2.3 x 107 cells/aliquot) and SAC-1 (1.3 x 107
cells/aliquot) were cultured for two weeks in separate tubes contain
ing medium C, and then transferred to the antibiotic concentration in
dicated*

Some cells of strains resistant to 1>yg/fal were invariably

found to be able to survive on higher streptomycin concentrations.
Generally, as the concentration of streptomycin was increased, the per
centage of tubes containing growth decreased. Through subsequent trans
fers, stocks of all three strains which were resistant to 100 yg/vCL
streptomycin were obtained.

The number of steps in which this was

accomplished frcu wild type cells was two for SRB-100 and SRC-100 and
throe for SRA-100.

All of these stocks retained their resistance when

transferred between unsupplaeented and selective media and showed no
apparent antibiotlo dependence.
Since the mutation rate foraula used does not reflect the num
ber of cells surviving in each tube after selection* average numbers
of surviving cells were also considered.
given in Table 2j.

Data for the SRC-1 series are

If growth in a tube reflects one or more mutational

events, then the number of cells in a culture should reflect either the
number of mutations before transfer to selective medium and/or the time
of mutation relative to transfer. Since no cells resistant to 100 //g/ml
streptomycin were found in the original stock, any change occurring in
the cells must have taken place between the time the cells were placed
on 1 4/g/ml and 100 x^g/ml media.

If changes occurred while the cells

were growing in the original 1 yg/ml tube, then all of the 100 yg/ml
selective tubes should have contained equal amounts of growth. If, how
ever, the changes occurred while the cells were growing separately in
unsuppleraented medium, each of the supplemented tubes should have con
tained a different number of cells.
At low antibiotic concentrations (eg 2.5 ^g/ml) the tubes con
tained essentially the same numbers of cells, but at higher concentra
tions the difference was striking. At a streptomycin concentration of
100 >yg/ral the average number of cells per SRC-1 tube was LuO x 10? per
nil.

At this concentration only eleven tubes out of twenty contained

growth.

Of the eleven, growth was poor in six (1.8 x 10? cells/tal),

moderately good in three (2.8 x 10? cells/ml), and excellent in two
(1.15> x 10® cells/ml).

Therefore, although there may be either an adap

tation of cells to low concentrations of streptonycin, or an insufficient
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Table U.
Average numbers of Anacystis nidulana cells surviving
after three weeks in liquid medium C supplemented
with various concentrations of streptomycin

Concentration of
streptomycin in
selective aediua
C**/fcl)

Nunber of tubes/20
showing growth

Average nunber of
cells (x lofyml)
in tubes showing
growth

1.0

20

9.0

2.5

20

U.O

5.0

19

2.8

10.0

19

1.7

100.0

11

U.O
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atrtptovoin molecules to kill the cells, the increased resis

tance of the SBC strain was due to mutational events which occurred
while the stocks were growing in non-selective medium.
The unsupplanented tubes in which SRC-1 was growing before trans
fer to 100 yg/ml medium contained an average of 1.3 x 10^ cells. Since
the mutation rate for SRC-1 to SRC-100 was calculated to be on the order
of 8.5 x 10"® cell/generation, several mutational events could have oc
curred. It appears that the number of mutations as well as the time of
mutation may account for the differences in numbers of cells per tube.
Pikalek (1967), Bazin (1968), and Kumar (1963) all consider
A. nidulans to be mutants when cells are resistant to high concentration
of streptomycin. Pikalek obtained cells resistant to 200>yg/ml in seven
steps; Bazin's cells were resistant to 10 ^g/ml, and Kumar was able to
obtain cells ten times as resistant as his parental strains. The three
SR-100 strains were found to retain their resistance through several
transfers to non-selective and selective media, and SRC-100 has been
maintained for over a year without loss of resistance.
SR-100 cultures were further tested for resistance to higher
streptomycin concentrations. The concentrations of selective media,
inocula sizes and results are given in Table $.

The SRA-100 strain was

found to contain cells resistant to both 500 and 1,000 yg/ml streptomy
cin, and the SRB-100 strain contained cells resistant to $00 ^g/ral.

Re

sistance was maintained through subsequent transfers from non-supplemented
media.

The changes are, therefore, considered heritable.

Thus a strain

of A. nidulans resistant to 1,000 /tyg/ml, 3RA-1,000 was obtained from wild
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Table 5.
Results of nutation studies of streptomycin
resistant cells groun in liquid medium G
for two weeks at 37° C and 3^0 fc
fluorescent light

Strain and
streptcoycin
resistance of
initial cell
type Ci/R/ml)

Concentration
of streptonycin
in selective
medium (/i/g/al)

Percentage
of tubes
showing
growth

Inoculum
size
(number of
Mutation
cells x 107)
rate

SRA 100

0.0

100.0

2.0

SRA 100

500

35.0

2.0

l.U x 10~8

SRA 100

1000

20.0

2.0

7.7 x 10-9

SRC 100

0.0

100.0

2.5

—

SRB 100

500

5.3

2.5

1.5 x io-8

SRB 100

1000

0.0

2.5

—

SRC 100

0.0

100.0

2.5

—

SRC 100

500

0.0

2.5

—

SRC 100

1000

0.0

2.5

__ _

—
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cells In four steps. These results, In conjunction with those of
Pikalek, Bazin, and Kumar, Indicate

that mutation to streptomycin re

sistance in A. nldulans is, unlike that In bacteria (Bryson and Demarec,
19^0) stepwise, and that more than a single oistron may be Involved in
streptomycin resistance in this organism.
Strain SRC-100 and wild type were also tested for resistance to
IQOljg/xC. streptomycin on solidified medium. Cells were transferred
from culture tubes containing between 2.2 x 10? cells/ml and 3-0 x 10?
colls/ml to supplemented plates.

