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A strain of Aphanizomenon flos-aquae Born. et Flah. has been
introduced into culture and maintained since August of 1964 in com-

pletely defined media. It exhibits the planktonic, colonial flake form
found in nature, and both heterocysts and akinetes are present. The

color and size of the flake and general appearance of the cells is sub-
stantially improved over that found at the time of collection in Upper

Klamath Lake, Klamath County, Oregon.
Initially, A. flos-aquae was isolated and cultured in a medium

designated ASMT No, 8, a modification of the ASM of McLachlan and

Gorham. ASMT No. 8 contained no organic substances other than
disodium ethylenedinitrilotetra-acetate (Na2EDTA) and Tris(hydroxy-

methyl)aminomethane (Tris). Experiments demonstrated that Tris
was not essential for the growth of Aphanizomenon and the medium

minus Tris was designated ASM No. 8. Factorial experiments indi-
cated that better growth and morphological condition of the alga were
obtained in media containing combinations of ferric chloride, Na

2
EDTA

and a new iron source, hydrogen ferric ethylenediamine di.-o- hydroxy-

phenylacetate (EDDHA) than that obtained in ASMT No. 8. Best

growth and condition of the alga was obtained in a medium designated
ASM No. 8a which contained 0. 54 mg of ferric chloride, 3. 0 mg



Na
2
EDTA and 0, 07 mg of iron as EDDHA per liter. A. flos-aquae

has been grown in ASM No. 8a for a year and a half.
Factorial experiments gave evidence that there were significant

interactions between the various mineral ions of ASM No. 8a, between
the mineral ions and light intensity, light intensity and temperature,
between different media, temperature and culture location, between
culture location, temperature and light intensity and between differ-
ent media, temperature and the quality of light used for the culture of
the alga, Growth rate experiments and an analysis of covariance
demonstrated that there was no significant difference between the
growth rates of A. flos-aquae at different pH, temperatures or light
intensities. The alga exhibited the same growth and morphological

condition at pH from 6. 9 to 9. 2, and there was no significant differ-
ence in the growth rate or condition of Aphanizomenon cultured at

temperatures of approximately 15 C and 20 C. The alga also exhibited

the same response to culture under light from artificial sources at
illumination intensities of 40, and approximately 70 or 110 ft-c. At

light intensities above 140 ft-c, the alga exhibited chlorosis, loss of
the colonial flake form or lysis. The alga showed both growth and

good maintenance of condition in a north facing window at light intensi-
ties up to 300 ft-c supplied by natural daylight supplemented with
light from fluorescent tubes. These light intensities were of variable
magnitude and duration resulting from changes in cloud cover and day
length.

Preliminary experiments have shown that A. flos-aquae reduces
acetylene and that the contaminant bacteria apparently do not. In ad-

dition, there was an indication that the rate of acetylene reduction was
increased in relation to increasing concentrations of Vitamin B12 (co-

balamin). Further experiments need to be conducted using both

acetylene reduction and N15 enriched nitrogen before a definite



statement can be made that Aphanizomenon does fix nitrogen.
The growth of A. flos-aquae was definitely related to the concen-

tration of nitrate nitrogen. There was a significant reduction in the

mean yield of the alga when nitrate was omitted from ASM No. 8a,

but the condition and morphology of the alga was unchanged. Nitrite

nitrogen was not a suitable substitute for nitrate in the metabolism of
the alga and higher concentrations of nitrite were toxic to Aphanizome-

non.

Bacteria-free cultures of Aphanizomenon were not obtained
despite attempts at purification using pasteurization of akinetes con-
tained in bottom sediments, ultraviolet irradiation and chlorine
treatment of culture material. A screening test using antibiotics on
both the alga and contaminant bacteria exhibited some promise that
treatment with one or two antibiotics inhibited the bacteria without

apparently killing the alga.
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GROWTH OF APHANIZOMENON FLOS-AQUAE
IN DEFINED MEDIA

INTRODUCTION

A dense, cyanophycean bloom is produced annually in Upper

Klamath Lake, Oregon as a result of natural enrichment (Phinney and
Peek, 1964). Aphanizomenon flos-aquae Born. et Flah. is the pre-
dominant member of these blooms along with Anacystis cyanea (WI:az.)

Drouet and Daily (Microcystis aeruginosa Katz.), Gloeotrichia echinu-
lata (J. E. Smith) Richter, Anabaena spiroides Klebahn and Anabaena
circinalis Born, et Flah.

OfFlaherty (1966) reported the first instance in which A. flos-
aquae was introduced into culture in a medium containing no organic

humate, and maintained the planktonic, colonial flake form found in

nature. The original isolation was made from bloom material in
Upper Klamath Lake during August of 1964. ASMT No. 8 was es-

tablished as a culture medium and the alga exhibited a definite require-
ment for a temperature of 15 C. The strain in culture in ASMT No. 8

would grow only in a north facing window with combined illumination

from natural and fluorescent light. In the latter stages of the investi-
gation, Schizothrix calcicola Gom. appeared as a contaminant in the
stock cultures of Aphanizomenon and could not be eliminated.

The present study is a continuation of this earlier investigation.
The major objective of this investigation was to examine the physio-
logical requirements of the alga in culture and to attempt to relate

these findings directly to observations obtained in limnological investi-

gations on the blooms in Upper Klamath Lake (Phinney, Peek and
McLachlan, 1959 and Phinney and Peek, 1964). Before continuing the

study, however, it was necessary to re-establish Aphanizomenon in
uni-algal culture. In this investigation, factorial experiments were
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used to examine possible interactions between environmental factors
and to determine which factors were affecting the growth and condition

of the alga. Factors to be examined were pH, light intensity and
quality, temperature, mineral ion concentration and different defined
media. A defined medium is one in which all of the components and
their concentrations are known, and which contains no undefined

supplements such as humates. In addition, an examination was made

of the potential of the alga to reduce nitrogen. Attempts were made

to obtain a bacteria-free culture of Aphanizomenon.
The hypothesis of this thesis is that various environmental fac-

tors interact to produce the responses observed in the growth and
morphological condition of A. flos-aquae in culture. The thesis

summarizes the results of a number of experiments testing this hy-
pothesis and examining the physiological requirements of the alga.
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REVIEW OF THE LITERATURE

Many investigations into various aspects of the blue-green algae
have been reported in the literature. McLachlan (1954, 1957) and

Peek (1964) have quite complete reviews of these reports. The re-
views in these theses were supplemented by O'Flaherty (1966), who
examined the literature on Aphanizomenon, and Volk (1967) who sur-

veyed the Cyanophyta other than Aphanizomenon. The literature re-
view presented here consists of those studies of Aphanizomenon not

reviewed in 1966 (O'Flaherty).

Two papers were concerned with algal blooms containing Aphani-

zomenon. Shalar (1964) noted that a bloom in the Upper Dniester

River contained A. flos-aquae along with other members of the
Cyanophyta, Chrysophyta, Pyrrophyta, Euglenophyta and Chlorophyta.
Stepanek, et al. (1963) investigated planktonic algal blooms in reser-
voirs in Czechoslovakia, reporting species composition and limnolo-
gical characteristics accompanying each bloom. Aphanizomenon was

found to be the most common producer of blooms.
A symposium entitled Environmental Requirements of Blue-

Green Algae (U. S. D. I. , 1967) contained a number of references to

Aphanizomenon. The symposium provides an up-to-date review of
both laboratory and field studies on a number of different species of
blue-green algae, and includes discussions in areas of culture, physi-
ology, nitrogen metabolism and nuisance control.

Kocurova (1965) reported the use of an algicide, CA 350, that

was successful in halting an infestation of A. flos-aquae without any

toxic side effects. Stepanek, et al. (1963) reviewed the common algi-

cides and methods for control of excessive phytoplankton production.
Several reports have appeared in the literature which describe

the assimilation of Aphanizomenon by protozoa. Valvata pulchella
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was found to assimilate dead Aphanizomenon and Coelosphaerium
(Tsikhon-Lukanina and Sorokin, 1965). Paramecia (Paramecium
caudatum) cultured on milk were fed bacteria, Aphanizomenon and

other algae which had been labeled with C14. These animals were
found to assimilate bacteria, Aphanizomenon and Chlorella, but they
did not utilize Anabaena and Microcystis (Mordukhai-Boltovskaya,

1965). This observation suggests a possible control of algal popu-
lations by utilizing grazing zooplankton (U. S. D. I. , 1967, p. 111).

Milova (1966) investigated the inhibition of Escherichia coli by
fresh mixtures of algae containing a predominance of Aphanizomenon
and Microcystis.

An English summary of Tischer's (1938, 1939) analysis and
characterization of the carotinoids in Aphanizomenon (Karrer and
Jucker, 1950), was overlooked in earlier reviews. Heitzberg and

Lead lin (1966) have made a determination of the carotinoid composition

of Aphanizomenon from the natural habitat. Their examination indi-
cated that the epibasic carotinoids ((3-carotene, flavacin, aphanin and
aphanicin) constituted 86% of the total carotinoids present, and the
hypobasic carotinoids (myxoxanthophyll and aphanizophyll) 14% of the

total.
Williams and Burris (1952) used N15 enriched nitrogen and de-

cided that Aphanizomenon did not fix nitrogen. Stewart, et al. (1967)

examined an isolate of Aphanizomenon from Lake Monona, Wisconsin
studying the reduction of acetylene to ethylene (Schtillhorn and Burris,
1966 and Dilworth, 1966) by the alga and found that ethylene was pro-

duced. Since there is a close correlation between reduction of
acetylene and the reduction of nitrogen, they suggested that N15

studies be repeated to re-examine the nitrogen fixing potential of
Aphanizomenon.
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MATERIALS AND METHODS

Materials

In the present study, Aphanizomenon flos-aquae Born. et Flah.
used as inoculum to establish initial cultures was isolated from
plankton bloom material taken from Upper Klamath Lake, Klamath
County, Oregon, during August of 1964 (O'Flaherty, 1966, p. 18).

All media were made up in distilled water redistilled
( >1, 000, 000 ohms resistance) in a Loughborough, all glass still.

Salts used as sources of elements in the media were of reagent grade
and borosilicate glass was used in all containers. Glassware was
washed in Fisher R. B. S. cleaning solution or FL-concentrated bio-
degradable detergent (Fisher), rinsed seven times in tap water and
seven times in distilled water. In addition, reagent bottles destined
to contain stock solutions of mineral salts were acid washed (concen-
trated HC1) and rinsed seven times in glass distilled water.

Chlorine solutions employed in attempts to obtain bacteria-free
cultures were prepared by dilution of a commercial preparation of
sodium hypochlorite. Fifteen mls of the commercial solution in 5. 64
liters of water gave a 134 mg/1 solution of chlorine.

Antibiotic sensitivity discs (Bacto) were used in screening for
the sensitivity of Aphanizomenon and contaminant bacteria to different
antibiotic s.

Methods

Culture Conditions and Experimental Procedures

The collection and isolation techniques employed in this study
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were previously reported by O'Flaherty (1966). Briefly, plankton
bloom material was collected and concentrated by straining lake water
through a plankton net of no. 20 mesh bolting silk. The material was
transported to the laboratory where the isolation of Aphanizomenon

in uni-algal cultures was accomplished by repeated rinsing of the
colonial flakes in sterile medium.

The media, flasks, transfer containers and other equipment
used in isolation and transfer procedures were routinely autoclaved
at 20 psi for 20 minutes. The containers of media were allowed to
stand for 48 hours to enable dissolved gases to come to equilibrium
with the atmosphere before inoculation. Stock cultures of A. flos-
aquae were maintained in one liter Erlenmeyer flasks containing 250
mis of medium.

Two conditions of illumination were used in the maintenance of
stock cultures. Some were grown in a north facing window with con-
tinuous supplemental light from Ken Rad warm white deluxe fluo-

rescent tubes and others under light (80 foot candles) from the fluo-
rescent sources alone. Table 1 gives the order of magnitude of the

intensities in the window. These intensities varied from day to day
throughout the year.

Table 1. Approximate light intensities under which Aphanizomenon
was cultured

Time
Intensity

(Foot Candles)

Noon- heavy overcast 180-290

Noon- bright sunny 220-300

Night- supplementary only 90-120
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The temperature of the stock cultures was held constant by
placing the flasks in a water bath in which the water level on the
outside of the flask was at the level of the medium inside the flask.
Water from a refrigerated water cooler was circulated through copper
tubing lying in the water bath. Unless otherwise specified, A. flos-
aquae used as inoculum in experiments was material maintained in
the north facing window with supplemental light from fluorescent
tubes.

Transfers of algal material from stock cultures to fresh stock
medium, were made as aseptically as possible. Between 50 and 75

flakes of A. flos-aquae were poured from the current stock flask into
a sterile petri plate. Fifty flakes were removed from this plate and
placed in a plate containing fresh stock medium. A flamed, inocu-
lating needle bent in the form of a hook was employed in the transfer
to minimize the amount of liquid carried from one container to
another. After the transfer, the contents of the second plate were
poured into the flask of fresh culture medium. Care was taken at each
stage to flame the mouth of each flask. Transfers were made every
ten days during the course of this study.

An orthophenanthroline test (A. P. H. S. , 1965, p. 196) was used

to determine the concentration of soluble iron in different media.
Experiments were conducted under the controlled conditions and

in the locations described in Table 2.
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Table 2. Culture conditions used in experiments studying the
physiological requirements of A. flos-aquae

Location Temperature Light Source and Intensity1

North facing Water bath at 15 C Natural daylight supple-
window mented by Ken Rad warm

white deluxe (wwx) fluo-
rescent tubes. (See Table
1 for the intensities. )

Under a labora- Water bath at 15 to Ken Rad wwx fluorescent
tory bench 16 C tubes. Intensity of 80 ft-c.
Growth chamber 1 Water bath at 15 C Cool white high output

Chamber air temper- fluorescent tubes. Intensi-
ature at 20 C ty of 60 ft-c.

Growth chamber 2 Chamber air temper- Cool white high output
ature at 15 or 20 C fluorescent tubes. Intensi-
or both2 ty of 80 ft-c.

1A random rotation was made of flasks of test material in order
to compensate for differences in light intensity in different
areas under the fluorescent lamps.

2Two air temperatures were obtained in chamber 2 by blocking
the air flow over portions of the shelves, thus raising the
temperature to 20 C.

After listing the desired objectives of an experiment, a plan was
prepared which indicated the factors to be examined, the levels of
these factors to be employed, the number of replications and the type
of observations needed. A. flos-aquae used as inoculum in experi-

ments, was selected from stock cultures which had not been trans-
fered for at least ten days. Test flasks were selected for inoculation
by using a random number table. Three control flasks were included
in the test group and the contents of these flasks were harvested on
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the day of inoculation to obtain a record of the dry weight of the
inoculum, its morphological condition and an indication of possible

experimental error introduced at the time of inoculation. Following

inoculation, the test flasks, either 50 ml or 125 ml Erlenmeyers or
125 ml De long culture flasks, were placed randomly under experi-

mental culture conditions. Individual comparisons (for t-test or LSD
test) were prepared during the experimental growth period. After the
growth period, observations of the effect of environmental factors on
the growth and condition of A. flos-aquae were recorded.

Two methods were utilized in observing the effects of various
treatments on Aphanizomenon. The first method consisted of noting
relative changes in color, morphology and other general features of
the flake. This method was entirely dependent upon arbitrary, sub-
jective evaluation by the observer. An increase in number of flakes
was taken as an indication of growth. The second method involved

filtering the contents of test flasks onto dried, tared micropore
filters (esters of cellulose, pore size 1. 2 p.).

A standard method of making plate counts was used to determine
the relative numbers of bacteria present following treatment with
chlorine or ultraviolet light. Treated algal flakes to be tested for
bacterial contamination were placed in screw cap bottles containing
100 mis of sterile medium, and shaken vigorously to break up the
flakes and filaments, thus dispersing bacteria lying between the fila-
ments. Following standard procedure (A. P. H. S. , 1965), the optimum

volume of this suspension (1 ml) was withdrawn with a sterile pipette

and placed in a petri plate. Difco nutrient agar (23 g/1) supplemented

with glucose (5 g/1), was then poured into the plate. These plates
were incubated at temperatures of 27 to 30 C for 48 hours before
counting. Counts of bacterial colonies were made with the unaided

eye.
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An examination was made of the sensitivity of A. flos-aquae
and the contaminating bacteria to a number of antibiotics. Color

coded Bacto-sensitivity discs containing specific concentrations of
various antibiotics were inserted in flasks of medium containing
Aphanizomenon. These flasks were placed (1) in the dark for one
week, (2) in the dark for 12 hours and the test material removed,
placed in fresh medium and returned to the light (60 ft-c), (3) in the
light (60 ft-c) for one week, and (4) in the light and transfered to
fresh medium after 12 hours. Qualitative observations were made of

the effect of the antibiotics on the morphology of A. flos-aquae, in
comparison to control material.