Transfers were made both with an in

oculating loop and by micro-pipetting 0.01 ml of the above solution onto
the plates and then spreading the cells with a sterile glass rod. In
all trials, the mutant cells were found to be resistant, but in no case
did wild cells survive.
Recombination
Because SR-100 strains were derived from stocks in which a very
limited number of mutations could have taken place since the mutation
rate was 8.5 x 10~® and the tubes from which the cells were transferred
contained 1.3 x 10? cells, these strains were treated as claries, and at
tempts were made to determine if genetic recombination would take place
between them. In three separate runs, SRB-100 and SRC-100 were grown
separately In tubes containing medium C, and aliquots were transferred
separately to tubes supplemented with 1,000 ^g/ml streptomycin. Orowth
did not occur in any of the tubes showing that SRB-100 and SRC-100 were
not resistant to 1,000 ifg/wl streptomycin.
tions used are given in Table 6.

Inocula sizes and concentra

f

Table 6.
Results of nutation and reocobinatlan studies
of vild and streptomycin resistant cells
grown in liquid medium C for two weeks
at 37° C and 3U0 fc
fluorescent light

Strain and/or
streptomycin
resistance of
Initial cell
tarpe 0*/«a)

Concentration
of streptomycin
in selective
medium (zu/nl)

Percentage
of tubes
showing
growth

Inoculum
size
(number of
cells x 107)

Muta
tion
rate

/

0.0

0.0

3.2

—

/

100.0

0.0

3.2

—

/

1000.0

0.0

3.2

—

SRB 100

0.0

100.00

2.5

—

SRB 100

100.0

100.00

2.5

—

SRB 100

1000.0

0.00

2.5

—

SRC 100

0.0

100.00

k.$

—

SRC 100

100.0

100.00

U.5

—

SRC 100

1000.0

0.00

k.$

—

SRBC 100

0.0

100.00

3.7

—

SRBC 100

100.0

100.00

3.7

SRBC 100

1000.0

11.75

3.7

2.,3 x 10"!
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The two strains were then mixed, designated 5RBC, and allowed to
grow together on non-supplemented medium for a period of two weeks at
previously stated conditions for streptomycin supplemented cultures and
transferred to 1,000 >yg/ml medium.
in two out of twelve tubes.

After three weeks, growth appeared

The results are given in Table 6. These

results suggest that some form of genetic recombination may have taken
place. The difficulty of dissolving such high concentrations of strep
tomycin in medium C, and the poor growth rate of SRBC-1,000 on selective
medium, however, leave an interpretation of recombination in consider
able doubt.

PPgRUnSTS UTHIZIMO PCLTMIUN
Mutation
Since the data obtained from streptomycin resistant cultures in
dicated the possibility of genetic recombination in Anacystis nidulans,
a strain of ilgae resistant to polymixin B sulfate was developed to test
for reconbination between mutants resistant to different antibiotics.
Y/ild cells were placed on non-selective medium for two weeks and then
transferred, in parallel culture, to both selective and non-selective
media.

After three weeks, cultures were scored for growth. The anti

biotic concentrations used, inocula sizes and results are given in
Table 7. Cells resistant to 10></g/ml polymixin were then transferred to
$0 yg/nl polymixin medium.

These data are also given in Table 7.

Strains PRA-10 and PRA-50 retained their resistance through several
transfers to non-supplemented and back to supplemented medium. The
mutation of wild type cells to polymixin resistance seems to be stepwise,

3k

Table 7.
Results of nutation studies of wild and
polyscLxln resistant colls grown in
liquid aediun C for two weeks
at 37° C and 31*0 fc
fluorescent light

Strain and/or
polymixin
resistance of
original cell
type fye/ml)

Concentration
of polynixln
in selective
medium fo/al)

Percentage
of tubes
showing
growth

Inoculum
size
(number of

Mutation

10

18.0

13.0

1.06 x 10-9

50

0.0

13.0

PRA 10

50

75.0

10.0

PRA 50

100

o.o

8.0

9.7

x 10-9

3$
since cells resistant to $0 x/g/nl could be obtained only from cells al
ready resistant to lower concentrations of polymixin. Whitton (1967)
found that inooulum size is a factor in the ability of A. nidulans to
resist polymixin.
ever, were

CTta~| 1

The lnocula sizes used for these experiments, how

enough so that non-mutant cells should not have sur

vived. Whitton also states that Anacystis may became adapted to low
concentrations (below 1.3.4/g/ml) of polymixin.

Whan cells were placed

in 10 yg/ml medium, growth occurred in only a few tubes which ruled out
the possibility that a general adaptive mechanism was allowing cells to
survive.
PRA-50 was also tested for resistance to 100 yg/ml polymixin.
The methods were as above, and the data are given in Table 7. No growth
appeared in the tubes after three weeks, and no cells could be found in
the cultures by microscopic examination.

Although cells resistant to

concentrations higher than £0 yg/ml might have been obtained by further
stepwise transfers, PRA-f>0 was deemed suitable for experiments in liquid
culture since wild cells could not survive in this concentration. PRA-£0
was also tested for resistance to $0 yg/ml polymixin on solidified medium.
Cells were transferred from cultures containing between 2.2 x 107 cells/ml
and 3*0 x 107 cells/ml to supplemented plates. Transfers were made both
with an inoculating loop and by ndcropetting 0.01 ml aliquots onto the
plates. In all trials, the mutant cells were found to be resistant, but
in no case did wild cells survive.
A second polymixin resistant line, PRB-100 was developed by plat
ing wild cells on 10 ^g/ml, polymixin supplemented petri dishes.
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Colonies were cultured and then transferred to unsupplenented liquid
medium, and to plates containing $0 xfg/vtil. polymixin. Surviving colonies
an the plates containing £0 ^g/aj. of polymLxin were overlayed with agar
containing lOO.tyg/ml polymixin. After a week, a few resistant colonies
appeared on the surface of the agar and by transfer these were found to
be resistant to 100 X/g/mL polynlxin. They also retained their resis
tance after transfer to unsupplenented median and then back to supple
mented medium.
No attempt was made to recover mutants with higher resistance
through recanibination of these strains.
EXPERIMENTS UTILIZING POLYMIXIN AND STREPTOMYCIN
Mutation
For transformation studies a mutant resistant to 100 yg/ml
streptonkin and $0 ifg/vl polymlxiii was developed from SRC-100. SRC-100
was grown in tubes containing non-selective mediiaa for two weeks, and
then transferred into medium containing both streptomycin (lOO^y g/ml)
and polymixin

if g/ml). The surviving cells labeled SPR-A were trans

ferred to tubes containing 100 ifg/ral streptomycin and 20^g/ml polymixin.
Finally, the cells resistant to the latter antibiotic concentrations
(SPR-B) were grown in medium containing 100 ygAol streptomycin and
$0 ifg/ral polynlxin. The survivors were designated SPR-C,

The data for

these experiinents are given in Table 8. SPR-C was found to be stable
through several transfers to non-supplemented and back to supplemented
medium.