Two types of contaminating bacteria were isolated from flakes
of Aphanizomenon and grown on nutrient agar slants at 25 C. One

bacterium was coccoid and formed a smooth white colony and the other
was a motile rod and formed a smooth yellow colony. Bacteria from
a 48 hour agar slant culture were spread evenly over nutrient agar in
petri plates. Antibiotic sensitivity discs were placed aseptically in a
five point pattern on the plates (Difco, 1966, p. 331). The plates were
incubated at room temperature and observed after 48 hours.

Attempts were made to obtain bacteria-free cultures from
flakes of A. flos-aquae formed by germination of the akinetes con-
tained in pasteurized samples of bottom sediment. An Ekman dredge
was used to remove bottom sediments from Upper Klamath Lake.
Sediment samples were stored in the dark at 3 C. Portions of the
sediment samples were removed from storage and suspended in sterile
medium in a beaker and placed in a water bath. The suspension was

heated to 80 C as rapidly as possible. As the temperature of the sus-
pension rose, sub-samples were removed, inoculated into culture
flasks and placed in a north facing window at 15 C, or in a lighted
culture chamber. Microscopic examinations were made of the
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material in these flasks at various times during the succeeding two
weeks.

Ultraviolet irradiation was used in attempts to obtain bacteria-
free cultures of Aphanizomenon. Two 15-watt germicidal lamps were
mounted in the top of a transfer chamber, and all steps of the treat-
ment procedure were performed in the chamber under continuous
ultraviolet irradiation. A 60 minute pre-treatment with ultraviolet
was given the interior of the transfer chamber containing flasks of
Aphanizomenon, flasks of media destined to contain the treated
material, and other materials needed in the test. A water bath was
placed inside the chamber to maintain the temperature of the medium
at 15 C during the pre-treatment and during exposure. Approximately
20 flakes of A. flos-aquae were poured into a sterile petri dish and
exposed to radiation at a distance of 27 cm for varying periods of
time. The flakes were stirred slowly to expose them evenly to the
radiation. Following the treatment, the flakes were transfered to
flasks containing sterile medium, removed from the transfer
chamber, placed in the dark for 12 hours and then moved to culture
locations. Observations of qualitative changes in the alga were made
10 days after exposure. Standard plate counts were made to obtain
the relative numbers of bacteria present in the flakes on the day of
treatment and 10 days after treatment.

In other attempts to obtain pure cultures, whole flakes of A.
flos-aquae or flakes partially dispersed by shaking, were placed in a
0. 70 mg/1 concentration of chlorine for a given length of time.
Following the exposure period, one ml of a 0. 0056 N sodium thio-

sulfate solution was added to the hypochlorite solution to neutralize

the chlorine. The sodium thiosulfate was thoroughly mixed with the

chlorine solution, and after 30 minutes the treated flakes were trans-
fered to a flask of fresh medium with a flamed needle or pipette.
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The mouth of the flask was flamed before and after each insertion of
the needle or pipette.

The nitrogen fixing potential of Aphanizomenon was examined

using the acetylene reduction technique (Schollhorn and Burris, 1966

and Dilworth, 1966). After growth for 14 to 21 days in ASM No. 8a

minus nitrate, flakes of Aphanizomenon were inoculated into small
serum bottles containing ASM No. 8a minus nitrate, the bottles
flushed with a gas mixture of 02, CO2 and argon, injected with 0. 5 cc

of acetylene and incubated in the light at 15 C for one hour. Following

incubation, 0. 2 ml of concentrated sulfuric acid was injected into the

bottle to kill the cells. Ethylene production was analyzed with a gas

chromatograph.

Statistical Procedures

Factorial experiments (Li, 1964, p. 355) were utilized in this
study to examine possible interactions between factors affecting the
growth and morphology of A. flos-aquae. In this type of experiment,

various levels of factors were combined in all possible combinations
and these combinations were replicated at least twice. The presence

of an interaction indicated that the factors were not acting independent-
ly in their effect on the alga.

In some experiments, a comparison was made of the rate of
growth of Aphanizomenon in response to different combinations of

factors. The change in dry weight per unit time was obtained by

harvesting the contents of three randomly chosen flasks of test

material every three to four days.
A completely randomized experiment (Li, 1964, p. 215) was

used in studies of the effect on A. flos-aquae of varying individual

elements such as pH, temperature, etc.
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An F-test (1% level of significance) of the analysis of variance
of the completely randomized experiment (Li, 1964, p. 179) was
employed in testing the hypothesis that the treatment means were
equal. These treatment means were estimated by the mean dry
weight yields of A. flos -aquae obtained by growing the alga in various

concentrations or levels of individual elements.
Hypotheses from the analysis of variance of a factorial experi-

ment were tested using an F-test (1% level of significance) (Li, 1964,
p. 373). This F-test revealed the presence of any significant inter-
actions between factors.

An F-test (1% level of significance) was utilized in testing the
equality of regression coefficients (Li, 1964, p. 398). These co-
efficients were estimated by the mean yield of A. flos-aquae per unit
time obtained in the growth rate experiments.

A Least Significant Difference (LSD) between treatment means
test (Li, 1964, p. 265) at the 5% level of significance was used to
make individual comparisons between means in experiments. The

LSD value is

LSD O. 05
= 025

and t0. 025
is the tabular value from Students' t-table at 2. 5% level of

significance with the degrees of freedom of s 2;
s

2 is the error mean
square obtained in the analysis of variance and n is the number of
observations from which each mean is computed. Two means are
termed significantly different at the 5% level of significance if their

difference is greater than the LSD.
A Students' t-test at the 5% level of significance was utilized to

test the hypothesis that two individual regression coefficients are
equal (pi - pi = 0) (Li, 1964, p. 400). The statistic



t= (b. -b.)b.) - (pi - p)
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1 1

SSx. SSx.i J

must exceed the Students° tabular t-value at 2. 5% level of significance
with n. + n. - 4 degrees of freedom, in order to have a significant (5%i J

level of significance) difference between the regression coefficients.
b. and b. in the statistic t are the sample estimates of the population

1 J 2 iregression coefficients obtained from the ith and jth sample. s is

the pooled residual sum of squares of the two samples divided by
n. + n. - 4, where n. and n. are the number of observations in the ith

1 3 1 J
and jth samples and SSx. and SSx. are the sum of squares of the in-

1 J
dependent variables x from the two samples i and j.
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RESULTS

Elimination of Schizothrix

O'Flaherty (1966) reported the occurrence of Oscillatoria lying
between filaments of Aphanizomenon in culture. Drouet (1967) identi-

fied this contaminant as Schizothrix calcicola Gom. There were in-
dications that Schizothrix was able to withstand autoclaving, as a pure
culture of the Emerson strain of Chlorella became contaminated when
cultured in flasks that had contained contaminated cultures of A. flos-
aquae. An examination was made of the effect of temperature and
autoclaving on the growth and condition of Schizothrix. A stock
culture of Schizothrix was heated and aliquots removed at 10 C inter-
vals and placed in culture. All cultures grew in which inoculum had

been removed from the heated flask at temperatures of 40 C and be-
low. At 50 C, the stock culture turned yellow, lysed and none of this
material inoculated into fresh medium grew or regained a green color.
A culture of Schizothrix autoclaved for 20 minutes at 20 psi, however,
maintained a blue-green color and did not lyse.

Since there was a possibility that Schizothrix had been carried
from one set of stock cultures to another, the culture flasks were
segregated. Flasks in which Schizothrix had appeared were acid
washed (concentrated HC1) and autoclaved before re-use in the culture
of Aphanizomenon. Flasks used for maintenance of stock cultures of
Schizothrix were never utilized for culture of Aphanizomenon and were
washed separately. Aphanizomenon has since been maintained in uni-

algal culture for two years.
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Experiments on the Basic Medium ASMT No. 8

ASMT No. 8, a direct modification of McLachlan and Gorhams'
(1961) ASMT medium, was used as the basic medium for this study.

The concentration of components of ASMT No. 8 are given in Table 3.

Elimination of Tris

Tris (Tris(hydroxymethyl)aminomethane) had been added to

ASMT No. 8 to act as a buffer (O'Flaherty, 1966). It was omitted

from the basic medium in pH experiments in order to examine the

effect of pH on Aphanizomenon. The growth and morphological con-

dition of A. flos -aquae in ASM No. 8 (ASMT No. 8 minus Tris) was

identical to that in ASMT No. 8. The pH of ASM No. 8 and ASMT No.

8, forty-eight hours after autoclaving was 7. 2 and 7. 3, respectively.

Iron

In ASMT No. 8, iron was supplied as Na2EDTA (disodium

ethylene dinitrilotetra-acetate) chelated FeC13.
An orthophenanthro-

line test indicated that the concentration of iron was below that ex-
pected (Table 4). Since Volk (1967) reported obtaining better growth
of Anabaena spiroides Klebahn with iron chelated as EDDHA (hydrogen

ferric ethylenediamine di-o-hydroxyphenylacetate) (Evans, 1963) than
with ferric citrate, EDDHA was investigated as an iron source in
ASMT No. 8.
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Table 3. Concentrations (mg/1) of components in the basic medium
ASMT No. 8

Compounds ASMT No. 8

MgSO4 7H20 50. 0

CaC1 2.
2H

20
15. 0

NaNO
3

85. 0

NaHCO 3
20. 0

MgC12. 6H20 80. 0

K
2

HPO
4

4. 0

Minor Elements 1

FeC1 0. 54
3

Chelated with Na
2

EDTA 3. 00

H
3
B03 0. 62

MnCl2 1. 40

ZnC12 0.10

CoC12 0. 005

Cu C12 0. 000034

Trace Elements2 3. 0

Tris 0. 24

1Minor elements are contained in a stock solution, 10 mis of
which will give the concentration of elements shown in the
ASMT No. 8 column.

2M1s of Arnon's trace element solutions B7 and C13 (Arnon,
1938) in a 1/25 dilution, in m1/1 of culture medium
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Table 4. Concentration (mg/1) of iron available to A. flos-aquae
as supplied by Na2EDTA chelated FeC13. 6H20

Concentration Added Concentration Available

0. 0 0. 0

0. 028 0. 0

0. 054 0. 02
0. 1081 0. 052
0. 216 0. 01

O. 432 0. 01

1 Concentration added to ASMT No. 8 medium

2Possible error in determination, as later experiments
indicated that no soluble iron was present

Table 5 shows the growth of Aphanizomenon produced in an experiment

varying the concentration of iron as EDDHA. There was no signifi-
cant difference in the mean yield of A. flos-aquae obtained after
growth in medium containing iron supplied as EDDHA or Na

2
EDTA

chelated FeC13. In comparison to the control (Na2EDTA chelated

FeCl3), however, flakes of Aphanizomenon were smaller and generally
in poorer morphological condition after growth in medium containing

0. 0 to 0. 27 mg/1 iron as EDDHA.

Further experiments varying the concentration of iron as
supplied as EDDHA indicated that best growth and condition of A. flos-

aquae could be obtained with iron in a concentration of 0.14 mg/l.
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Table 5. Effect of different concentrations of iron supplied as
EDDHA on the growth and morphological condition of
A. flos-aquae

Concentration
Fe (mg/1)
Supplied

Concentration
(mg/1)

Available

Meanl Dry
Weight of

Aphanizomenon
Effect2 on

Aphanizomenon

0. 0

0.14

0. 0

0. 08

1.93

1.93

0. 27 0. 04 2.13

0. 54 0. 43 1.93 0

0. 113 0. 00 2.10

1. 08 1. 37 2. 00 0

2.16 2. 60 2.17 0

Analysis of Variance

Sum Degrees
Source of of Mean F Tab Conclusion

Squares Freedom Square F4

Treat- 0.189 6 0. 0315 0. 929 4. 558
ment

Error 0. 474 14 0. 0339

Total 0. 663 20

Accept
Ho: means

are
equal

1Mean dry weight of the contents of three replicate 50 ml Erlen-
meyers containing 10 mls of medium

2(0) Indicates the condition of the alga in the various concen-
trations was the same as the control

(-) Indicates the flakes of A. flos-aquae were smaller than the
control and generally in poorer morphological condition

3The concentration of iron supplied as Na2EDTA chelated FeCl3
in the control(s)

4Tabular F-value at the 1% level of significance. Standard error
of the mean = 0.106.
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EDDHA imparts a reddish color to the medium. In order to
ascertain the possible effect of the variation in spectral transmission,
an absorption spectrum was obtained for medium containing EDDHA in

a concentration of 9. 0 mg/1 (0. 54 mg of iron/1). This medium was

wine red and the color much deeper than that of the stock medium with
EDDHA in a concentration of 2. 7 mg /1 (0. 14 mg of iron/1). Light in

wavelengths of 390 mp. to 590 mp. was absorbed by the medium con-

taining 9. 0 mg/1 EDDHA. The peak of this broad curve was near 476

mil and only 9% of the total light was absorbed at this peak. Table 6

shows the absorption peaks of ASMT No. 8 without EDDHA, ASMT No.

8 containing 9. 0 mg of EDDHA/1, and the absorption peaks of chloro-

phyll a and phycocyanin. The color imparted to the medium by EDDHA

appeared to have a negligible effect on light quality and intensity.

Table 6. Comparison of the absorption of ASMT No. 8 containing
9. 0 mg of EDDHA/1 with the peaks of chlorophyll a and
phycocyanin

Source of Peak Absorption Peaks (mil)

Chlorophyll al

Phycocyanin 2

428, 660
277, 368, 615

ASMT No. 8- No Iron No Absorption

ASMT No. 8- 9. 0 mg of
EDDHA / 1

430 (6.4%), 476 (9%),
615 (0%) and 660 (0%)

1Analysis made on a chromatographic separation from spinach
leaves with ethanol as the solvent

2Extract from A. flos-aquae (Svedburg and Katsuri, 1929)
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Before experiments could be made to examine the effect of
EDDHA chelated iron on the growth of Aphanizomenon, there was a
general decline in the morphological condition of the alga and 90% of

the cultures were lost. An examination of all techniques used in the
culture of A. flos-aquae revealed that a one thousand-fold dilution of
the stock minor element solution (Fe, B, Mn, Zn, Co, and Cu) had
inadvertently occurred. Flakes of Aphanizomenon in the surviving
cultures were extremely small and yellow. The addition of the minor

element stock solution (excluding iron) at the normal level (Table 3)
did not improve the condition of the alga.

Stock cultures of Schizothrix calcicola had been maintained in
ASMT No. 8 for use in finding procedures that would lead to an elimi-
nation of the contaminant from cultures of A. flos-aquae. Cultures of

Schizothrix were not affected by the addition of the dilute minor ele-
ment solution. Since Schizothrix had generally exhibited similar
growth responses to those of Aphanizomenon, it was decided that this
organism could be employed in an attempt to develop a suitable
medium for re-establishing active cultures of A. flos-aquae. By

utilizing Schizothrix remaining cultures of Aphanizomenon could be

conserved.
Schizothrix had exhibited better growth in medium containing

combinations of different concentrations of EDDHA chelated iron and

Na
2
EDTA than in ASMT No. 8.

Four iron sources were thus employed in an experiment to test
their effect on the growth and condition of Aphanizomenon. Table 7

shows the response of cultures of Aphanizomenon to iron supplied as

Na
2
EDTA chelated ferric chloride, EDDHA chelated iron, ferric

citrate-citric acid and EDDHA chelated iron with an accompanying

amount of Na2EDTA.
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Table 7. Effect on the morphology of A. flos-aquae of various
sources of chelated iron

Source Concentration (mg/1) of
Fe+++ Supplied

Observed Effect'

Na EDTA 2 Chelated 0. 54 0
2 FeC1

3
(Control)

EDDHA Chelated Fe 0. 16

Ferric citrate-
citric acid

EDDHA Chelated Fe
and EDTA3

0. 54

0. 16

1 This effect is compared with that obtained in the control
which showed an increase in the number of flakes, but
still had a pale yellow color. The code symbols indicate:

(0) The control
(-) The flakes of A. flos-aquae clumped and disintegrated
(+) Improved growth and condition of the flakes, which

2
became green in color

Concentration of 3. 0 mg/1 of Na
2
EDTA

3Concentration of 5. 0 mg/1 of Na
2
EDTA

In comparison to the control (Na2EDTA chelated FeCl3), flakes of
Aphanizomenon showed improved growth and morphological condition

in medium containing iron as EDDHA and Na
2
EDTA. Flakes clumped

and disintegrated in medium with iron as EDDHA or ferric citrate-
citric acid (Table 7).