Table 8.
Results of mutation studies of a streptomycin resistant
mutant and mutants resistant to both streptomycin
and pdlymixin grown in polymixin supplemented
medium C for two weeks at 37° C and 3b0 fc
fluorescent light

Strain and
antibiotic
resistance
of original
cell type

Concentra
tion of
polymlxln
in selec
tive medium
(^g/mD

Percentage
of tubes
showing
growth

Inocultaa
slse
(number
of cells
x 107)

Mutation
rate

5

87.5

23.0

7.8 x 10-9

20

18.0

13.0

1.06 x 10-9

50

0.0

13.0

50

75-0

10.0

i

SRC-100 streptolysin
SPft-A

10°

5
cdd q
SPR"B
5
cpp tj 100
SPR"B
20
qboj, 100
3PR"G
50

polymixin
streptomycin
polymlxln
streptomycin
polymixin
streptomycin
polyaixin

50

100

2.2

9.7 x 10-9
—
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Sinoe the cultures were not axenic, they were tested for pos
sible bacterial effects such as croes-feeding. Supplemented mediim con
taining aotively growing SPR-C cells was centrifuged at 5,000 x g to re
move cells. The nediua was then passed through a sterile alllipore fil
ter (13 m diameter, 0.1*5^ pore size), and aliquota of the filtrate were
Inoculated with either wild or SPR-C cells. This step was considered
necessary since other workers had not tested for bacterial cross-feeding,
thereby leaving their results open to doubt (Kumar, 1963; Bazinf1?68;
Pikaleki 196?). In all cases SPR-C grew, but wild cells did not, indicat
ing that the mutants did not gain their resistance through any cog>ound
present in the medium as a result of either SPR-C or the bacteria.
Recombination
Strains SRC-100 and PRA-50 utilized to test for reconbination in
A. nidulans were grown in liquid culture under growth conditions previously
outlined.

Both strains were initially grown in their own selective media.

They were then transferred to non-supplemented medium and allowed to grow,
both as separate strains and mixed strains for two weeks. Each culture
was then tested in media containing individual and mixed antibiotics.
culum size was 2.2 x 10? cells.

Ino

The results of these tests are shown in

Table 9.
In all cases, growth occurred in liquid culture (Table 9) as
would be expected if no sexual recombination took place.

Each cell type

remained resistant to its own antibiotic and was unable to survive on the

Table 9.
Results of reoonblnation studies of a streptomycin resistant
strain and a polymixin resistant strain of Anacystis nidulans
grown on liquid medium C at 37° C and 3h0 fc fluorescent light

Growth responses
of wild and antiStrain and/or biotic resistant
antibiotic
strain of Anacystis
resistance
nidulans in unof initial
suppleosnted
cell type
aedium C

Antibiotic and
concentration
of selective
nedium (yg/nl)

Growth in selec
tive media
/ denotes
all grew
- denotes
none grew

none
streptomycin 100
f-

*
polymixin 50
streptomycin 100
polymixin 50
none
streptomycin 100

PRB 100

/
polymixin 50

/

streptomycin 100
polymixin 50
none
streptomycin 100
SRC 100

/

/

/
polymixin 50
streptomycin 100
polymixin 50
none

SRC 100
PRA 50
mixed

m

/

streptomycin 100

/

polymixin 50

A

streptomycin 100
polymixin 50

1*0
other type. None of the cells grow in mixed culture on ncn-suppl«aanted
asdium were able to survive when they vere placed in medium containing
both antibiotics.
Rxperimsnts on solid medium were run according to the methods of
Basin (1966). SRC-100 and PRB-100 culture were mixed in fresh medium C
and this mixture was cultured for one week. Portions containing 10 ml
of mixed culture were oentrifuged at 12,000 x g, and each culture was resuspended in 3 ml of sterile water.

The suspensions were then placed on

a reciprocating shaker, tinder fluorescent lights, for twelve hours at a
temperature of 27° C • 2° C and 3l*0 fc.

After shaking, 0.01 ml aliquots

were plated. PRB-100, SRA-100, wild cells, and SRC-100, PRB-100 mix
tures were tested for cross resistance and for resistance to mixed selec
tive medium ($0yg/ml streptomycin, 100 y g/ml polymixin) (Table 10).
These concentrations were used since the alga grew acre rapidly than
when they were plated on the maximum concentrations to which they were
resistant. This experiment was repeated three times undw the above
conditions.
The results for experiments utilising solid media are given in
Table 10. In all trials the results were identical. Although wild cells
were unable to survive on selective plates, the mutants showed a small
degree of cross resistance. A few polymixin resistant cells were able
to survive on each of the streptomycin supplemented plates. None of
these cells survived on plates containing both antibiotics. The strep
tomycin resistant cells were generally incapable of growth on polymixin
supplemented medium and medium with both polymixin and streptomycin.