Results of factorial experiments in which EDDHA and EDTA

were combined at different levels are reported in Table 8. Inoculum

for these tests was grown in Na2EDTA and EDDHA and in Na2EDTA

and FeC13. These experiments were conducted in growth chamber

one, and in the north facing window.
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Table 8. Ranking 1 of the response of A. flos- aquae grown in
different combinations of Na2EDTA + EDDHA for 19 days

Concn Fe
(mg/1)

as EDDHA

Concn
(mg/1)

EDTA

From
EDTA +
EDDHA

From
FeC13 +
EDTA2

From
FeC13 +
EDTA3

0. 0 0. 0 7 3 7

O. 04 0. 0 7 7

0.16 0. 0 7 7

0.12 0. 62 7 5

0. 08 1. 24 5 4 1

0. 08 2. 50 7 2 7

0. 00 2. 50 4 6

0.16 2. 50 3 3 -

0.164 2. 50 2 1 3

0.16 5,. 0 1 1 -

0.164 5. 0 7 7 3

0.16 10.0 7 7 7

0. 32 2. 5 2 2 -

0. 324 2. 5 1 2

0. 32 5. 0 7 7

0. 324 5. 0 7 4 1

0. 32 10. 0 7 7 7

0. 64 10. 0 7 7

iRanking based on 7 steps with 1 the best and 7 the poorest growth
and morphological condition after 19 days of culture

2Material grown in growth chamber one
3Material grown in a north facing window with supplemental
illumination

4Replicate material from a second test
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The alga exhibited best growth and morphological condition in medium
containing 5. 0 mg Na2EDTA/1 and iron as EDDHA in a concentration

of 0,16 mg/1 (Table 8).

Four levels of FeCl3 6H
2
0(0. 0, 0. 27, 0. 54 and 1. 08 mg/1),

four levels of Na
2
EDTA (0. 0, 10, 20 and 40 mg/1) and four levels of

EDDHA chelated iron (0. 00, 0. 07, 0.14 and 0. 28 mg/1) were

combined (total of 64) in a factorial experiment designed to study the
effect of combinations of these factors on the growth and condition of

A. flos-aquae. The inoculum had been growing in 0.14 mg/1 EDDHA

chelated iron and 20 mg/1 EDTA. The results were based on the ob-
served condition of the alga as grown in each combination. Table 9

shows a list of combinations in which Aphanizomenon grew and main-

tained a healthy condition.

Table 9. Rank of combinations of FeCl3 6H 20' iron as EDDHA and
Na

2
EDTA based on the growth and condition of A. flos-

aquae cultured in each combination

Combination
No.

Concn
(mg/1)

of
FeC1

3

Concn
(mg/1)
iron as
EDDHA

Concn
(mg/1)

Na2 EDTA

Rank
of

Combination

6 0. 0 0. 07 10. 0 1

14 0. 0 0. 28 10. 0 1

22 0. 27 0. 07 10. 0 1

26 0. 27 0.14 10. 0 1

30 0. 27 0. 28 10. 0 1

10 0. 0 0.14 10. 0 2

18 0. 27 0. 00 10. 0 3
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The results of this experiment (Table 9) supported the hypothe-
sis that a positive interaction existed between EDDHA chelated iron

and Na
2
EDTA. A possible positive interaction of FeC1

3
with EDDHA

and Na
2
EDTA was also noted.

Combinations of different concentrations of FeC13 6H2O,
EDDHA chelated iron and Na

2
EDTA were utilized in a series of fac-

torial experiments examining the effects of various levels of these fac-

tors on the growth and morphological condition of A. flos-aquae.
Table 10 shows the mean yields of Aphanizomenon grown in combi-
nations of various levels of these three factors, and the results of an
F-test made to examine the significance of the interactions (1% level

of significance). The F-test revealed there was a significant inter-
action between FeC13, EDDHA chelated iron and Na2EDTA.

There was an increase in the mean yield of A. flos-aquae
(Table 10) when the concentration of FeC1

3
was increased to 1. 08 mg/1,

while either holding Na2EDTA at 3. 0 mg/1 or decreasing the concen-

tration and either maintaining EDDHA chelated iron at 0.14 mg/1 or
decreasing this concentration. A greater mean yield of Aphanizome-
non was also obtained when FeCl3 was decreased in concentration in

relation to certain levels of EDDHA chelated iron (0. 0 and 0. 14) and

Na
2
EDTA (3. 0).

The concentration of EDDHA-chelated iron in the ASM No. 8

medium was reduced to 0. 07 mg of iron/l, while holding FeC13 at

0. 54 mg and Na2EDTA at 3. 0 mg/ 1. Growth of A. flos-aquae was

better in medium containing 0. 07 mg of iron/1 than in medium with

0.14 mg iron in the EDDHA chelated form.
Observation of cultures maintained in ASM No. 8 containing

0. 07, 0.14 and 0. 28 mg of iron chelated by EDDHA, showed that the

growth of Aphanizomenon was always greater in medium containing
0. 07 mg of iron chelated as EDDHA, 0. 54 mg FeC13 and 3. 0 mg of
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Na
2
EDTA per liter than any of the others.

Table 11 presents the mean yields of Aphanizomenon obtained in
a factorial experiment again examining the effect of various combi-
nations of FeC13, iron as EDDHA and Na2EDTA. There was a sig-
nificant (1% level of significance) two-way interaction between iron as
EDDHA and Na

2
EDTA (Table 11). The concentration of FeCl3 was not

related to the mean yield of Aphanizomenon and FeCl3 was not inter-
acting with Na2EDTA or EDDHA in this experiment.

Highest mean yields (Table 11) of A. flos-aquae were obtained
with the following combinations: (1) 0. 54 mg FeC13, 0. 02 mg Fe as

EDDHA and 2. 0 mg Na2EDTA/1; (2) 0. 0 mg FeC13, 0. 02 mg Fe as

EDDHA and 3. 0 mg Na2EDTA /l; (3) 0. 00 mg FeC13, 0.14 mg Fe as

EDDHA and 3. 0 mg Na2EDTA; and, (4) 0. 54 mg FeC13, 0. 01 mg Fe as

EDDHA, and 2. 0 mg Na2EDTA/1. The mean yields of combinations 3

and 4 were not as high as those of 1 and 2. The morphological con-

dition of the alga in the first three combinations was identical to that
of the control, while the condition in the fourth combination was not as
good as in the control.
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Table 10. Mean'
combinations
EDDHA

yield of A. flos -aquae after 9 days growth in various
of FeC1

3
':'6H20' iron asof concentrations

and Na2EDTA

Concn
(mg/1) of
FeCl,a
6H2d

Mg EDDHA Chelated Fe/1 ASM No. 8

0. 0 0.14
Mg Na2EDTA/1 Mg Na2EDTA/1

0. 0 1. 5 3. 0 6. 0 0. 0 1. 5 3. 0 6. 0

0. 0
0. 0054
0. 054
0.135
0. 270
O. 405
0. 540
1. 08
2. 16
5. 40

0. 30 0. 15 O. 15 0. 20
0. 00 0.10 0. 35 0. 00
0. 00 0. 25 0. 05 0. 00
0. 05 0. 10 O. 15 0. 25
0. 20 0.15 0. 00 0.15
0. 20 0. 20 0. 25 0.15
0. 00 0, 00 0. 30 0. 00
0. 35 0. 30 0. 30 O. 15
0. 00 0. 25 0. 25 0. 00
O. 15 0. 35 0. 15 0. 00

0. 10 0.15
0. 15 0. 25
0.10 0. 25
0, 15 0. 20
0. 10 0. 35
0. 10 O. 15
0. 00 0.15
0. 30 0. 30
0. 15 0. 30
0. 25 0.45

0. 20
0. 05
0. 25
O. 10
0. 20
0. 35
0. 20*
0. 20
0. 25
0. 25

0.10
0. 00
0. 05
0. 35
0. 20
0. 15
0. 15
0. 25
0. 05
O. 10

Analysis of Variance of Factorial Experiment
Source of
Variation SS d. f. MS F

Tab
F2 Conclusion

A (FeC11)
B (Na

2
E1OTA)

C ( Iron as
EDDHA)

AB
AC
BC

ABC
Error
Total

0. 440
0. 381
0. 072

0. 0804
O. 133
0. 0270
1. 1016
1. 400
3. 635

9
3

1

27
9
3
27
80

159

0. 0489
0.127
0. 072

0. 00297
0. 0147
0. 0090
0. 04080
0. 01750

2. 794
7. 257
4.114

0.171
0. 840
0. 514
2. 331

2. 638
4. 0376
6. 9640

1. 9854
2. 638
4. 0374
1. 9854

Significant
rr

Not Sign.

it

It II
3Sign.

1Of two replicate 50 ml Erlenmeyers containing 10 mis of medium
0. 20 mg was the mean yield of the control combination

2 Tabular F-value at 1% level and corresponding d. f.
3 Standard error of the mean = 0. 0935
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Table 11. Mean
1 yield of A. floc -aquae after 9 days growth in various (112) combinations of

concentrations of FeC1
3.

6H
2

0' EDDHA chelated Fe and Na
2

EDTA.

mg
Na EDTA

Mg FeCL
3

6H 20/1 of ASM No. 8
2

per liter
ASM
No. 8 0.0

0.0 0. 15

0. 5 0.05

1.0 0. 30

2.0 0.60

3.0 0.60

6.0 0. 55

10. 0 0. 50

20.0 0. 20

0. 0
Mg Fe as EDDHA /1 ASM No. 8
0. 01 0. 02 0.04 0. 07 0. 14 0.28 0.0

0. 35 0. 30 0. 10 0.05 0 0.05 0.05

0. 35 0.25 0. 15 0. 25 0.05 0.20 0.25

0.35 0.35 0.35 0. 25 0. 30 0.40 0.25

0. 40 0. 55 0, 40 0. 25 0. 30 0. 55 0.45

0. 45 0. 85 0. 15 0. 30 0. 70 0. 50 0.60

0. 40 0. 30 0. 15 0. 30 0.35 0. 55 0.45

0. 50 0. 60 0. 15 0. 10 0. 15 0. 25 0. 20

0. 15 0. 30 0.05 0.05 0. 10 0. 15 0. 30

0, 54
Mg Fe as EDDHA/1 ASM No. 8
0.01 0.02 0.04

0.35 0.50 0. 15

0. 35 0.45 0. 15

0. 35 0.45 0.45

0. 70 0.90 0. 10

0. 35 0, 60 0. 15

0.25 0.45 0.05

0. 45 0.30 0. 15

0. 20 0. 40 0

0.07 0. 14 0. 28

0. 10 0. 20 0. 10

0. 10 0. 15 0. 25

0. 30 0. 35 0. 40

0.30 0. 30 0. 45

0. 40* 0. 55 0. 55

0. 15 0. 25 0. 40

0. 35 0. 30 0. 15

0. 30 0. 15 0.05

Source of Sum of
Variation Squares

A (EDDHA) 1.9237

B (Na2EDTA) 2. 8221

C (FeC13 ) 0. 0054

AB 1. 5670

AC O. 1318

BC O. 1821

ABC 0. 9032

Error 2. 5550

Total 10.0903

Analysis of Variance

d. f. MS F
2

Tab F

6 0. 3206 15. 564 2. 9559

7 0. 4032 19. 570 2. 7918

1 0. 0054 0. 0262 6. 8510

42 0. 0373 1. 811 1. 7457

6 0. 0220 1.066 2. 9559

7 0. 0260 1. 263 2, 7918

42 0. 0215 1.043 1. 7457

124 0.0206

223

Conclusion

Significant

Significant

Not significant
3

Significant

Not significant

Not significant

Not significant

1 Mean of the contents of two replicate 50 ml Erlenmeyers containing 10 mis of medium
2 Tabular F-value at 1% level of significance and corresponding d. f.

3 Standard error at the mean = 0.07

Control combination
*
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Levels of FeC13, Na2EDTA and Fe as EDDHA giving best growth

of A. flos-aquae in the previous experiment were combined in a final
factorial experiment. The effect of these different combinations

(Table 12) on the growth rate of Aphanizomenon was examined. A

mean yield was obtained of three replicate flasks of each combination
on days four, eight and twelve. Measurements of growth were ob-
tained by examining the mean dry weight from day four and eight.
Estimates of the regression coefficients and their corresponding
combinations are presented in Table 12, along with the analysis of co-

variance. Tests of specific hypotheses indicated that each regression
coefficient and thus the growth rate was not significantly different (1%
level of significance) from that of the control combination (0. 54 mg

FeCl3, 3. 0 mg Na
2
EDTA and 0. 07 mg Fe as EDDHA/1).

An analysis of variance of the data obtained on day eight indi-
cated there was a significant (at 1% level of significance) three-way
interaction between FeC13, Na2EDTA and iron as EDDHA. Table 13

shows the mean yields of A. flos-aquae obtained for each combination
of factors and the results of the analysis of variance. Table 14 con-

tains results of LSD between treatment means tests on mean yields of
A. flos-aquae grown in combinations of FeCl3, Na

2
EDTA and iron as

EDDHA.



Table 12. Sample estimates of the regression coefficients (growth rates) obtained from growth of A. flos- aquae in combinations of FeC13 6H20,

Na
2

EDTA and Iron as EDDHA

Combi-
nation

mg FeC1
3

per liter

mg Na
2
EDTA

per liter
mg EDDHA
per liter

Coefficient
Estimate 113)

Combi-
nation

mg FeCl3

per liter

mg Na
2

EDTA

per liter
mg Iron

as EDDHA
Coefficient
Estimate

1 0.0 0.0 0.0 0.1667 17 0.0 0.0 0.02 - 0.0833

2 0. 54 0.0 0. 0 0. 2567 18 0. 54 0.0 0. 02 0. 2167

3 0.0 2.0 0.0 0.1208 19 0.0 2.0 0.02 0.1083

4 0. 54 2. 0 0.0 0. 1105 20 0. 54 2.0 0.02 0. 1292

5 0.0 3.0 0.0 0. 1417 21 0.0 3.0 0.02 0.05833

6 0. 54 3.0 0.0 0. 1208 22 0. 54 3.0 0.02 0.0833

7 0.0 6.0 0.0 0.0808 23 0.0 6.0 0.02 0.04333

8 0. 54 6.0 0.0 0.0950 24 0. 54 6.0 0.02 0.05833

9 0.0 0.0 0.01 -0. 0833 25 0.0 0.0 0.07 0.1167
10 0. 54 0.0 0.01 0. 1667 26 0. 54 0.0 0.07 0. 000

11 0.0 2.0 0.01 0.1083 27 0.0 2.0 0.07 0. 04167

12 0. 54 2. 0 0.01 0. 1133 28 0. 54 2.0 0.07 0.0350

13 0.0 3.0 0.01 0.1167 29 0.0 3.0 0.07 0.1258

14 0. 54 3.0 0.01 0.2008 30 0. 54 3.0 0.07 0. 1167

15 0.0 6.0 0.01 0.1333 31 0.0 6.0 0.07 0.2400

16 0.54 6.0 0.01 0.07333 32 0.54 6.0 0.07 0.1167

Summary of the Analysis of Covariance

Source of Variation SS d. f. MS F FTAB3

Within-sample
Regression due to b
Variation among b 's
Pooled residual

23. 2212
6. 81013
5. 74904

10. 6621

160
1

31

128

6. 81013
0. 18545
0.08329

81. 764
2. 2266

6. 8510
1. 8503

1 b is the weighted mean of the three regression coefficients
2 b is the sample estimate of the population (combination) regression coefficient or the growth rate of A. flos- aquae
3

Tabular F-value (1% level of significance)

Conclusion

"6. = 0
p.s are not =
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Table 13. Mean yield (mg) of A. flos -aquae after 8 days growth in
combinations of concentrations of FeCl3 . 6H20, Na2EDTA
and iron as EDDHA

Mg Mg FeC13. 6H20/1 ASM No. 8

Na
2
EDTA/1 0. 0 0. 54

Mg Fe as EDDHA/1 Mg Fe as EDDHA/1
0. 0 0. 01 O. 02 0. 07 0.0 0.01 0.02 0. 07

0. 0 0.10 O. 07 0.10 0. 20 0. 23 0.10 0.17 0. 33
2. 0 0. 57 O. 37 0.43 0. 53 0. 37 0.47 0. 60 0, 53
3. 0 O. 47 0. 67 0.47 0. 53 0. 57 0. 63 0. 50 0. 53*
6. 0 O. 50 0.43 0.17 0. 53 0. 30 0. 40 0. 33 0.40

Analysis of Variance of Factorial Experiment
Source of
Variation SS d. f. MS F

Tab
F2 Conclusion

A (EDDHA) 0.1328 3 0. 04476 5. 95 4.11 Sign.
B (Na7EDTA) 2. 0348 3 0. 67816 91.15 4.11
C (Fen.