1*1

Table 10.
Results of recombination studies between a streptomycin resistant
and a polymixin resistant strain of Anacystis nidulans grown on
solidified medium C at 1*80 fc fluorescent light and 27° C

Strain and/or
antibiotic
resistance of
original cell
type

/

Type of anti
biotic in se
lective medium
and concentra
tion IfR/ml)
none

Inoculum size
(number of cells/
plate x 10®
0.01 ml/plate
2.5

/

streptomycin 50

2.5

/

polymixin
100
streptomycin £0

2.5

/

polymixin

2.5

SRC 100

100

6.0

none

SRC 100

streptomycin 50

6.0

SRC 100

polymixin
100
streptomycin $0

6.0

SRC 100

polymixin

6.0

PRB 100

100

none

1.6

PRB 100

streptomycin $0

1.6

PRB 100

polymixin
100
streptomycin $0

1.6

PRB 100

polymixin

1.6

SRC 100,
mixed
SRC 100,
mixed
SRC 100,
mixed
SRC 100,
mixed

PRB 100
PRB 100
PRB 100
PRB 100

100

none

2.0

streptomycin $0

2.0

polymixin

100

2.0

polymixin
100
streptomycin 50

2.0

Growth in selec
tive media
/ denotes
growth
- denotes
none grew
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On all plates containing polynixLn alone, however, a few streptomycin
resistant colonies grew and after one week, three colonies appeared on
one of the doubly selective plates. The plates containing both anti
biotics which were inoculated with nixed cultures did not contain any
colonies. If recombination had occurred, theae plates should have
shown nore growth than the doubly selective plates inoculated with only
a single mutant strain. This was not the case, however, and Basin's
(1968) experiments could not be successfully repeated. Since Basin did
not test his mutant for cross resistance 011 individual antibiotics, he
nay have overlooked the increased cross resistance of the streptomycin
and polyaixLn resistant strains.

TRANSFORMATION
MATERIALS AND METHODS
DNA Extraction
Cells were grown in liquid medium C under the conditions previ
ously described, but in culture flasks of three liter capacity with
aeration from the building (Agricultural Sciences) air supply. They
were then harvested using a continuous centrifuge (International
Chemical Centrifuge, Model CH, with a solid brass basket), at 1,700 RPM
and then frozen.

DNA was extracted using a combination of the methods

of Clark and Marmur (Clark, 196U; Marrnur, 1961).
Sodium lauryl sulfate, 1$% (w/v) in O.lU M NaCl and 0.01 M sodi
um citrate buffer was added to the frozen cells until they had the con
sistency of a thick paste. The suspension was homogenized in a Waring
blender for one minute followed by stirring with a magnetic stirrer for
thirty minutes in an ice bath.

During the half hour period two volumes

of absolute ethanol were slowly added.

The precipitate was then col

lected by centrifugation at 2,000 x g for five minutes. Further pigment
reuoval at this point was accomplished by three consecutive washings
with 95% ethanol-ether (3*1) in a separatory funnel. After each washing
the precipitate was collected by centrifugation at 2,000 x g for five
minute8 and then resuspended for the next washing. After the final wash
ing the pellet was resuspended in l.U M NaCl and centrifuged at
10,000 x g for thirty minutes. The superaate was decanted, and the pellet
U3
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resuspended and centrifuged again at 10,000 x g for thirty minutes. The
two supernates were then combined, and the DNA precipitated by the addi
tion of an equal volume of cold absolute ethanol. The IMA was then col
lected by spinning onto a glass rod (Marmur, 19ol) and suspended in lS%
ethanol.
To further purify the DNA by removal of residual protein and
RNA, the DNA was collected from the alcohol by centrifugation and resus
pended in a mi Minn of O.lii M NaCl j in 0.015 M sodium citrate buffer at
pH 7.1.

One-ninth volume of 5% sodium lauryl sulfate in

aqueous

ethanol was added, the mixture was stirred on a magnetic stirrer for one
hour, and was then stored overnight in a closed plastic centrifuge tube
at k° C

(Schmidt and Thannhauser, 191*5).
The mixture was then centrlfuged at 20,000 x g for thirty min

utes, decanted, and the SNA precipitated from the supernatant with an
equal voluae of absolute ethanol.

The DNA was dissolved in standard

citrate buffer (Marmur, 1961) and further deproteinised with an equal
volume of 2k parts of chloroform to 1 part of isoamyl alcohol (vol/vol).
(Marmur, 1961). The mixture was shaken in a separatory funnel for
fifteen minutes, centrifuged for ten minutes at 10,000 x g and the
upper phase collected with a capillary pipette.

This step was re

peated until no protein could be seen at the citrate-chloroform in
terface.

The purified DNA was precipitated with an equal volume of

absolute ethanol, centrifuged, collected, and stored in a minimum of
standard citrate buffer.
A second method of CNA extraction was also employed when less
highly purified ENA was required.

Whittoil (1967) noticed that when

A. nldulans cells were exposed to high concentrations of polymixin, a
substance with a peak absorption of 260 mywas released into the medi
um. For the current experiments 200 ml of Anacystis culture with a
concentration of 2.9 x 10? cells/ml were exposed to 1,000 units/ml of
polymixin for

hours.

Two volumes of 9$% ethanol were added, and

the precipitate was centrifuged at 25j000 x g for fifteen minutes.

The

pellet was resuspended and stored in a minimum of standard citrate
buffer.
DNA Assay
UNA contents of isolates was assayed using the diphenylamine
reagent method of Clark (196b). Standard DNA solutions were prepared
using highly polymerized salmon sperm ENA obtained from Mann Research
Laboratories*

Spectrophotometrie readings were also made to determine

the presence or absence of a peak at 260 my
Transformation Systems
Five transformation systems were used in attempts to obtain
transformation in A. nidulans.
First system - Heat-killed cells of mutant PRB-100 were utilized
as the transforming principle.

Twenty milliliters of liquid culture

were centrifuged at 12,000 x g for one minute, and the pellet resus
pended in 2 ml sterile water to give a concentration of 3.2 x 10^
cells/ml. The suspension was placed in a water bath at 92° c t 2° C for
one hour and then slowly cooled. Aliquots containing 0.02 ml were
plated on non-selective and selective media containing 100^g/ral
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polymLxin to test for kill, and 1 ml of wild type cells at a concentra
tion of 1.1 x 109 cells/ml was added to the remainder of the heatkilled cells. This latter mixture was then placed on a reciprocating
shaker under fluorescent light (1*80 fc) at 30° 0 for twelve hours.
After incubation, the cultures contained U.O x 10® cells/ml.

Non-selec

tive solid medium, and medium supplemented with 100 yg/ml polymLxin
were inoculated with these treated cells and placed at 30° C under fluo
rescent light at U&0 fc.
Second system - DMA was extracted from SRC-100 cells utilizing
the Marmur-Clark method and used as the transforming agent.