3
)

AB
0. 0112
0. 2764

1

9
0. 01120
0. 03071

1. 51
4.13

7. 08
2. 71

Not Sign.
Sign.

AC 0. 0713 3 0. 02376 3.19 4.11 Not Sign.
BC 0. 0596 3 0. 01986 8. 01 4.11 Sign.
ABC 0.1845 9 O. 02050 2. 76 2. 71 Sign. 3

Error O. 4767 64 0. 00744
Total 3. 2470 95

1Mean of the contents of three replicate 50 ml Erlenmeyers
containing 10 mls of medium

Tabular F-value at 1% level of significance
Control combination

3 Possibly one time in 100 when value led to rejection of the
hypothesis that there was no interaction. Standard error of
the mean = 0. 0498.
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Table 14. LSD' between treatment means tests on mean yields of
A. flos-aquae grown in combinations of FeCl3, Na

2
EDTA

and iron as EDDHA

Comparison of
Mean Yields Difference Conclusion

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

0.
0.

0,
0.

0.
0.

0.
0.

0.
0.

0.
0.

0.
0.

0.
0,

0.
0,

54 - 3.
54 - 0.

54 - 3.
54 - 2.

54 - 3.
54 - 2.

54 - 3.
54 - 3.

54 - 3,
54 - 3,

54 - 3.
54 - 6.
54 - 3.
0 - 3. 0

54 - 3.
54 - 3.

54 - 3.
0 - 0. 0

0 - 0. 072
0 - 0. 07

0 - 0. 07 =
0 - 0. 01

0 - 0, 07 =
0 - 0. 07

0 - 0. 07 =
0 - 0. 00

0 - 0. 07 =
0 - 0. 02

0 - 0. 07 =
0 - 0. 07

0 - 0, 07 =
- 0. 07

0 - 0. 07 =
0 - 0. 01

0 - 0, 07 =
- 0. 0

= 0. 20

0, 06

0. 00

-.O. 04

0.03

0.13

0.00

0,10

0. 43

Yield in 0. 54 - 3.
0. 54 - 0.

Equal

If

If

If

If

If

If

Yield in 0. 54 - 3.
0. 0 - 0, 0

0 - 0.
0 - 0.

0 - 0.
- 0. 0

07>
07

07>

'LSD = 0.15 at 5% level of significance
2Each number shown is in the concentration of the three factors;

for example, 0. 54 - 3, 0 - 0. 07 is the mean yield for the combi-
nation with 0. 54 mg FeC11, 3. 0 mg Na2EDTA and 0. 07 mg Fe
as EDDHA/liter of ASM 1\ro. 8.
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The importance of Na
2
EDTA is apparent from both Tables 13

and 14. Omission of Na
2
EDTA caused a significant reduction in the

mean yield in comparison with the control (Table 14). Removal of

FeCl3 or EDDHA did not have a significant effect on mean yields of

A. flos-aquae (Table 14, comparisons 4 and 7).
An examination of observations made on the morphological

condition of the alga in 0. 54 mg FeC13, 3. 0 mg Na2EDTA, 0. 00 mg

iron as EDDHA/liter, and 0. 0 mg FeC13, 3. 0 mg Na2EDTA and 0. 07

mg iron as EDDHA/liter, revealed no difference from that in the con-

trol (0. 54 mg FeC13, 3. 0 mg Na2EDTA and 0. 07 mg iron as EDDHA/

liter). The level of each of these factors was maintained at 0. 54 mg
FeC13, 3. 0 mg Na2EDTA and 0. 07 mg iron as EDDHA/liter of stock

culture medium and the stock medium ASM No. 8 was designated

ASM No. 8a.

Variation in Concentration of Elements

Experiments were conducted varying the concentration of ele-

ments supplied in ASM No. 8. Observations were made on the con-

dition of A. flos-aquae grown in medium in which each component was
varied individually in amounts 0, 1/ 4, 1/ 2 and 2 times as great as

that supplied in ASM No. 8. Although the results were not conclusive,

the alga appeared to exhibit improved growth and condition in the
following concentrations of components; 0, 01 mg iron as EDDHA/1

(no Na
2
EDTA and FeC1 3), 5. 0 mg NaHCO 3/1 (1/2x), 1. 5 mls of Ar-

non's trace element solutions B7 and C13 (1/2x), 30.0 mg of CaC1 2/

liter (2x) and 20 mls of minor element solution minus iron (2x).
All possible two-way interactions between the elements in

ASM No. 8 were examined in a factorial experiment. This experi-
ment was limited to an investigation of two levels (0 and 1 times the
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concentration) of each ion in ASM No. 8, and because of limited space
in the growth chamber only one replicate was made for each combi-
nation. Results were obtained using the observational method to ana-
lyze the effect of combinations on the growth and condition of A. flos'-

aquae. The temperature in the chamber was held at 15 C and two
ranges of light intensities were included for examination of possible
interactions of light with the ions. Two sets of 213 individual combi-

nations were prepared and flasks included in each set placed random-
ly at light intensities from 50 to 90 or 100 to 160 ft-c. Flasks con-
taining Aphanizomenon were rotated daily during the ten day growth

period.

The concentration of each ion (phosphate and nitrate) in the
ASM No. 8 medium was determined, except for those in Arnon's B7
and C13 solutions. In most instances, only single ions (e. g. , mag-
nesium in MgSO4) were varied and those ions ( e. g. , sulfate) sup-

plied by a compound omitted were included in the medium by the addi-

tion of substitute compounds (e. g. , Na
2
SO4). In all cases, the growth

and condition of the alga in ASM No. 8 containing substitute compounds

was identical to that in the original ASM No. 8.
Table 15 contains a list of all components of ASM No. 8 and

individual ions examined for two-way interactions in this experiment.
The growth and condition of Aphanizomenon in the medium from which

an ion was omitted (e. g. , ASM No. 8 minus sulfate or magnesium)
was compared to that in the control (ASM No. 8). In addition, the
effect of the omission of two ions in combination (e. g. , ASM No. 8
minus sulfate and magnesium) was compared with the growth and
condition of the alga in medium minus the individual ions (ASM No. 8

minus sulfate and ASM No. 8 minus magnesium). The latter compari-
son was made to determine if the observed growth and condition of A.

flos-aquae was due to an interaction between the ions or only the
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Table 15. Elemental components of ASM No. 8 and those elements
omitted from the medium to examine their effect on the
growth and condition of A. flos-aquae

Compound Elements Supplied Elements Omitted

MgSO4 Mg, S (as SO4) Mg, S

MgC12 Mg, Cl Mg, Cl

CaCl2 Ca, Cl Ca, Cl

NaNO
3

Na, N (as NO3) N as NO3

K
2
HPO4 K, P (as PO4) K, P

NaHCO
3

Na, HCO3 HCO3

Na2EDTA Chelated Fe EDTA, Fe, Cl EDTA, Fe, Cl

H
3

B03 B, Cl B

MnC1
2

Mn, Cl Mn

ZnC1
2

Zn, Cl Zn

CoC1
2

Co, Cl Co

Cu Cl
2

Cu, Cl Cu

EDDHAl Fe EDDHA Added

Tris - Tris Added

Soln B7a Omitted

Soln C
13

2 Omitted

1These compounds were added in this test as they were normally
not added in ASM No. 8.

2These are the components of Arnon's trace element solutions B7
and C

15
B

7
contains Mo, NH 4, Cr, VP K, S, Ni, Co PWP and

Ti, and C13 contains K, Al, S, As, Cd, Cl, Hg, Pb, Li, Sr, Rb,
Br, I, F, Se and Be.
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omission of individual ions.
The effect of the omission of sodium on the growth and condition

of Aphanizomenon was not examined in this experiment because all of

the salts used as substitute compounds (e. g., Na2SO4 for MgSO4) were

sodium salts. The concentration of chlorine was reduced by its
omission from such macro nutrients as MgC12 and CaC12. The addi-

tion of chlorine in minor nutrients (MnC12, ZnC12, etc.) was not

altered.
In the factorial experiment on the two-way interactions between

ions, A. flos-aquae grown in ASM No. 8 minus certain ions (sulfate,
copper, cobalt, iron) and compounds (Tris, Arnon's solution C13)
exhibited different growth and condition responses depending upon the

range of light intensity at which the alga was cultured (Table 16).

Table 16. Effect1 on the growth and condition of A. flos -aquae of the
omission of certain components of ASM No. 8 in relation
to light at different intensities

Ion Omitted 50-90 ft-c 100-160 ft-c

SO4
Co
Cu
Fe2

Tris3
Solution C134

1 Growth and condition of the alga in relation to that obtained in
ASM No. 8:

(+) better growth and condition
(-) growth and condition not as good
(s) same

2lron was added as Na 2EDTA chelated FeC1
3

and the Na2EDTA
maintained at 10 mg/1
3Tris was added to ASM No. 8
4Arnon's C13 solution



37

The remaining ions exhibited no interaction with light intensity,

as their individual effects were identical under both ranges of light
intensity.

A separate analysis of ions omitted in combination under both
ranges of light intensity was necessary because of differences in
response of the alga to light intensity. For example, at light intensi-
ties from 50 to 90 ft-c, Aphanizomenon exhibited less growth and
poorer condition in ASM No. 8 minus sulfate and magnesium in com-
parison to the controls (ASM No. 8 minus sulfate and ASM No. 8

minus potassium), but at light intensities from 100 to 160 ft-c the con-
dition of the alga was identical to that in the controls (ASM No. 8
minus sulfate and ASM No. 8 minus potassium). Table 17 contains

interactions between ions at light intensities from 50 to 90 ft-c and
Table 18 those from 100 to 160 ft-c.

Omission of calcium was extremely deleterious to the growth
and condition of A. flos-aquae, except when omitted in combination
with boron, zinc, copper or iron (Table 17, 18). In all instances,
omission of Na

2
EDTA resulted in a marked decline in growth and con-

dition of Aphanizomenon in comparison to that of the control.



Table 17. Interactions between ions omitted in combination from ASM No. 8 at light intensities from 50 to 90 ft-c

SO4 Mg Ca
1

NO3 PO4 K HCO3 CI B Mn Zn CO Cu Fe TRIS +EDDHA NA
2

EDTA B7 C13 A T
2

SO4 + NI NI NI PI NI PI

Mg + NI NI NI NI NI NI NI NI

Ca PI PI PI PI

NO3 + PI NI NI NI PI

PO4 + PI NI NI NI PI NI PI

K + NI NI NI NI NI NI NI

HCO3 - PI PI

Cl + PI NI

B S PI PI PI PI P1 NI

Mn + NI NI NI Ni NI NI

Zn + NI NI NI

CO + PI NI
Not done, simply replicates

Cu S PI
of the combinations in the

Fe + NI PI NI NI
other half.

+TRIS S NI PI NI NI

+EDDHA + PI NI NI

NA 2EDTA

B7

C13

AT

Code: (+) A. flos-aquae exhibited more growth and better condition than in ASM No. 8 (- ) Less growth and poorer condition (5) Same growth and condition
(NI) Negative interaction, the alga exhibited less growth and poorer condition than when each element was omitted individually.
(PI) Positive interaction, response opposite to that for NI

1

2

Na2EDTA (3.0 mg/1) was added with FeC13 and by itself (7.0 mg/1) to give a total of 10.0 mg/l. When FeC13 was omitted, Na2EDTA remained at 10.0 mg/1 and when Na
2
EDTA was

omitted FeC13 was added without a chelator.

AT is Arnon's trace element solution which consisted of B7 and C13 solutions.



Table 18. Interactions between ions omitted in combination from ASM No. 8 at light intensities from 100 to 160 ft-c

CalSO4 Mg Ca NO3 PO K HCO2 C 1 Mn Zn Co Cu Fe +TRIS +EDDHA EDTA B C13 AT
2

4 7

SO4 PI PI NI PI PI

Mg NI NI NI NI NI NI NI

Ca PI PI PI PI

NO3 + PI NI NI PI P1

PO4 + PI NI NI PI PI

K + NI NI NI NI NI NI

HCO3 PI PI PI

Cl PI NI

B S PI PI PI PI NI

Mn NI NI NI NI NI NI

Zn + NI NI NI
Not done, simply replicatesCo PI PI
of the combinations in the

Cu + NI
other half.

Fe S PI PI

+TRIS + NI NI NI

+EDDHA + NI NI

EDTA

B
7

C13

AT

S

S

Code: (+) A. flos-aquae exhibited more growth and better condition than in ASM No. 8 (- ) Less growth and poorer condition
(NI) Negative interaction, the alga exhibited less growth and poorer condition than when each element was omitted individually.
(PI) Positive interaction response opposite to that for NI

1

2

(S) Same growth and condition

Na EDTA (3. 0 mg/1) was added with FeC13 and by itself (7.0 mg/1) to give a total of 10.0 mg/1. When FeCl3 was omitted, Na2EDTA remained at 10.0 mg/1 and when Na EDTA was
omitted FeC13 was added without a chelator.

AT is Arnon's trace element solution consisting of B7 and C13 solutions.
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Interactions were noted in the previous experiment between
sulfate and phosphate (Table 18), sulfate and nitrate (Table 18), sulfate

and potassium (Table 17) and nitrate and phosphate (Tables 17 and 18).

In addition, the alga had exhibited a decline in growth and morpholo-
gical condition after culture in medium minus calcium. A factorial
experiment, therefore, was utilized to examine the effect on the
growth and condition of A. flos-aquae of adding various combinations
of MgSO4, CaC12, K2HPO4 and NaNO3. Iron was supplied as
Na

2
EDTA (6. 0 mg/1) chelated FeC1

3
(1. 08 mg/1).

Table 19 shows a summary of the analysis of variance of the
factorial experiment on MgSO4, CaC12, K2HPO4 and NaNO3. Sodium

nitrate was acting independently in its effect on Aphanizomenon and

there was a significant three-way interaction between MgSO4, CaC1
2

and K2HPO4.

Table 19. Summary of the analysis of variance of the factorial
experiment on MgSO4, CaC12, K2HPO4 and NaNO3

Summaryi-of Analysis of Variance
Source of Tab
Variation SS d. f. MS F F2 Conclusion
A (MgSO4) 1. 0359 2 0. 5180 5. 2118 4. 8720 Sign.
B (CaC12) 6. 8948 2 3. 4474 34.6891 4.8720
C (NaNO3) 1.1304 2 O. 5652 5. 6873 4.87203
D (K2HPO4) 0. 0737 2 0. 0328 0.3305 4. 8720 Not Sign.

AB 4.1337 4 1. 0334 10. 3985 3. 5644 Sign.
ABD 2. 8132 8 0. 3516 3. 5384 2.74314

Error 8. 0500 81 0. 0994
Total 28. 1600 161

2Only significant higher order interactions are
Tabular F-value at 1% level of significance

3Standard error of the mean = 0. 027
4Standard error of the mean = 0.129

included
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Individual comparisons were made between various con-
centrations of NaNO

3
to examine their effect on the mean yield of

Aphanizomenon. Table 20 shows the mean yields of A. flos-aquae in
each concentration of NaNO

3
and the results of LSD between treatment

means tests on these yields. Sodium nitrate supplied in a concen-
tration of 80 mg/1 gave maximum yield of the alga in comparison to
that in medium minus nitrate or with 160 mg NaNO 3/liter.

Table 20. Mean' yield of A. flos-aquae grown for seven days in
various concentrations of NaNO

3
and the results of

LSD between treatment means tests

Mg of NaNO3 /1 ASM No. 8

0. 0 80. 02 160. 0

0. 63 1. 04 0. 8

Comparison of Means Difference Conclusion

1180

480

110

11160

0.

0.

41

24

1180>

1180>

110

11160

1Mean yield of the contents of all flasks containing these
concentrations of NaNO

3
2Control concentration normally added to ASM No. 8

LSD = 0.12 at 5% level of significance

Since there was a significant three-way interaction between
MgSO4, CaC12 and K2HPO4 (Table 19), a number of individual hy-

potheses were tested comparing the mean yields of Aphanizomenon

obtained for different combinations of these factors with that of the
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control. Table 21 contains the mean yields of Aphanizomenon grown

in each combination of the factors and results of tests made on the

individual hypotheses.