Wild cells

were cantrifuged at 12,000 x g and resuspended in 2 ml of medium C.
Aliquots of this wild cell suspension were plated on nonselective medium
and medium containing 20 yg/ml streptomycin. The concentration of the
resuspended wild cells was 2.1 x 10? cells/ml.
Standard citrate buffer containing 700 yg/ml of DNA extracted
from the SRC-100 cells was added to 1 ml of wild cells, and the mixture
was placed under fluorescent light on a reciprocating shaker for twelve
hours at 30° C.

After the period of contact with HiA, treated cells

were plated on unsupplemented medium and medium supplemented with
20 ijg/ml streptomycin. All cultures were grown at UBO fc.
Third system - The third transformation system was identical to
the second except that the wild cells were treated with 1 mg/ml hyaluronidase (B grade, California Biochemical Corporation) for six hours at
37° C before being placed in the transformation system. Hyaluronidase
was used because of its ability to increase the diffusion of various
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cGrounds in bacteria (Fruton and Simmonds, I960). The initial wild
cell concentration was 2.6 x 10® cells/ml.

The treated cells were

washed, resuspended in medium C to the above concentration, and placed
in the transformation system. The final cell concentration was
1.19 x 108 cells/ml.
Fourth system - The fourth transformation system was modified
from that used by Spencer and Herriott (l96f>) for Haemophilus
Influenzae. Wild cells were concentrated to 1.5 x 10? cells/ml and
placed in a 1 ml volumetric flask on a reciprocating shaker at 37° C
under fluorescent light. Transforming medium in which minimal growth
was expected to occur was prepared by the addition of 1*,000 ^yg/ml L
aspartic acid) 200 yg/ml L glutamic acid; htfg/wl L cystine; and 6 yg/ml
L arginine to medium C, and the pH of the medium was adjusted to 7 with
sodium hydroxide.

MA was extracted from PRB-100 using the polyndxin

method and 22 yg were added to 1 ml of the transforming medium.

After

twenty-four hours the wild cells were removed from the shaker, washed,
and aliquots were plated on nonselective medium and medium containing
100>yg/ml polymixln. The cell concentration was 1.5 x 10? cells/ml.
Okie milliliter of transforming medium was added to a milliliter of cell
suspension, and the mixture was placed on the shaker for ii hr. The cells
were then washed, resuspended in sterile water to ft concentration of
5.1 x 109 cells/ml and plated on nonsupplemented medium and medium con
taining 100^g/ml polymixln. These were incubated at 30® C and U0O fc.
Fifth system - The final system was modified from that used by
Anagnostopolous and Spiziaen (1961) for transformation in Bacillus
subtilis.

DNA was extracted by the polymixin method from SPR-C mutants.

1*8

Forty milliliters of wild cells at a concentration of 9.3 x 10s cells/ml
were centrifuged at 12,000 x g, and the pellet was resuspended in 7 ml
of transforming medium. This mm11 imi contained medium C as a base with
5 yg/nl L tryptophane and 0.02% casein hydrolysate added. Aliquots con
taining 0.01 ml of this culture were plated on selective and unselective
media, and two 1 ml samples were placed in 1 ml volumetric flasks on a
reciprocating shaker under fluorescent lights for eight hours at 37° C
and 100 fc. The cell concentration at the beginning of the eight hour
period was 9.3 x 10& cells/ml.
After shaking the cells were collected by centrifugation at
12,000 x g and resuspended in 1 ml of transforming medium containing
10 yg/al L tryptophane and 0.0b£ casein hydrolysate. One milliliter of
standard citrate buffer containing 60 -yg IMA was added, and the solu
tion was placed in two 1 ml flasks on the shaker for two hours under
the conditions mentioned above. Samples containing 0.01 ml at a con
centration of 1.U2 x 10® cells/ml were plated on medium containing no
antibiotics and plates supplemented with 50 yg/»l polyalxin and
100/f/g/ml streptcmycin both together and individually. The cultures
were incubated at 30° C and U80 fc.

RESULTS AND DISCUSSION ON TRANSFORMATION
The first transformation system utilised heat-killed PRB-100
cells. Plates inoculated with cells wtiioh had been heated at
92® C i 2° c for one hour did not contain any colonies after two weeks,
showing that the cells were either killed or at least rendered < wwapahi«
of growth under the conditions used. Wild type cells which were plated
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on unsupplaoented medium grw, but those plated on medium supplflmented
with 100 ^g/ml polymixin did not. Thus the recipient wild cells were
not resistant to the polymixin concentration utilized.

Plates contain

ing the mixture of heat-killed mutants and living wild type cells grew
when the

was unsupplemented but showed no growth when polymixin

was added. Hie results are given in Table 11 and labeled transforma
tion aysten 1. These results give no indication that transformation was
occurring since none of the wild cells were able to grow after exposure
to heat-killed mutant cells.
In the second system, in which SRC-100 mutants and 20 Ajg/wH
streptomycin selective plates were utilized, the results were similar to
those obtained for the first.

Unsupplemented control plates containing

wild cells showed growth, and streptomycin supplemented plates showed
no growth.

After the period of exposure to SNA the wild cells were

still incapable of growth on supplemented medium.

The results are sum

marized in Table 11 under transformation system 2.
For the third system wild cells were treated with hyaluronidase
before control plates were inoculated. The author hoped that this en
zyme might modify the cell walls of the alga so that the donor UNA
would be absorbed. In this system, which utilized SRC-100 grown on
20 ijg/mL streptongncin supplemented plates, the growth of wild cells on
unsupplemented control plates was very poor, with no plate having more
than ten colonies after two weeks. This system was run parallel to the
second in which the wild cells grew profusely on unsupplemented medium,
and the poor growth of the wild cells was, therefore, due to the treat
ment with hyaluronidase.

The supplemented control plates did not

Table 11.
Resulta of various transforation studies utilising
streptomycin and/or polynLxin resistant strains
of Anacystla nldulans

Transfor•ation
systea
uunfeer

Antibiotic and
concentration

Cultures treated
or untreated with
transforaing ENA

Growth In selec
tive nedia
/ denotes
all grew
- denotes
none grew

1

none

untreated

1

polyttbdn 100

untreated

1

none

treated

1

pol^rwlxin 100

treated

m

2

none

untreated

A

2

streptomycin 20

untreated

m

*•

2

none

treated

A

2

streptcB^ein 20

treated

m

3

none

untreated

3

streptomycin 20

untreated

3
3

none
streptomycin 20

/

treated
treated

It

none

untreated

h

polymixin 100

untreated

k

none

treated

h

polymixin 100

treated

/

Continued on page $1

Table 11, Continued

none

untreated

polyaixin 100

untreated

streptomycin 20

untreated

polyaixin 100
streptolysin 20

untreated

none

treated

polyaixin 100

treated

streptaoycin 20
polyaixin 100

treated

streptomycin 20

treated
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contain any colonies so the ensyme did not alter the alga, thereby al
lowing it to become antibiotic resistant.
After the period of exposure to UNA the unsupplenonted plates
contained an average of four colonies, and no visible colonies formed
on the selective plates. The results are given in Table 11 under trans
formation system 3. If transformation occurred in this system, one
should expect it to be undetectable since so few colonies grew. These
results demonstrate the unsuitability of this system for use with
Anaey8tis.
In the fourth system* which was modified from that of Spencer
and Harriott (1965) for Haemophilus influenzae, the number of viable
cells in the culture was drastically reduced by exposure to the trans
forming medium. After the initial 2k hr shaking period in amino acid
supplemented mediisn, the cell concentration of the culture was
1.5 * 10? cells/ml. The plates containing nonsupplemented mediw which
were inoculated at this tine contained an average of five colonies per
plate.

None of the polymixin supplemented plates showed angr growth at

all. Untreated wild cells placed on unsupplemented meditat grew pro
fusely, so reduction in cell number was due to the transforming medium.
Oily one of ten nonselective plates Inoculated after the four
hour shaking in ENA and amino acid supplemented medium showed any growth
after two weeks, and this plate contained only two colonies.
the polymixln supplemented plates showed any growth.
given In Table 11 under transformation system k»

None of

Die results are

This aystem appears to

render most of the wild cells inoapable of growth and, therefore, is not
suitable for use with A, nidulans.
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The results obtained in the Bacillus subtilis aysten
(Anagnostopolous and Spizizen, 1961) were conparable to those for the
Hawwnhnufl systen. The cell concentration frcn which control plates
were inoculated was 9.3 x 10® cells/nl.

No colonies appeared on plates

containing either individual antibiotics or both polymyxin and streptoaycin, bat profuse growth appeared on nansupplemented medium.

After

the ten hours during which cells were in contact with the amino acid
stqpplaaarted median, no growth occurred on any plate, although
1.1*2 x 106 cells were placed in each petri dish.
in Table U under transformation system 5.

The results are given

Uiis system is also unsuit

able for use with Anacystis since wild cells are incapable of growth
after they are exposed to the transforming medium.

DISCUSSION

PURIFICATION
Although bacterial methods are suitable for use with Anacyatio
niduUms, certain problems are unique to the study of this organism.
The rapid growth rate of bacterial contaminants compared with the alga
makes the isolation and maintenance of axenlc cultures extremely diffi
cult, if not impossible. Although the number of bacteria in a culture
May be greatly reduced by the dilution and plating techniques of Levin
(19*>9), the few bacteria which remain reproduce rapidly, and within a
few generations the cultures are again highly contaminated. Ythen algal
cells are exposed to antibiotics, the problem is confounded since the
bacteria are less sensitive to the antibiotics than the algae. Thus,
if a bacterially contaminated culture is exposed to killing concentra
tions of antibiotics, some bacteria remain, although no algal colonies
survive. These results agree with those of Tchan and Gould (1961) and
Vance (1966) who also found the bacteria to be less sensitive to the
antibiotics than the algae they tested. Currently the best method of
reducing the number of bacteria in a culture is by dilution and plating
followed by transfer of colonies to fresh liquid medium. Cultures which
are relatively free of bacteria will then grow rapidly and contain fewer
bacteria than stook cultures which have not been treated in this maimer.
The current recombination and transformation experiments were, however,
performed with contaminated cultures.
5U
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To check for possible bacterial effects which might confer anti
biotic resistance on algal mutants, medium containing antibiotics and
actively growing mutants was sterilized with a rail 1.1 pore filter and
separate portions of the medium, were reinoculated with either wild or
mutant cells. The mutant cells grew, but the wild cells did not, show
ing that the bacteria do not netabolize the antibiotics, thereby allow
ing the mutants to grow. In addition, the bacteria do not Been to
release any caoqrounds into the mediva which protect the algae from the
effects of the antibiotics unless mutations in the alga allow such pro
tection.

Uhtil axenic cultures are available, however, the results ob

tained in genetic studies utilizing Anacyatls must be questioned, since
the bacteria may have sone effect which is not detectable by the above
methods, unless the possibility of bacterial activity in cross-feeding
the alga is experimentally eliminated.
ANTIBIOTIC RESISTANCE
Streptomycin
The resistance of A. nidulans to low streptomycin concentrations
(eg lyg/ml) seems to be adaptive since a fluctuation test shows all se
lective tubes to have the same number of cells (Table k$ p.28).

At

higher concentrations (lO^g/UL and above), however, mutants are ob
tained, and resistance to streptomycin, unlike that in bacteria, (Bryson
and Damerec, 1950) is stepwise. Furthermore, mutants resistant to more
than 1 yg/ml streptomycin could not be obtained in liquid medium until
cells were first grown on lx/g/ml.

Basin (1968) claims to have ire-

covered mutants resistant to 10^g/ml from wild cells in a single step
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on solidified medium, lie first treated his cells with fluorouracil and
then overlayed actively growing colonies with soft agar containing the
antibiotic.

Che should expect that under these conditions the strepto-

Hjycin in the soft agar would diffuse downward into the unsupplemented
medium, thus lowering the effective streptomycin concentration.