There was a significant reduction in the mean yield of Aphani-
zomenon when CaCl2 was omitted from ASM No. 8 (Table 21). The

omission of CaCl2 from combinations of CaC12, MgSO4 and K2HPO4

resulted in lower yields of the alga (Table 19), except when both
CaCl2 and MgSO4 were omitted. Combinations minus CaC1

2
and

MgSO4 produced mean yields of Aphanizomenon identical to the con-

trol (Tables 19 and 21). An F-test at 1% level of significance (Table

19) revealed a significant two-way interaction between MgSO4 and

CaC1
2;

however, individual comparisons between levels of MgSO4 and

CaC12 could only be made when the level of K2HPO4 was stipulated

because of the significant three-way interaction between these factors

(Table 19).

Table 22 presents specific comparisons of the mean yields of
Aphanizomenon grown in combinations of levels of MgSO4 and CaC1

2

with K2HPO4 maintained at a concentration of 4. 0 mg/1. There was

no significant difference between the mean yields of A. flos-aquae
in different combinations of MgSO4 and CaC12. The mean yield in the
combination without MgSO4 and CaC12 and with 4. 0 mg/1 K2HPO4 was

identical to the control.
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Table 21. Meant yield of A. flos-aquae grown for 7 days in various
combinations of concentrations of MgSO4, CaC1

2
and

K2HPO4 and results of LSD2 between treatment means
tests

Mg

K2 HPO4/1

Mg MgSO4 /1 of ASM No. 8

0. 0 50. 0 100. 0
Mg CaC12/1 Mg CaC12/1 Mg CaC12/1

0. 0 15.0 30. 0 0. 0 15. 0 30. 0 0. 0 15. 0 30. 0

0. 0
4. 0

3 4. 0

0. 80 0. 23 0. 83
0.60 0.45 0.62
0. 58 O. 30 O. 52

0.02 0.40 0. 68
0.05 0.50* 0.68
O. 00 O. 58 O. 58

0. 0 0. 60 0. 58
0.0 0.45 0.73
O. 03 O. 62 O. 63

Comparison of Means 3 Difference Conclusion

1150-15-411100-30-34

110-0-0= 111150-0-4
= u,' 50-15-0
=p,

50-15-34

=p,
100-15-34

-0.13

-0. 30

0.45.

0.10

-0. 08

-0.12

50 -15

Equal

11

-4>

Equal

It -0. 23
100-30-4

=u, -50-30-4 0. 08

1 Mean of the contents of two replicate 125 ml Erlenmeyers con-
taining 25 mis of medium

2LSD = 0. 36 at 5% level of significance
*Control combination showing concentrations normally added to
ASM No. 8

3Each number shown is the concentration of MgSO4, CaC12 and
K

2
HP04' for example, 115

0 -1 5 - 4
is the mean yield for the combi-

nation with 50 mg MgSO4, lb mg CaC12 and 4 mg K2HPO4 /liter
of ASM No. 8.
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Table 22. Results of LSD1 between treatment means tests on mean
yields of A. flos-aquae grown in combinations of levels
of MgSO4 and CaC1

2
with K2HPO4 maintained at a con-

centration of 4. 0 mg/1

Comparison of Means Difference Conclusion

1150-15 110 -02
=

1150 -30
=

µl00 -15
= u.

100-30

0. 10

0,18
0.15

0. 23

Equal
I I

I I

I I

12LSD = 0. 36 at 5% level of significance
Each number shown is the concentration of MgSO4 and CaCl2;
for example, p.50_1 is the mean yield for the combination with
50 mg MgSO4 and 15 mg CaC12/1 ASM No. 8

A factorial experiment was utilized to examine the effect of the
concentration of minor elements (boron, manganese, zinc, cobalt and
copper) on the growth and condition of A. flos-aquae and to determine
if Na

2
EDTA was acting as a chelator for these minor elements. The

concentration of iron as EDDHA was maintained at 0. 07 mg/l. Minor
elements were varied as a group at the following levels; 0, 1/100, 1/10,
1, 2 and 4 times the amount added to ASM No. 8 (10 mls/l, Table 3).

An analysis of variance indicated that there was not a significant
interaction between Na

2
EDTA and the minor elements. In addition,

there was no significant difference between the mean yields of A. flos-

aquae obtained at different levels of the minor element solution.
There was, however, a significant difference between the mean yields

in the five levels of Na
2
EDTA. Table 23 gives the mean yield of

Aphanizomenon in each concentration of Na
2
EDTA and the results of

comparisons made between mean yields obtained for the levels of
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Na
2
EDTA. The mean yield of A. flos-aquae in a concentration of

Na
2
EDTA of 2. 0 mg/1 was greater than the mean yield in 0. 0 mg/l.

There was no significant difference between mean yields of the alga

in 2. 0 mg of Na2EDTA/1 as compared to the mean yields in the other

concentrations. The highest mean yield of Aphanizomenon was ob-

tained in ASM No. 8 containing 10 mg Na2EDTA/liter.

Table 23. Mean1 dry weight (mg) of A. flos-aquae obtained after
10 days growth in different concentrations of Na2EDTA
and comparisons made for LSD2 between treatment
means tests

Mg of Na2EDTA/liter of ASM No. 8

0, 0 2. 0 10. 0 20.0 40. 0

O. 033 0. 292 0. 417 O. 392 0.142

Comparison of
Mean Yields

Difference Conclusion

112. 0 =110

P' 2. 0 =1110

112. 0 1120

112. 0 =1.140

0. 259

-0.125

-0.100

O. 150

P. I-12. 0> 0

112. 0 -1110

112.2. 0 20

112.0 1140

1Mean yield of the contents of 12, 30 ml Erlenrneyers con-
taining medium with these concentrations of Na2EDTA.
Standard error of the mean = 0. 072.

2LSD = 0, 206 at 5% level of significance.
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Two levels of Na
2
EDTA (0, 0 and 4. 0 mg/1) were combined with

two levels (0 and 1 times the amounts in ASM No. 8) of each of the
minor elements (Table 3) in a factorial experiment. Iron was supplied
as FeC13 (0. 54 mg/1). Qualitative observations of the morphological
condition of the alga after 9 days growth in each combination of fac-
tors, indicated that there was an interaction between H

3
B03 and

ZnC12, CoCl2 and CuC12. The growth and condition of Aphanizomenon

was better than the control (ASM No. 8) in combinations in which
H3B03 was omitted and ZnC12, CoC12 and CuC12 were added, or in
those in which H3B03 was added and ZnC12, CoCl2 and CuC12 were
omitted. There was growth and maintenance of the alga only in combi-
nations containing Na2EDTA.

Nitrogen

Examinations were made of the ability of Aphanizomenon to

utilize sodium nitrite as a source of nitrogen, and to examine the
potential of the organism to reduce atmospheric nitrogen.

Sodium nitrite was added in various combinations with sodium
nitrate in a factorial experiment examining its possible role as a
nitrogen source either alone, or in combination with an established
source. Table 24 contains the combinations of these salts, mean
yields of A. flos-aquae obtained for each combination after 12 days
growth and results of the analysis of variance.

There was a significant two-way interaction between NaNO
3

and

NaNO2. Table 25 contains individual comparisons testing the hypothe-

ses that the mean yield of the control combination was equal to the

yields of the other combinations of NaNO2 and NaNO3.



Table 24. Mean1 yields of Aphanizomenon after 12 days growth in
combinations of different concentrations of NaNO2 and
NaNO3, and results of F- tests made on the analysis ofvariance

47

Mg Mg NaNO3 /liter
NaNO2 /liter

0. 0 O. 4 4. 2 42 85
0. 0

0. 42

4. 2

21. 0

42. 0

85. 0

O. 20

0.17

0. 23

0. 27

0. 23

0. 30

0. 30

0. 27

0. 37

O. 40

0. 47

0.40

0. 43

0. 30

0. 47

0. 33

0. 47

O. 40

O. 43 O. 43

0. 57 O. 40

O. 47 0.10

0. 33 0. 07

0. 53 0. 07

0. 37 0.10

Analysis of Variance

Source of TabVariation SS d. f. MS F F Conclusion
A (NaNO3) 0. 8705 4 0. 2176 18. 8389 3. 6491 Significant
B (NaNO2) 0. 0649 5 0. 01298 1.1238 3. 3389 Not Sign.
AB 0. 6962 20 0.. 03481 3. 0138 2.1978 Sign. 3
Error 0. 6933 60 0. 01155

Total 2. 3249 89

1
Mean of contents of three replicate 50 ml Erlenmeyers con-taining 10 mis of medium

2Tabular F-value at 1% level of significance
3Possibly 1 time in 100 when value led to rejection of hypothesisthat there was no interaction. Standard error of the meanequals 0. 0616.
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Table 25. LSD between treatment means tests on mean yields of
A. flos-aquae obtained after 12 days growth in various
combinations of NaNO

3
and NaNO

2

Hypotheses 1 Differences Conclusion2

A
5
B1 = A

1
B

1

A
1B2

rr = A 1B3

rr = A
1
B4

If = A
1
B5

= A
1
B6

= A
3

B
1

= A 3B
2

= A
3

B3

= A
3
B4

= A
3
B5

= A 3B6

= A
4

B1

= A
4

B
2

A4B3
= A

4
B4

= A
5
B5

= A 4B6

= A 5B
2

= A
5
B3

rr

rr

rr

rr

rr

rr

rr

If

rr

rr

rr

rr

rr

0. 23

0. 26

0. 20

0.16

0. 20

0.13

0. 00

0.13

0. 04

0.10

- 0. 04

0. 03

0. 00

- 0.14

- 0. 04

0.10

- 0.10

0. 06

0. 03

0. 36

A
5B1

>A1B1

A5B1 >A1B2

A5 B1 >A
1B3

Equal

A5B1 >A1B5

Equal
rr

rr

rr

rr

A5 B1 >A5 B3

1Each set of letters represents a mean yield for a combination
and the number subscripts are levels of each factor. For
example. AcBi denotes the combination with 85 mg NaNO3 /1 and
0. 0 mg NaN-02/1 and was the control combination

2Obtained by comparison with LSD value = 0.1755 at 5% level of
significance
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Sodium nitrite did not substitute as a source of nitrogen in the
medium, as the mean yields of Aphanizomenon, in increased concen-
trations of the compound, were lower than that of the control (Table
25). The mean yields of A. flos-aquae were equal to the control in all
concentrations of sodium nitrate except when it was omitted. Although
the alga exhibited higher mean yields in some combinations of NaNO2

and NaNO3, these were not significantly greater than that in the con-

trol or in the same concentration of NaNO
3

alone. For example, the
mean yield in the combination containing 42 mg NaNO3 /1 and 0. 42 mg

NaNO 2/1 was not significantly greater than the yield in either the con-

trol (85 mg NaNO3 /1) or in 42 mg NaNO3 /1. Sodium nitrite apparently

had a toxic effect on Aphanizomenon when it was added in combination
with higher concentrations of NaNO3. A. flos-aquae grown in medium....

containing these higher concentrations of NaNO
2

and NaNO
3

exhibited

complete lysis, whereas material grown with NaNO
3

alone at a con-

centration of 160 mg/1 (Table 20) maintained the colonial flake form.
An experiment was conducted in which increasing concentrations

of iron as EDDHA (0. 0, 0. 04, 0. 07, 0.14, 0. 20, 0. 28, 0. 35 mg/1)

were combined with two levels of sodium nitrate (0. 0 and 8. 5 mg/1).

The purpose was to examine the effect on the growth of Aphanizomenon
of adding increased amounts of iron to the medium, and to determine
if the lower yields obtained in ASM No. 8a minus nitrate were caused
by a limited supply of iron available for nitrogen fixation by the alga.
The concentration of FeCl3 and Na

2
EDTA were maintained at 0. 54

mg/1 and 3. 0 mg/1, respectively. Table 26 contains a summary of the

results of the analysis of variance in this factorial experiment.



50

Table 26. Results of
yields of
centrations

F-tests on the analysis
A. flos-aquae grown

of variance on mean
in combinations of con-
as EDDHAof NaNO

3
and iron

Source of
Variation SS d. f. MS F

Tab
Fl Conclusion

A (NaNO
3)

1. 7784 1 1. 7784 67. 62 8. 28 Sign. 2

B (iron as
EDDHA) 0, 2566 8 0. 0320 1. 22 3. 71 Not Sign.

AB 0. 1649 8 0. 0206 0. 78 3. 71 II II

Error 0.4734 18 0. 0263
Total 2. 7633 53

12Tabular F-value at 1% level of significance
Standard error of the mean = 0. 0312

Growth of Aphanizomenon was significantly greater in medium
containing 8. 5 mg NaNO3 /1 than in medium minus nitrate. There was
no significant difference in mean yields of A. flos-aquae in medium
containing different concentrations of iron as EDDHA.

Vitamin B12 (cobalamin) was added in different concentrations
(0.0, 10-5, 2 x 10-5, 4 x 10-5, 5 x 10-5, 10-4, 2 x 10-4, 5. 0 x 10-4,

-3 -3and 2 x 1010 mg/1) in combination with two levels of NaNO
3

(0

and 85 mg/1) to examine its effect on the growth of Aphanizomenon
in ASM No. 8a and ASM No. 8a minus NaNO3. Growth in ASM No. 8a

minus nitrate would establish a requirement for Vitamin B12 in atmos-
pheric nitrogen reduction by A. flos-aquae. Table 27 shows the re-
sults of the analysis of variance of this factorial experiment.
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Table 27. Results of F-tests on the analysis of variance on mean
yields of A. flos-aquae grown in combinations of con-
centrations of NaNO

3
and Vitamin B12 (cobalamin)

Source of
Variation SS d. f. MS F

Tab
Fl- Conclusion

A (NaNO3) 0. 9127 1 0. 913 65. 19 7. 31 Sign. 2

B (Vit. B12) 0. 0974 9 0. 011 0. 77 2. 89 Not Sign.

AB 0.1273 9 0. 014 1. 00 2. 89 11 11

Error 0. 5600 40 0. 014
Total 1. 6974 59

1 Tabular F-value at 1% level of significance
2Standard error of the mean= 0. 022

The mean yield of Aphanizomenon in medium containing NaNO 3

was greater than in medium minus NaNO3 (Table 27). There was no

significant difference in the mean yields of A. flos -aquae in different
concentrations of Vitamin B12 (cobalamin) in medium with or without

nitrate.
Two experiments examined the nitrogen fixing potential of A.

flos-aquae using the acetylene reduction technique. Table 28 shows

the source of the algal material utilized in the first test and the micro-
moles of ethylene produced/mg of dry weight of Aphanizomenon/hour.

There was a 10 1/2 to 20 fold increase in the production of ethylene
over that in the control.
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Table 28. Micromoles of ethylene produced/mg
Aphanizomenon/hour in the

of dry weight of
reduction of acetylene by

flakes of Aphanizomenon

Sample
No. Source of Material

p.moles ethylene/mg dry
weight/ hour

1 (Control)1

22

32

43

53

ASM No. 8a

ASM No. 8a minus NO-
3

It

0.45 x 10-3

7.2 x10 -3

9. 4 x 10
-3

9.7 x10 -3

7.7 x10 -3

1Inoculum of A. flos-aquae was grown in ASM No. 8a for 10 days.
2Replicates of material grown in ASM No. 8 minus nitrate for 21
days prior to test.

3Replicates of material grown in ASM No. 8a minus nitrate for
21 days prior to test.