When

the surviving cells were transferred to fresh 10 ifg/vd streptomycin me
dium, some cells resistant to the higher antibiotic concentration would
be expected (Table 3, p.2J>).

Bazin's mutants may, therefore, have been

obtained in two steps.
Possible effects of the treatment of cells with fluorouracil
prior to plating on selective medium must also be considered. Since
halogenated pyrimidines are mutagenic (Dunn and Smith, 1954), the ini
tial high resistance of cells may have been due to the action of the
fluorouracil.
The results obtained in the current study coincide with those of
Pikalek (196?) who obtained mutants resistant to 200 yg/ml in seven
steps.

Pikalek's results, along with those obtained in this study, in

dicate that at low streptomycin concentrations (lyg/ml) there is an
adaptation of wild cells to the antibiotic, but at killing concentra
tions (2.5-yg/ml and above) the surviving cells are mutants, which
through the accumulation of additional mutations may become resistant to
higher antibiotic concentrations.

Polymixin
The results obtained with polyroixin mutants are in agreement with
those of Whitton (1967). At low antibiotic concentrations (l y^/ml)

57

there is a period of adaptation to polymixin represented by a lag peri
od of several days before active growth.

At 10 ^g/nl polymixin concen

tration fewer cells survive the lag period and in the current series of
experiments only 16£ of the tubes showed growth (Table 7, P«3b)•

Muta

tion appears to be stepwise since cells resistant to 50 yg/ml could be
selected from cells resistant to 10^g/ml, but not from wild cells.

Polymixin and Streptomycin
In liquid culture cells resistant to both streptomycin and poly
mixin were selected from streptomycin resistant cells (Table 8, p.37) by
increasing the polymixin concentration in a stepwise manner. When cells
resistant to high streptonycin (100,yg/ml) and low polymixin (5 ^g/ml)
concentrations were placed in medium containing 50 ^g/ml polymixin no
cells survived, but when these cells were placed in 20 tyg/ml polymixin
some growth occurred.

A portion of these survivors were then able to

resist 50 ifg/ml polymixin. The ability of cells to resist streptony
cin, therefore, does not seem to change the manner in which they are
affected by polymixin in liquid medium.
are different (Table 10, p.UL).

On agar, however, the results

Wild cells are unable to resist kill

ing concentrations of polymixin and streptonycin, but mutant cells show
a limited degree of cross resistance. Although polymixin is known to
disrupt cell membranes (Whitton, 1967)* and streptonycin affects the
ribosanal apparatus (Spotts and Stainer, 1961), these results suggest
that there may be aotae degree of similarity in the way that the two com
pounds affect Anacyatis.

The differences in the effects of the antibio

tics an oells in liquid and an solidified media may be due to variations
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in antibiotic concentrations in proximity to the growing calls. In
liquid culture the rate of diffusion of the antibiotics into areas
where the concentration may be lowered due to the metabolic activities
of the cells is undoubtedly faster than in solidified media
(Pauling, 1955). Thus, the ability of mutant cells to show cross re
sistance on agar nay be partially dependent on lowered antibiotic con
centrations. This is not the entire answer, however, since wild cells
do not show similar resistance. The ability of cells to resist high
concentrations of one of the antibiotics apparently also enables them
to resist the other to a lesser degree.
RECOMBINATION
Kumar (1963) and Basin (1968) state that recombination does oc
cur in A. nidulans. Kumar, using strains resistant to streptomycin and
penioillin, found cells resistant to both antibiotics in his mixed cul
tures. Pikalek (1967), however, using conditions and strains similar
to Kumar's found that apparent recombinants were actually atreptxmycin
resistant cells which remained in lag phase of growth long enough for
the penicillin in the medium to decompose. The streptomycin mutants
oould then grow on the penicillin depleted medium. In the current ex
periments mutants similar to those of Pikalek and Kumar were utilised,
except that polymixin rather than penicillin mutants were used.

Mien

actively growing polymixLn resistant cells are removed from selective
medium and aliquots of this medium are relnoculated separately with vild
and polymixin resistant cells, the resistant cells grow but the wild
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«?+Ti» do not. This indicates that polymlxLn remains stable in the
' medium, and Pikalsk's objections to Kumar's work are removed.
The results of tests for recombination in liquid media are
given in Table 9, p. 39*

These results agree with those of Pikalek.

All cells grew as expected when no sexual recombination has occurred.
Cells were able to grow on the antibiotic to which they were resistant
but showed no cross resistance.

Mixed cultures did not grow on medium

both antibiotics showing either that recombination did not
take place or occurred at such a low frequency that it was not detec
table. Thus* when Kumar's experiments are repeated using antibiotics
which remain stable* there is no apparent recombination.
The work of Bazin (1968) on solidified nedia was also repeated.
He found that when Mutants resistant to 100,yg/ml polymixin and 10 ^g/nl
were mixed and plated, sane cells appeared which were resistant to both
antibiotics.

These survivors were considered by Basin to be sexual re

combinants. For the current study mutants SRC-100 and PRB-100 were
need*

SRC-100 was grown on 50 tfg/nl streptomycin medium since the mutant

grows more rapidly on this concentration than on 100 yc/ml.
Basin tested his mutants for cross resistance by growing them on
plates containing both polymixin and streptomycin, but does not report
having plated them on individual antibiotics. In the current experi
ments (Table 10, p. Ul) cells resistant to one antibiotic were found to
have limited resistance to the other, although wild cells were unable to
grow en selective media. These results suggest that the mutation of a
oell to one type of antibiotic resistance also increases its resistance
te the other type. Ota plates containing both antibiotics, growth was
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more limited with colonies appearing on only one plate containing
streptomycin resistant cells.

No colonies were found when mixtures of

both mutant types were placed on doubly selective plates.

The ability

of mutant cells to show a higher degree of cross resistance on sincly
selective plates indicates that there is some degree of selection by
the antibiotic to which the mutant is resistant.