A second experiment included an examination of the effect of
various concentrations of iron as EDDHA and Vitamin B12 on acety-
lene reduction by Aphanizomenon and an examination of the ability of

contaminant bacteria to reduce acetylene. The algal inoculum was

grown for 12 days in ASM No. 8a minus nitrate. The bacteria were

grown for seven days in ASM No. 8a minus nitrate containing various

concentrations of glucose. Table 29 shows the concentrations of iron

as EDDHA and Vitamin B12 employed and the micromoles of ethylene

produced/mg dry weight of material/hour.
The rates of acetylene reduction obtained in this test were

comparable to those in the previous experiment. There was an

apparent increase in acetylene reduction with increased concentrations

of Vitamin B12. Addition of iron as EDDHA to the medium increased
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Table 29. Micromoles of ethylene produced/mg dry weight of
material/hour in the reduction of acetylene by flakes
of Aphanizomenon and isolates of contaminant bacteria

Type of
Organism

Concentration of Fe as EDDHA,
Vitamin B12 or Glucose (mg/1)

p..moles ethylene/
mg dry weight/hour

Aphanizomenon
1

0. 0 EDDHA 2. 2 x 10-3

0.04 11 8. 4 x 10-3

Il 0. 07 II 6. 8 x 10-3

0.14 II 6. 7 x 10-3

0.28 - II 6. 9 x 10-3

ASM No. 8a (control) 4. 2 x 10
_34

ft 0. 0 B12 6. 1 x 103
it 105 - ?I 8, 103

5 x 10-5 _ II 6. 6 x 10-3

2 x 10 -4 Il 11 . 7 x 10-3

II 10-3 lo 10. 3 x 10-3

Bacterial 50 Glucose 0. 0

Il 100 - II 0. 6 x 10-3

II

II

1000 11 0. 0
,,50003 0. 0

1lnoculum grown for 12 days in ASM No. 8a minus nitrate
2lsolated from flakes of A_. flos-aquae and grown for 7 days in
ASM No. 8a minus nitrate before reduction test

3ASM No. 8a minus nitrate plus 5 g glucose/liter
4Possible error in chromatographic analysis because of improper

flushing of the syringe used for injection of the sample. In the
previous experiment the control produced 0. 45 x 10-3 p.moles
ethylene/mg dry weight/hour.
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acetylene reduction by 3 to 4 times that in medium minus EDDHA.
The bacteria present in the flakes of Aphanizomenon appear to con-
tribute very little or nothing to the reduction of acetylene (Table 29).

Experiments on pH

Various buffer systems were employed in attempts to examine

the effect of different pH levels on the growth and condition of A. flos-

aquae.

A buffer system (Colowick and Kaplan, 1955) composed of r4., 0. 2

M solution of sodium barbital (veronal) and a 0. 2 M solution of HC1

was extremely toxic to the alga. Flakes of Aphanizomenon inoculated

into flasks, containing different concentrations of the buffer, exhibited
complete lysis within 30 minutes after inoculation. Material in the
control flasks (ASM No. 8 minus NaHCO 3) maintained the morpholo-

gical integrity of the flake.
A. flos-aquae inoculated into various pH levels adjusted by Tris

buffer (Colowick and Kaplan, 1955) or sodium carbonate-bicarbonate
buffer lysed within one day after inoculation. Lysis was apparently

caused by the buffer components, as control algal material, at a pH
level equivalent to that of the buffered media, exhibited normal mor-
phology.

Sodium hydroxide (0. 01 N) was used to adjust the pH level of

ASM No. 8. Seven pH levels were obtained, contents of three flasks
of material at each pH level harvested after 11 days growth, and the

pH of the filtrate was determined.
Table 30 contains determinations of the pH level during the

growth period and the results of an analysis of variance on mean
yields of A. flos-aquae obtained at each pH level. There was no sig-
nificant difference in the mean yields of the alga after growth at pH



Table 30. Different pH levels of ASM No. 8 in which A. flos-aquae
was cultured and the results of an F- test made on mean
yields of the alga obtained at each level

pH at time of
adjustment with
0. 01 N NaOH

pH after 5 days
growth of the

alga

7. 0 (7. 15)2 7.3

7. 01 (7. 0) 7.25

7.4 (7. 3) 7. 30

9. 5 (7. 9) 7.85

10. 0 (8. 0) 8. 0

10. 5 (8. 2) 8. 2

55

pH at time of
harvest (after 11

days growth)

11.1 (8.4) 8.65

Analysis of Variance

Source SS d. f. MS F

Treatment

Error

Total

0. 4391

0.3033

0. 7424

6 0.

14 0.

20

07318

02166

3. 38

7.4 (0.63)3

7.4 (0.60)

7. 6 (0.77)

7.9 (0.43)

8.1 (O. 43)

8. 2 (O. 30)

8.49 (0.43)

Tab F4 Conclusion

4. 46 Accept Ho:
means are
equal

leof ASM No. 8 containing Tris
pH reading 48 hours after adjustment

3Mean yield of A. flos-aquae obtained at each pH level
4Tabular F -value TC170 level of significance. Standard error of

the mean = 0. 085.
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from 7. 3 to 8. 65.

Two studies were made of the effect on Aphanizomenon of in-

creasing the pH of ASM No. 8a. In the first experiment, media con-
taining various concentrations of NaHCO

3
were not autoclaved.

Table 31 shows the concentrations of NaHCO
3

in the media, the pH for

each medium and estimates of regression coefficents from harvests
made four and eight days after inoculation. Growth curves for each

pH level are given in Figure 1. Table 32 contains the results ofSd R areare
J

the regression coefficients for the ith and jth pH levels (Table 31).
There was no significant difference between growth rates of

A. flos-aquae obtained in each pH level (Table 32). Material grown

in pH levels 1 to 11 exhibited normal flake form and healthy condition

while that in levels 12-15 lysed. Aphanizomenon thus tolerated pH

levels from 6. 95 to 9. 10 without either loss of growth or morpholo-

gical condition.

In the second experiment, media containing NaHCO
3

was auto-

claved forty-eight fours before inoculation. Table 33 contains the

concentrations of NaHCO
3

in the media. pH values for each medium,
and estimates of regression coefficients from harvests four and eight
days after inoculation. Growth curves for each pH level are given in

Figure 2. Table 34 contains results of Students' t-tests on the hy-
potheses, 13. - 13. = 0.

There were significant differences between growth rates of the
alga in the following pH levels; 4 and 5, 4 and 10, 4 and 13 and 9 and

10 (Table 34). Normal flake form was exhibited by material in pH

levels 1 to 11 while material in levels 12 to 15 lysed. The difference

between levels 4 and 5 was apparently due to doubling the concen-

tration of NaHCO3, as the pH was only an average of 0. 25 units

higher for level 5. Although growth in both levels 4 and 9 was greater
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Table 31. Concentrations (mg/1) of NaHCO and corresponding pH
levels used to examine their effec3 t on the growth of A. flos -
aquae, and estimates of regression coefficients obtained
for growth between days 4 and 8

pH
Level NaHCO3

PHI
pH

2
pH

3
pH

4 Estimate of
Regression
Coefficient

1 0. 0 5. 2 7.15 7. 30 7. 70 0. 035
2 1.0 5. 5 6.95 7. 25 7.40 0. 043
3 5. 0 6. 25 7.10 7. 30 7. 50 0. 075
4 10.05 6.50 7. 20 7. 40 7. 70 0. 061
5 20. 0 7. 10 7. 35 7. 60 7. 80 0. 072
6 40. 0 7. 50 7. 40 7. 50 7. 80 0. 054
7 80. 0 7. 75 7. 60 7. 75 8. 00 0. 077
8 160. 0 8.15 7. 90 7. 85 8.10 0. 048
9 320. 0 8. 40 8. 25 8. 35 8. 20 0. 060

10 640. 0 8. 55 8. 75 8. 90 8. 80 0. 089
11 1280. 0 8. 65 9.05 9.10 9.10 0. 032
12 2560. 0 8. 65 9.30 9.35 9.30 -0. 002
13 5120 . 0 8. 65 9.50 9.50 9.50 -0.018
14 7620. 0 8. 65 9.60 9.65 9.65 -0. 020
15 9860. 0 8. 65 9.60 9.70 9.70 -0.008

Summary of Analysis of Covariance
Source of Tab
Variation SS d. f. MS F F6 Conclusion
Within 1. 7512 75

Sample
Regression 0. 5744 1 0. 5744 47. 87 7. 0771 (1 i 0

Due to b
Variation 0. 4271 14 0. 0305 2. 542 2. 448 [Vs are not
Among b's equal

Pooled 0. 7191 60 0. 0120
Residual

1pH after preparation of media
pH 4 days after inoculation

3pH 8 days after inoculation
4pH 12 days after inoculation
SControl
6 Tabular F-value at 1% level of significance
7Possibly the one time in 100 when reject the hypothesis and it is
actually true.
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Figure 1. Effect of different pH levels of ASM No. 8a on the
growth of A, flos-aquae
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Table 32. Results of Students' t-tests on the hypotheses, P. - p.= 0,
where P. and P. are the regression coefficients ?or the ith
and jth PH levAs (Table 31)

Hypotheses 1 t-statistics2 Conclusions3

(31 - P2 =0

133- 134 0

134- 135 0

134- 137 0

134 1310= 0

134 1313 0

136 137
=0

137 P8
=0

139 1310= 0

Plo 1311= °

Pll- P12= 0

Plf 1313 0

Pl 1 1313 0

- 0. 323

0. 557

- O. 417

0. 489

1.04

2. 76

1. 130

0. 656

- 0. 770

- 1. 550

1. 130

0. 728

1. 34

Not Sign.

1 The subscripts on the [Vs correspond to pH levels in Table 31
2t-statistic = (b. - b.) - (13 i - 13.) (Li, 1964, p. 400)

s2L 1 14. ]
SSx. SSx.

1 J

3t-statistic was compared to Students' tabular t-value (3. 355)
at 1% level of significance with n.

1
+ n. - 4 = 8 d. f.

3
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Table 33. Concentrations (mg/1) of NaHCO3 and corresponding pH
levels used to examine their effect on growth and
condition of A. flos-aquae, and estimates of regression
coefficients obtained for growth between days 4 and 8

pH
Level NaHCO3 pH1 pH2 pH3 pH4

Estimate of
Regression
Coefficient

1 0. 0 6. 15 7.10 6. 90 6.90 0. 0500
2 1. 0 6. 25 6.90 7.10 7. 00 -0. 0033
3 5. 0 6. 60 6.90 7.10 7.10 0.1200
4 10. 05 6.85 6. 90 7.10 7.10 0. 0800
5 20. 0 7.15 7. 30 7. 20 7.15 0.1633
6 40. 0 7. 45 7. 30 7. 35 7.30 0.1983
7 80. 0 7.85 7.46 7. 60 7. 50 O. 0350
8 160. 0 8.15 7.90 7.90 7.90 0. 2400
9 320. 0 8.85 8.50 8.35 8. 20 0. 0917

10 640. 0 9. 20 8.80 8.80 8. 70 -0. 0100
11 1280. 0 9. 50 9.10 9.10 9. 05 0. 0450
12 2560. 0 9- 55 9.40 9. 40 9. 20 -0. 015 0
13 5120. 0 9. 55 9. 50 9. 60 9. 50 -0. 0150
14 7620. 0 9. 55 9. 70 9. 60 9. 55 -0. 0650
15 9860. 0 9. 55 9. 70 9. 70 9. 70 -0. 0683

Summary of Analysis of Covariance

Source of
Variation SS d. f. MS

Ta)D
F°

Within 7. 5622 75
Sample

Regression O. 8920 1 O. 8920 150700 7. 077
Due tol-

Variation 3. 1407 14 0. 2243 3. 814 2. 448
Among b's

Pooled 3. 5288 60 0. 05881
Residual

Conclusion

0. 4 0

13 s are
not

equal

1pH 48 hours after autoclaving
pH 4 days after inoculation

3pH 8 days after inoculation
4pH 12 days after inoculation
5Control
6Tabular F-value at 1% level of significance
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Table 34. Results of Students' t-tests on the hypotheses, pi - p. = 0,
where 13 and p. are the regression coefficients for tge ith
and jth pH leveils (Table 33)

Hypotheses' t-statistics2 Conclusions 3

131 - 132 = 0 1. 56 Not Sign.

134-135 =0 -4. 77
(35> 134

134 -136 =0 -2. 17 Not Sign.

134 -13g =0 -1. 98 It It

(34- 139 = 0 -0. 503

134 1310=

134 1313=

135 -136 =0

137 -138 =0
139 - 1310= 0

1310- 1:311=

1311-
P12=

1311-
P13=

1312-
1313=

0

3. 75

3. 60

-2. 17

-1. 98

8. 07

-3. 06

2. 83

2. 83

0. 00

134> 1310

134> 1313

Not Sign.

139> 1310
Not Sign.

1Subscripts on the 13's correspond to pH levels of Table 33
2t-statistic = (b. - b.) - ((3. - p.) (Li, 1964, p. 400)

21 1 1

SSx. SSx.

3t-statistic was compared to the Students' tabular t-value (3. 355)
at 1% level of significance and = 8 d. f.

1
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than in level 10, there was no difference in morphology. Aphanizome-
non exhibited growth and retention of the colonial flake form at pH

levels from 6. 90 to 9.10.

Experiments on Temperature, Light, Media and Location of Cultures

Interactions of the Four

A factorial experiment examined possible interactions between
media, light, temperature and location of cultures. Table 35 shows

the levels of each factor. Table 36 summarizes results of the analy-

sis of variance of data obtained in this experiment.
There were two significant three-way interactions; one between

media, culture location and temperature and the other between cul-
ture location, temperature and light (Table 36). Table 37 contains

the results of tests on hypotheses that the mean yield of A. flos- aquae
for different combinations of levels of media, culture location and
temperature at a light intensity of 60 ft-c was equal to that of the con-

trol.
The hypotheses tested in Table 37 were those which had most

meaning in comparison with maintenance of Aphanizomenon in stock

cultures. These comparisons were designed to answer the following
question: is the mean yield of Aphanizomenon significantly different
from the control combination (A

2
B

2
C

1
D5) depending on the location in

which it is culture,i, or depending on media or temperature? Pro-
viding the levels of the other factors were held at the control level,
the mean yield was not significantly different depending on location

and media, but was significantly different depending on temperature.
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Levels of media, temperature, culture location and light
examined in a factorial experiment studying their effect
on the growth of Aphanizomenon

Level
No. Media Location Temperature

Light
Intensity

1 ASM No. 81 North 15 -16 °C 40 ft-c
6

Window4
2 ASM No. 8a2 North 18 0C and 607

Window5 Above
3 ASM No. 8b3 Under Lab. 20

Bench
4 Growth Cham-

ber No. 1
40

5 Growth Cham-
ber No. 2

60

6 80

7 120

lASM No. 8 with 20 mls of minor element stock solution, 10 mg
Na2EDTA and 0. 54 mg FeC13/liter

2ASM No. 8a with 10 mls of minor element stock solution, 3. 0
mg Na2EDTA, 0. 54 mg FeC13 and 0. 07 mg of Fe as EDDHA/
liter

3ASM No. 8b with 10 mls minor element stock solution, 3. 0 mg
Na2EDTA, 0. 54 mg FeC13 and 0. 035 mg of Fe as EDDHA/liter

4North window where there had been less successful maintenance
of stock cultures

5Area of window in which stock cultures were maintained through-
out the study

6 Light intensity of red light in a range of 590 to 720 mp with 75%
transmission at 650 mp.

7Photoperiod of 16 hours of light at 60 ft-c, followed by darkness.
In the window, the light period included the daylight (October
1967)
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Table 36. Analysis of variance of yields of A.
various combinations of levels of media,
temperature and light

flos -aquae grown in
culture location,

Source of
Variation SS d. f. MS F

Tab
Fl Conclusion

A(Media) 2. 81 2 1. 40 36. 64 4, 61 Sign.

B(Location) 7. 82 4 1. 96 51. 07 3. 32 II

C(Tempera-
ture)

3. 01 1 3. 01 78. 56 6. 63 u

D( Light) 5. 28 6 0. 88 22. 99 2. 80 u

AB 1. 24 8 0.15 4. 02 2. 51 11

AC 0. 94 2 0. 47 12. 24 4. 61 11

AD 1. 89 12 0.16 4. 12 2. 18 11

BC , 2.65 4 0. 66 17. 27 3.32 ,1

BD 1. 85 24 0. 08 1. 99 1. 79 It

CD 1. 07 6 0. 18 4. 64 2. 80 I I

ABC 0. 88 8 0. 11 2. 88 2. 51 Sign. 2

ABD 2. 61 48 0. 05 1. 42 1. 54 Not Sign.

ACD 0. 85 12 0. 07 1. 85 2. 18 IA. I I

BCD 2. 32 24 0.10 2. 53 1. 79 Sign. 3

ABCD 2. 71 48 0. 06 1. 48 1. 54 Not Sign.