Thus fewer colo

nies appear when both antibiotics are present.
These results do not explain why Bazin failed to find cross re
sistant cells, although he might have found growth if he had tested for
cross resistance on single antibiotics. Since a few streptomycin re
sistant cells were able to survive on plates containing 50Afg/n± strep
tomycin and 100^g/ml polyntLxin, Bazin*s results are opened to question.
If recombination had occurred, plates with mixtures of both mutant
types should have shown significantly more growth than plates inoculated
with only one cell type. Since this is not the case, the current results provide no indication that recombination occurs in A. nidulans
under the experimental conditions used either in this study or that by
Bazin.
TRANSFORMATION
In bacterial transformation systems very specific conditions are
necessary for cells to achieve a high degree of competence.

Spencer and

Herriott (1965) obtained 5.7% transformation using their medium M II
supplemented with L leucine.

When, however, various other amino acids

and compounds were added, the percentage of transformation decreased.
Sane factors other than the chemical composition of the transforming
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nedluii which affect transformation Include temperature, length of ex
posure of recipient cells to DNA, concentration of DNA, and age and con
centration of recipient cells. Siaple transformation experiments such
as those carried out by Davson ana Sia (1931) involve little more than
exposing recipient cells to cellular extracts.

Under these conditions

the number of transformants is below one percent.
In the current study several general types of transformation
systems were used. In the first two experiments heat-killed cells and
DNA from mutant cells respectively were utilized as the transforming
principles.

These experiments were similar to those of Griffith (1928)

and Avery, McLeod, and McCarty (l9Ui)•

Since specific media for the

development of competence were not used, I did not especially expect
the development of a high degree of competence but hoped that some
transfozmants would be recovered.
Comparable experiments were carried out by Kumar (1963) on liq
uid media and Bazin (personal cocnnunication) on solidified media. Both
of these workers added DNA extracted from streptomycin resistant cells
to wild-type cultures. Transformants were not recovered by either
worker.
The results in the current experiments were the same as those of
Kumar and Bazin. Polymixln resistant cells were utilized in the heatkilled system and streptomycin resistant cells were used as donors for
the ENA system.

Neither system indicated that transfonaation occurs in

A. nidulans.
Young, Spizizen, and Crawford (1963) found that the cell walls of
competent Bacillus subtills are chemically different from those of

62
inccapetent cells (p. 8), and Xoung and Spizizen (1963) pointed out that
the difference is due to the presence of an autolytic enzyme which is
active in the walls of competent cells.

Levine and Strauss (1965) pre

sented evidence that the uptake of EN A by competent cells is active.
Because transformation was not detectable in A. nidulans when the heatkilled and UNA systems were utilised, the lack of transformability
sight be a result of the inability of the reoipient cells to absorb ENA.
Since the workers in bacterial transformation found competence to be de
pendent on the condition of the cell wall, it was hoped that modifica
tion of the cell walls of Anacystia cells would make then coupetent.
Recipient cells were, therefore, exposed to hyaluronidase before the
transforming principle was added. The results (p. 1*9) indicate that
the enzyme kills most of the wild oells. Possibly hyaluronidase is
suitable as an agent to render Anacyatis competent, but the enzyme con
centration and exposure time may be critical. Since approximately
eighty colonies were recovered on nonselective medium after exposure of
treated cells to UNA, and no oells appeared on selective plates, if
transformation is occurring, the frequency is relatively low.
In the final phase of the transformation studies, specific baoterial transformation systems were utilised. The results for both the
Haemophilus influenzae system (Spencer and Herriott, 1965) and the
Raolllus subtilis system (Anagnoatopolous and Spizizin, 1961) were the
some. Treated oells were either killed or rendered incapable of more
than limited growth. Evidence indicates that the addition of certain
amino adds to Anacystia medium kills the oells (Rickert, 1962*).

The

amino acids added to the transformation systems, however, are necessary
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for the development of competence in bacteria and, therefore, oust be
included in the transforming median if bacterial systems are to be
utilised.
Although the above series of experiments does not disprove the
ability of Anacystis nidulans to be transformed, several points must be
considered.
In the first place, Anacystis cannot be transformed using the
general methods by which the process was first discovered*

This sug

gests that if A. nidulans is transformable, specific conditions other
than those used to date are necessary.
Secondly, the commonly used bacterial systems are not suitable
since the recipient cells are rendered incapable of adequate growth af
ter exposure to the transformation media. The poor growth of the recipi«it cells nay be due to some of the amino acids which are added to the
transforming media. Ihese amino acids could be eliminated from the
transformation media by using media containing various combinations of
amino acids and thereby determining which amino acid or acids are res
ponsible for the inviability of the recipient cells.
Finally, since competence is dependent on the chemical make-up
of the cell wall and an the presence of an active uptake enzyme system,
the proper conditions for transformation may possibly be achieved only
by the alteration of the cell wall and/or the addition of certain ensymes to the transforming medium. Transformation has been observed in
only a few bacterial species and no higher organisms, indicating the
•niyme systems necessary for the Incorporation of transforming DNA into
the recipient genomes may not be available.

at—mrr

1.

Bacterial contaminants cannot be eliminated from cultures of

Anacystis nidulans by standard bacteriological methods, although the
number of contaminants may be reduced by dilution and plating followed
by transfer of algae colonies to fresh liquid medium.
2.

Although axanic cultures were not used for nutation studies,

no bacterial effects are apparent when wild cells are grown on sterile
filtrates from mutant cultures.
3. Mutation to streptomycin resistance in Anacystis is stepwise
unlike that in bacteria where resistance is caused by single step mu
tations.
it.

Mutation to polymixin resistance in Anacystis is stepwise as

it is in bacteria.
5.

No apparent recombination occurs between strains of Anacysti3

resistant to streptomycin or between strains resistant to polymixin
and streptomycin under the conditions used.
6. Anacystis nidulans strains which are resistant to polymixin
have an increased resistance to strepton^cin when compared to wild type.
7. Anacystis nidulans strains which are resistant to streptomycin
have an increased resistance to polymixin when compared to wild type.
8. When cultures of Anacystis nidulans are exposed to 1,000 units
per ml of polymixin, EflA is released into the medium.

6U

9. Vhen Anaoystis is placed in bacterial transformation systens
no tx-ansforaaate are recovered,suggesting that either Anacystis is
not transformable or new transformation systems are necessary.
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