Error 8.10 210 0. 04

Total 45. 97 419

1

2
Tabular F-value at 1% level of significance
Possibly the one time in 100 when reject the hypothesis and it

3
is actually true. Standard error of the mean = 0. 054
Same as 2. Standard error of the mean = 0. 082
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Table 37. Results of LSD between treatment means tests made on
hypotheses involving various combinations of levels of
media, culture location and temperature at a light in-
tensity of 60 ft-c

Hypotheses 1
Difference Between

Mean Yields Conclusion

A
2B 2C1 =

A
2B 1C 1

0. 10 Equal

= A2B3C1 0. 25 11

= A
2

B
4

C
1

= A 2B
5

C
1

= A 1B 2C1

= A 3B
2
C

1

= A 2B 2C 2

= A
1
B

4
C

1

0. 15

0. 25

0. 00

0.05 11

-1. 05 A B C >A B C3
2 2 2 2 2 1

0. 15 Equal

1Each set of letters represents a mean yield for a combination
and the number subscripts are levels of each factor (Table 35)

2 The difference between mean yields was compared with the
LSD value 0. 39 at 5% level of significance and 0.47 at 1%
level of significance

3 This difference was significantly larger than both LSD values

Table 3,8 gives the results of tests on hypotheses that the mean
yield of Aphanizomenon for different combinations of levels of cul-
ture location, temperature and light intensity in ASM No. 8a was

equal to that of the control. Higher yields of A. flos-aquae were

obtainedby increasing the light intensity to 80 or 120 ft-c, or to 80 or

120 ft-c with an accompanying increase in temperature to above 18 C.
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Table 38. Results of LSD between treatment means tests on hy-
potheses involving combinations of levels of culture
location, temperature and light in ASM No. 8a

Hypotheses 1

B
2
C

1
D5 = B

2
C

1
D1

= B2 C 1D
2

11 = B2 C
1
D3

= B
2
C

1
D4

Difference Between
Mean Yields Conclusion2

= B
2

C
1
D6

= B
2
C

1
D7

= B 2C
2
D6

= B 2C
2
D7

0.10

0. 20

0. 25

0.15

0.40

0. 60

0. 85

0. 95

Equal

B2 C
1
D6> B2 C

1
D53

B2 C
1
D7> B2 C

1
D54

B2C2 D6> B2 C1D54

B2C2 D7> B2 C
1
D54

'Each set of letters represents a mean yield for a combination
and the number subscripts the levels (Table 35) of each factor
in that combination

2 The difference between mean yields was compared with the
LSD value = 0. 39 at 5% level of significance and 0.47 at 1%
of significance

3Significant at 5% level
4Significant at 1% level

Another factorial experiment examined the effect of media, cul-

ture location, temperature, light from two different fluorescent
sources and light intensify on the mean yield of A. flos-aquae. Table

39 contains a list of the levels of each factor.
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Table 39. Levels of media, culture location, temperature, type
of light source and light intensity examined in. a factorial
experiment studying their effect on Aphanizomenon

Level
No. Medial

Culture
Location

Light
Temperature Source

1 ASM No. 8 Growth
Chamber 1

2 ASM No. 8a Growth
Chamber 2

3

4

5

15. 5-16. 5 C wwx

Light
Intensity

40 ft -c 3

19.8 -20.7 cw 604

40

60

80

lASM No. 8 containing 3. 0 mg Na2EDTA and 0. 54 mg FeC11/1
and ASM No. 8a containing 3. 0 mg Na2EDTA, 0. 54 mg FeC13
and 0. 07 mg of iron as EDDHA/1

2Ken Rad warm white deluxe (wwx) and cool white (cw) tubes
3Light intensity of red light in a range of 590 to 720 mµ with a
75% transmission at 650 mp.

4A photoperiod of 16 hours of light at 60 ft-c followed by 8 hours
of darkness

Table 40 contains a summary of the analysis of variance on ob-
servations obtained in this factorial experiment. There was a sig-
nificant three-way interaction of media, temperature and light source
in this experiment, and a significant difference in the mean yield of
A. flos-aquae in relation to the light intensity. There was no signifi-

cant difference between the mean yield of the alga in growth chamber

1 and chamber 2. Table 41 contains mean yields obtained at different

light intensities, results of LSD between treatment means tests on
these yields, and a comparison of mean yields of Aphanizomenon in

two media with the light source and temperature at the control level.



Table 40. Summary1 of the analysis of variance of mean yields of
Aphanizomenon cultured in different combinations of
levels of media, culture location, temperature, light
source and light intensity

69

Source of
Variation SS d. f. MS F

Tab
F2 Conclusion

A (Media) 1. 444 1 1. 444 45. 31 6. 96 Sign.

B (Culture 0. 004 1 0. 444 0.13 6. 96 Not Sign.
Location)

C (Temper - 0. 042
ature)

1 0. 042 1. 33 6. 96 II II

D (Light 0. 234 4 0. 0585 18. 32 3. 56 Sign. 3
Intensity)

E (Light 0. 072 1 0. 072 2. 27 6. 96 Not Sign.
Source)

ACE 0. 322 1 0. 322 10. 10 6. 96 Sign. 4

Error 2. 55 80 0. 032

Total 8, 08 159

1Only significant higher order interactions are shown
2 Tabular F-value at 1% level of significance
3Standard error of the mean = 0. 045
4Standard error of the mean 0. 040
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Table 41. Mean yields of Aphanizomenon at different light intensities,
results of LSD between treatment means tests on these
yields, and a comparison of mean yields in two media with
the light source and temperature at the control level

Hypotheses 1
Difference Between

Mean Yields Conclusion2

114 =
0. 390-0. 286 = O. 104 Equal

114 112
0. 390-0.311 = 0.078

114 113
0.390-0.343 = 0.047 It

114 115
0. 390 -0. 375 = 0.025

1
C

1E2
1=

2
C

1E2
0, 23 1E2>

11A
2
CIE

2

'Each number subscript refers to the levels of the factor given
in Table 39

2LSD = 0.1194 for 5% level of significance and LSD = 0.142 for
1% level of significance

3Growth in ASM No. 8 was less than in ASM No. 8a at 15 C
under cool white fluorescent tubes

Light

Two experiments were used to study the effect of light intensi-
ty on the growth of Aphanizomenon. The first experiment examined
the effect of three light intensities on the growth of the alga in ASM
No. 8 and ASM No. 8a. The contents of three flasks were harvested
every three days for 24 days to obtain growth curves at each intensi-

ty. Table 42 shows estimates of the regression coefficients and the

results of the analysis of covariance. Growth curves of Aphanizome-

non obtained in each medium and at each light intensity are given in

Figure 3.
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Table 42. Estimates' of regression coefficients for growth of
Aphanizomenon at three light intensities and in two
media and a summary of the analysis of covariance

Light Intensity (ft-c) ASM No. 8a ASM No. 8

40 0. 0413 0. 0120
67 0. 0500 0. 0110

111 0. 0440 0. 0100

Summary of Analysis of Covariance

Source of
Variation SS d. f. MS

Ta13

Within 0. 6761 24
Sample

Regression O. 3808 1 0. 3808 66. 81 8. 28
Due to b

Variation 0. 1961 5 O. 0392 6. 84 4. 25
Among b Is

Pooled 0.1032 18 O. 0057
Residual

Conclusion

F 40

13's are not
equal

'Estimates were obtained from harvests made on days 6, 9,
12, 15 and 18

2Tabular F-value at 1% level of significance
The correlation coefficient between x and y, r, for each
combination was 0. 97 (40 ft-c in 8a), 0. 96 (67 ft-c in 8a),
0. 93 (111 ft-c in 8a), 0. 55 (40 ft-c in 8), 0. 81 (67 ft-c in 8),
0. 37 (111 ft-c in 8).
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Table 43 shows results of Students' t-tests testing the hypothe-
ses that P. -

13

= 0, where p. and p. are the regression coefficients
3

for the ith and jth combinations of light intensity and medium given in

Table 41.

Table 43. Results of Students' t-tests on the hypotheses P. - P. = 0,
where p. and P. are regression coefficients for the ijth and
jth comllinatiotis of light intensity and medium

Hypotheses' t-statistics Conclusion2

R1 -R4 =0

P2 -ps 0

R3 -R6 =0
R1 -R2 =0
P2 - P3 = 0

2.41

4.07

3.12

0. 825

O. 462

3Sign.
4Sign.
4Sign.

Not Sign.

Not Sign.

'Each subscript denotes the combination of light intensity and
medium shown in Table 41

3
Comparison of t-statistic with Students' t-value
Greater than Students' t-value at 5% level of significance with

418
d. f.

Greater than Students' t-value at 1% level of significance with
18 d. f.

Aphanizomenon exhibited better growth in ASM No. 8a than ASM No.

8, at all light intensities. Light had no effect on the growth of the

alga as there was no significant difference between the regression co-
efficients (Table 43).

A second experiment examined the effect of three light intensi-

ties on the growth of Aphanizomenon in ASM No. 8a. The contents of

three flasks at each light intensity were harvested every three days
for a total of 15 days. Table 44 shows the estimates of the regression
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coefficients and results of the analysis of covariance. Growth curves

obtained at each light intensity are given in Figure 4.

Table 44. Estimates 1 of regression coefficients for growth of
Aphanizomenon at three light intensities in ASM No.
8a and a summary of the analysis of covariance

Estimates of Regression Coefficients
40 ft-c 76 ft-c 116 ft-c

0. 0528 0. 0377 0. 0273

Summary of Analysis of Covariance
Source of Tab
Variation SS d. f. MS F F2 Conclusion
Within 0. 5199 12

Sample
Regression 0. 4163 1 0, 4163 50. 77 10. 561 734 0

Due to b
Variation 0. 0294 2 0. 0147 1. 793 8. 022 p is are

Among b's equal
Pooled 0. 0742 9 0. 0082

Residual

1Estimates obtained from harvests made on days 3, 6, 9, 12
2a.nd 15
Tabular F-value at 1% level of significance

The correlation coefficient between x and y, r, for each light
intensity was 0. 96 (40 ft-c), 0. 91 (76 ft-c) and 0. 87 (116 ft-c).

There was no significant difference in the growth rate of Aphanizome-
non in relation to light intensity (Table 44). The morphological condi-

tion of the alga was identical at the three light intensities until day 15,
when flakes grown at 116 ft-c exhibited loss of the colonial flake form.
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Figure 4. Growth of A. flos-aquae in ASM No. 8a at three
light intensities
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Temperature

Factorial experiments indicated that A. flos-aquae grew and
maintained the flake form at temperatures higher than 15 C. Growth

rate experiments were conducted examining the effect of increased

temperature on Aphanizomenon. Table 45 contains the mean temper-
atures at which the alga was grown under a laboratory bench, and re-
sults of an analysis of covariance on growth rates of Aphanizomenon

at two temperatures between days 9 and 12. Growth curves for the

two temperature ranges, 15-17 C and 18-21 C, are given in Figure 5.
The growth rate and morphological condition of Aphanizomenon was

identical at both ranges.
In a second experiment, the growth rate and morphological

condition of the alga was identical at temperatures from 14. 0 to 16. 75

C and 19. 25 to 21. 0 C. This experiment was conducted in growth

chamber 1 with the light intensity at 60 ft-c. Table 46 shows the mean

temperatures during the experiment, estimates of regression coef-
ficients obtained for growth between days 6 and 9, and the results of
the analysis of covariance. Growth curves obtained for both tempera-

ture ranges are shown in Figure 6.
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Table 45. Mean temperatures at which Aphanizomenon was grownl
and a summary of the results of an analysis of covariance
on estimates of the regression coefficients

Time of Day Mean' Temperature and
Ran e in Cooled Area

Meant Temperature and
Ran e in Non-Cooled Area

8:30 AM 15.73 (15-16°C) 18.48 (17-20°C)

10:30 15. 89 (15. 25-16. 0) 18.84 (18. 5-21)

12:30 PM 16. 07 (15. 25-16. 75) 19.35 (18-21)

2:30 16.29 (16-17) 19.21 (18-21)

4:30 15. 98 (15. 75-16. 75) 18.96 (18-21)

6:30 16.12 (15-17) 19. 67 (18-21)

8:30 15. 96 (15. 25-16. 75) 19.75 (19.25-20)

Estimates of
Regression

Coefficients
0. 09778 O. 07667

Summary of the Analysis of Covariance

Source of
Variation 0. 36-9rnWithin

Sample

Tab
SS d. f. MS F F3 Conclusion

Regression 0. 2054 1 0. 2054 10. 27 11. 259 0 = 04
Due to -U

Variation 0. 0029 1 0. 0029 0.145 11. 259 p 's are
Among b's equal

Pooled 0, 1607 8 0. 0200
Residual

'Light intensity of 60 ft-c
2Mean of 18 temperatures. These temperatures varied because
of fluctuation in the room temperature.

3Tabular F-value at 1% level of significance
4Significant at 5% level, i. e. , p 0
The correlation coefficient between x and y, r, for each temper-
ature was 0. 81 (ca. 15°C) and 0. 69 (ca. 19°C).
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Table 46. Meant temperature at which A. flos-aquae was grown,
estimates of the growth rate of the alga between days
6 and 9 and results of F-tests on the analysis of co-
variance

79

Estimates of Growth Rate for
Mean Temperature of 15. 53 C

(14. 0 to 16. 75)

Estimates of Growth Rate for
Mean Temperature of 19. 90 C

(19. 25 to 21. 0)

0. 1141 0.1633

Summary of Analysis of Covariance
Source of Tap
Variation SS d. f. MS
Within 0. 8844 10

Sample
Regression 0. 5208 1 0. 5208 12. 00 11. 259

Due to b
Variation 0. 0161 1 0. 0161 0. 37 11. 259

Among b's
Pooled 0. 3475 18 0. 0434
Residual

Conclusion

0

P's are
equal

1 can of 90 readings
Tabular F-value at 1% level of significance

The correlation coefficient between x and y, r, for each
temperature was 0. 77 (15. 53 C) and 0. 72 (19. 90 C).

A final experiment on the growth of Aphanizomenott at tempera-
tures higher than 15 C supported the results obtained in the two previ-

ous experiments. This experiment was conducted in growth chamber

1 at a light intensity of 60 ft-c. Table 47 contains the mean tempera-
tures at which the alga was grown, estimates of regression coef-
ficients obtained for growth between days 9 and 12, and the results of

the analysis of covariance. Fig. 7 shows the growth curves of Aphani-

zomenon obtained at each temperature.
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Table 47. Meant temperatures at which A. flos -aquae was grown,
estimates of the growth rate of the alga between days
9 and 12 and results of the analysis of covariance

Estimates of Growth Rate at
Mean Temperatures of 15. 96 C

Estimates of Growth Rate at
Mean Temperatures of 20. 62 C

(15. 0 to 17. 0) (20.0 to 21. 0)

0. 0689 0, 0644

Source of
Variation SS d. f. MS F

Tab
F2 Conclusion

Within 0, 2182
Sample

Regression 0,1200 1 0.1200 9. 793 11. 259 R -0
Due to b

Variation
Among b's

0.0002 0. 0002 0. 016 11. 259 's are
equal

Pooled 0.0980 8 0. 01225
Residual

1 can of 80 readings
3Tabular F-value at 1% level of significance
Significant at 5% level of significance

The correlation coefficient between x and y, r, was 0. 906
(15. 96 C) and 0. 56 (20. 62 C).

The growth rate and morphological condition of Aphanizomenon be-
tween days 9 and 12 was identical at both ranges of temperature.

Attempts to Obtain Axenic Cultures

Pure cultures of A. flos-aquae were not obtained despite treat-
ment with ultraviolet irradiation, exposure of flakes to chlorine or
pasteurization of akinetes contained in bottom sediments. A prelimi-
nary screening of the sensitivity of Aphanizomenon and the contami-
nant bacteria to antibiotics exhibited some promise for the elimi-
nation of the bacteria. The akinetes from the bottom sediments were
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apparently inviable because none germinated in either the control or

in treated material.
Flakes of A. flos-aquae maintained the colonial flake form and

showed growth after exposure to ultraviolet irradiation for periods
from 7 to 30 seconds. After longer periods of irradiation, the alga
lysed or lost its morphological integrity and became an amorphous
mass in the bottom of the flask. Algal flakes dispersed by shaking,
maintained their morphology and showed growth only after exposure

times of 20 seconds or less. The addition of small amounts of con-

taminant bacteria to flasks containing treated material had no effect
on the subsequent morphology of the flakes. Despite these additions,

the flakes clumped or lysed. In all experiments, the numbers of con-
taminant bacteria were not reduced by treatment for less than 40

seconds.

Flakes of A. flos-aquae remained unchanged after treatment
with 0. 7 mg of chlorine/liter for exposure times of up to 50 minutes.
Flakes dispersed by shaking returned to the colonial flake form but
exhibited no growth after exposure times exceeding 4 minutes. After
exposures of 0 to 4 minutes, the algal flakes grew as demonstrated

by an increase in number and a return to a size equivalent to that
found in the stock cultures. The numbers of bacteria were not de-
creased after treatment of flakes with 0. 7 mg chlorine/liter for ex-
posures up to 50 minutes.

Table 48 contains the results of the antibiotic screening experi-
ments on Aphanizomenon and Table 49 those on the bacteria.
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Table 48. Results1 of a screening experiment on the sensitivity of
A. flos-aquae to antibiotics

Antibiotic
Concn mcg /1
or units/1

DARK LIGHT
Dark for
1 week 2

Transfered
to light3 Light4

Transfered
to light5

Dehydro-
streptomycin

132 mcg ++ ++

Aur eomyc in 165 ++ ++
Viomycin It330 ++
Streptomycin 132 ++ ++
Terramycin 165 ++ ++

(oxytetra-
cycline)

Neomycin 1550 units
Polymycin 132 mcg
Erthromyc in 132 " ++ ++
Chloromycetin 165 " ++
Penicillin 132 units ++ ++ ++ ++

1Code:
(-) Not inhibited by the antibiotic
(+) Inhibited the alga slightly, caused some loss of flake

form and the alga showed no growth
(++) Inhibited strongly, caused loss of the flake form and

some of the material lysed
2

3
Dark in the presence of the antibiotic
Transfered to fresh medium and placed at a light intensity of

460 ft-c, after 12 hours exposure in the dark
At a light intensity of 60 ft-c for one week in the presence of

5
the antibiotic
Transfered to fresh medium after 12 hours exposure and
returned to a light intensity of 60 ft-c
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Table 49. Results1 of a screening experiment on the sensitivity
of contaminant bacteria to different antibiotics

Antibiotic White Bacterium2 Yellow Bacterium 3

Dehydro- ++
streptomycin

Aureomycin ++ ++
Viomycin
Streptomycin ++
Terramycin ++ ++
Neomycin
Polymycin
Erthromycin ++ ++
Chloromycetin ++
Penicillin ++ ++

1Code:
(-) Not inhibited by the antibiotic

(++) Strongly inhibited by the antibiotic as indicated by a
clear zone around the sensitivity disc after 48 hours
growth

2A coccus which formed a smooth white colony on nutrient agar
3A bacillus which formed a smooth yellow colony on nutrient
agar

Penicillin was extremely toxic to the alga (Table 48). Flakes of
Aphanizomenon began to clump and lyse within 30 minutes after ex-
posure. In separate experiments, A. flos-aquae lost the flake form
after treatment for one hour with penicillin in concentrations from 82
to 10, 250 units/100 mis. Penicillinase was added to inactivate the
penicillin following the period of exposure.

Aureomycin and terramycin strongly inhibited the bacteria
(Table 49) but did not affect the alga in the light (Table 48). Chloro-

mycetin (chloroamphenicol) inhibited the white bacterium and dehydro-

streptomycin the yellow bacterium (Table 49). The former antibiotic
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had no effect and the latter had a moderate effect on the alga.
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DISCUSSION

Aphanizomenon flos-aquae was introduced into culture in a com-
pletely defined medium and has been maintained for more than three
years in the planktonic, colonial flake form found in nature (O'Fla-
herty, 1966). The color and size of the flake and the general ap-
pearance of the cells is substantially improved over that found at the
time of collection from Upper Klamath Lake. In culture, flakes of
A. flos-aquae are generally from 1-2 cm long and 2-5 mm wide and
both heterocysts and akinetes are present. The alga was initially
grown in ASMT No. 8 (O'Flaherty, 1966) and is currently in a more
suitable medium, ASM No. 8a. A. flos-aquae has shown more rapid
growth in ASM No. 8a than in ASMT No. 8 and thus transfers of stock

material have been made every ten days to avoid overcrowding in the
stock flasks. Zobell (1946) found that the development of bacteria was
related to the surface area of the culture vessel and a similar re-
lationship was apparently present between the growth of Aphanizome-
non and the surface area of medium available in the flasks. If the
algal flakes were too crowded, they became smaller, lost the colonial
flake form and lysed. This response was apparently due to over-
crowding and not to a reduction in concentration of mineral nutrients,
since the transfer of all of the flakes to fresh medium resulted in the
same decline in algal condition.

Dodd (1953) reported that filaments of a flake of Aphanizomenon

were capable of movement in a parallel manner and these movements
resulted in changes in the size of the flakes. He also noted that these
movements stopped a short time after the removal of flakes from the
natural habitat. In this study, changes in the size of flakes were ob-
tained in relation to changes in temperature. The flakes became

tightly clumped within ten minutes after removal of a flask of material
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from a temperature of 15 C. A few minutes after adjustment to room
temperature, the flakes were extended to 1. 5 times their length at 15
C, and five minutes later returned to the size seen at 15 C. The

flakes did not undergo a reverse process after return to a temperature
of 15 C. Dodd also noted that an increase in the number of flakes was
a result of mechanical fragmentation of existing flakes. In this study,

a flake was placed in 250 mis of ASM No. 8a and was observed to di-

vide in the following way. One portion or half of the flake moved in a

manner analogous to the effect obtained by tearing two halves of a
blade of grass in opposite directions along a midvein. Although the
actual separation of the halves was not observed, mechanical agi-
tation was not present and 12 hours after the initial inoculation four
slightly smaller flakes were observed. Earlier experiments using
ASMT No. 8 showed that a minimum inoculum was needed before

satisfactory growth of the alga was obtained in culture. The growth of

a large number of flakes from a single flake in ASM No. 8a verified
that ASM No. 8a was better than ASMT No. 8 for the culture of
Aphanizomenon.

The initial determination of the amount of iron available in
ASMT No. 8 (Table 4) was made because of the unstable nature of iron
chelated by Na2EDTA at alkaline pH and because of the photosensitivity
of iron chelated by this compound (Hill-Cottingham, 1955). The re-
sults of experiments examining the effect of EDDHA revealed that it

was a suitable source of iron. The degree of color imparted to the
medium by EDDHA was assumed to have a negligible effect on both

light intensity and light quality reaching the alga (Table 6).
Factorial experiments demonstrated that there was a signifi-

cant three-way interaction between ferric chloride, iron as EDDHA

and Na
2

EDTA (Tables 10 and 13). The omission of any of these com-

pounds from the medium resulted in either a rapid or gradual decline
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in the growth and morphological condition of A. flos-aquae. When

ferric chloride was omitted, the condition of the alga declined over
a period of one to two months. The removal of EDDHA resulted in the

flakes becoming chlorotic and generally smaller over a period of ten
days. Within three days after the omission of EDDHA and ferric
chloride, Aphanizomenon became a clumped, amorphous mass in the
bottom of the flask. In all cases (Tables 10, 11, 13, 14 and 23), the

omission of Na
2
EDTA resulted in a lower yield of Aphanizomenon in

comparison to the control, and in the loss of the planktonic, colonial
flake form of the alga. The strain of Aphanizomenon in culture has
thus demonstrated a definite requirement for iron and for Na

2
EDTA.

Na
2
EDTA was important as a chelator of the iron and possibly as a

chelator of other ions in ASM No. 8a. The removal of EDTA could

have resulted in the precipitation and loss of the iron as ferrous hy-
droxide or in certain ions becoming effectively too concentrated for
the maintenance of the alga in culture. Mertz (1961) demonstrated

that EDTA removed calcium from mitochondrial preparations, and
Droop (1961) stated that EDTA had a great affinity for both calcium and

magnesium. No interactions were found between Na2EDTA and the

various macronutrients (Table 17, 18). EDTA apparently was not

effectively chelating boron, zinc, manganese, cobalt or copper since
no significant interaction was obtained between these minor elements
and EDTA (p. 44). The necessity for adding the organic chelators to
the medium could be related to the role of the humic material in
Klamath Lake. This humus is apparently stabilizing mineral salts,
regulating absorption of minerals by the alga, two functions performed
by chelators, and also supplying various essential elements (Peek,
1963, p. 123-124).

There were two reasons for utilizing factorial experiments in
this investigation. First, a determination of the presence of inter-
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actions could be obtained and this determination reveal which factors
would have to be considered in relation to the other factors involved
in the physiology of the alga. Second, if a factor was not involved in

an interaction, an examination could be made of the necessity for this
factor in the physiology of the alga. If variation in the level of this
factor did not affect the growth and morphological condition of the alga,

it could then be eliminated from future experimental consideration.
The results (Table 17, 18) of an examination of all possible two-

way interactions between components of the ASM No. 8 medium illus-
trated the complexity involved in the examination of the nutrient re-
quirements of Aphanizomenon. None of the ions or compounds in the
medium could be eliminated from consideration and so many inter-
actions existed that a determination of the mineral requirements of
the alga was more involved than originally anticipated. In fact, the
concentration of one ion could easily affect the concentration of many
other ions (Gerloff, 1963).

Interactions between individual ions or compounds (sulfate,
cobalt, copper, iron, Tris and Arnon's C13 solution) and light intensi-
ty (Table 16) could be explained by assuming some photochemical

reaction was necessary for their utilization (Brauner, 1956 and
Simonis, 1960). In addition to interactions between individual ions and
light intensity, there was an apparent relationship between light in-
tensity and the interactions between ions (Table 17, 18). For example,

at lower light intensities no interaction was present between anions
such as sulfate and nitrate, or sulfate and phosphate (Table 17), but at
higher light intensities positive interactions existed (Table 18).

Differences in interactions between ions with changes in light intensity,

such as those for sulfate and nitrate and sulfate and phosphate, were
also observed for ions such as sulfate-potassium, sulfate-iron,
nitrate -bicarbonate , nitrate - zinc , phosphate -cobalt, phosphate -iron,
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potassium-cobalt, bicarbonate-boron and for interactions between ions
and compounds such as sulfate-Tris, sulfate-EDDHA, magnesium-
EDDHA, boron-Tris, manganese-Tris, copper-Tris, iron-Arnon's
B7 solution, iron-Arnon's C13 solution and iron-Arnon's solution B7
plus C13 (Table 17, 18).

A. flos-aquae exhibited better growth and morphological con-
dition than that obtained in the control when single ions or compounds

were omitted from the medium, except in the case of calcium, bi-
carbonate and Na

2
EDTA (Tables 17, 18). McLachlan (1957, p. 108)

noted that calcium was essential for the growth of Aphanizomenon.

In this study, however, an experiment demonstrated that when calci-
um was omitted in combination with MgSO4, the yield and condition of

the alga were identical to that obtained when both were added in the

control. If calcium were omitted and MgSO4 added, however, the

yield was significantly less than in the control and the condition of the
material correspondingly poorer. The interaction would probably be

between calcium and magnesium as such an interaction has been re-
ported by Vishniac (1955) and Provasoli (1958). Provasoli and co-
workers (1953) concluded that calcium and magnesium are inter-
changeable in marine algae. The response observed when both calci-
um and MgSO4 were omitted from the medium could be the result of
the maintenance of a constant magnesium/calcium ratio which has
been reported to be important for certain algae (Provasoli, 1958).
Volk (1967, p. 93-94) found that there was an interaction between mag-
nesium and calcium which presumably affected the solidity or viscosity
of sheath material and thus the dry weight of Anabaena spiroides.

A significant three-way interaction was found between calcium,
MgSO4 and K2HPO4. When comparisons were made between the effect

of the levels of calcium and MgSO4, the concentration of K2HPO4 was

held at the control level. Potassium would probably be the ion
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involved in the interaction rather than phosphate since Vollenweider
(1950) found that potassium interacted with calcium and magnesium
in the culture of diatoms. Further experiments are needed, however,
before the details of this interaction can be confirmed.

Two-way interactions were also present between calcium and
boron, zinc, copper and iron. There have been no reports of inter-
actions between calcium and zinc. Boron has been related to the
concentration of calcium (Reeve and Shive, 1944) and has been shown
to effect calcium uptake in soybean (Minarik and Shive, 1939), and

Lupinus (Henderson and Veal, 1948) and the mobility of calcium in
vascular plants (Hewitt, 1963). Interactions have also been found
between calcium and copper in the growth of Trifolium (Greenwood

and Hallsworth, 1960) and between calcium and iron (Wallace and

Hewitt, 1946 and De Kock et al. , 1960). In every instance, the
omission of calcium in combination with the other ions resulted in
better growth and morphological condition of A. flos-aquae over that
obtained in medium minus the individual ions. A number of theories
can be advanced to explain these results; (1) the elimination of calci-

um individually, resulted in the loss of an antagonist and the other
ions were in concentrations toxic to the alga; (2) the removal of calci-
um made available an active site on an enzyme which was then occu-
pied by one of the other ions and this led to a reaction product un-
available to the alga; (3) the removal of calcium and one other ion
effectively reduced the ratio of monovalent to divalent ions which has
been shown to be important in certain algae (Provasoli, 1958).

A number of ion interactions found in this study have previously
been reported for other plants. For example, there were interactions
between zinc-iron (Wallace and Hewitt, 1946 and Hewitt, 1948), manga-
nese-iron (Wallace and Hewitt, 1946, Hewitt, 1948 and Kirsch et al. ,

1960), iron-nickel, iron-chromium, iron-molybdenum and iron-
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vanadium (Wallace and Hewitt, 1946) and nitrate-molybdenum (Fogg

and Wolfe, 1954 and Hewitt, 1954). In the culture of A. flos-aquae,
the latter five interactions could be accounted for by the interaction
between iron and Arnon's B7 solution (Table 17, 18) which supplied

these ions. Tris interacted with a number of ions (Table 17, 18) in
addition to potassium as has been noted by McLachlan and Gorham

(1961). Several interactions that are reported in the literature were
not found in experiments on Aphanizomenon. These included bi-

carbonate-iron, cadmium-iron, copper-iron (Wallace and Hewitt,
1946) and potassium-phosphorus (Richards, 1938, Schwabe, 1951 and

Njoku, 1957) and boron-potassium (Reeve and Shive, 1944). Allen and

Arnon (1955) demonstrated that sodium was an essential element for
the growth of Anabaena cylindrica and that there was an apparent
interaction between sodium and potassium. No examination was made

of the effect of sodium on the growth and morphological condition of

Aphanizomenon because all of the salts used as substitute compounds

(e. g. , Na2SO4 for MgSO4) were sodium salts.
The nitrogen metabolism of the alga was examined because of a

report of its ability to reduce acetylene (Stewart et al. , 1967) and to

see if Aphanizomenon was capable of utilizing nitrite in place of

nitrate. The substitution of nitrite nitrogen for nitrate had been previ-
ously reported for Chlorella (Ludwig, 1938) and for Aphanizomenon
(McLachlan, 1957).

The mean yield of A. flos -aquae was significantly reduced by
culture in medium minus nitrate (Table 20) but the morphology of the
alga was unchanged. Maximum yield of Aphanizomenon was obtained

when material was cultured in medium containing 80 mg of NaNO 3/

liter (13 mg of nitrogen/liter), a measurement close to the 15 mg of
nitrogen/liter optimum determined by McLachlan (1957, p. 61).

McLachlan (1957, p. 62) noted that nitrite did not have a
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detrimental effect on Aphanizomenon and that it could be a substitute

for nitrate although he stated that bacteria present in his algal ma-
terial could have formed nitrate from the nitrite. In this study,

nitrite had an adverse effect on A. flos-aquae as material lysed in
medium containing higher concentrations of nitrite, and in addition

nitrite was not an effective substitute for nitrate at the lower concen-
trations (Table 25). The inhibitory effect had been observed in the

nutrition of Chlorella but in lower concentrations (0. 001 M) nitrite

served as a nitrogen source (Ludwig, 1938).
The yield of Aphanizomenon was not affected by increasing the

concentration of iron as EDDHA (Table 26) or the concentration of
Vitamin B12 (Table 27) in ASM No. 8a, with or without nitrate nitro-

gen. In both instances, the addition of nitrate nitrogen resulted in a
significant increase in the yield of the alga (Table 26, 27).

A. flos-aquae was apparently capable of reducing acetylene and
the contaminant bacteria were not (Table 28, 29). Since acetylene

reduction is closely correlated with nitrogen fixation, there is a high
probability that Aphanizomenon is a nitrogen fixer. Acetylene re-
duction was independent of the iron concentration, but a higher rate of
ethylene production was obtained with the addition of Vitamin B12 at

higher concentrations (Table 29). The relationship between Vitamin

B12 and acetylene reduction could be simply a response of the organ-
ism to an increase in the concentration of cobalt. Vitamin B12 has

been found to be a source of and a substitute for cobalt in nutrition
experiments (Holm-Hanson et al. , 1954 and Okuda and Yamaguchi,

1960). Additional experimentation is needed before a definite statement
can be made that Aphanizomenon does fix nitrogen.

The analysis of the more specific mineral requirements of A.
flos -aquae was postponed until an examination could be made of the

effect of such factors as pH, media, light, temperature and their
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interactions.
The fact that A. flos-aquae not only tolerated a wide range of

pH but also exhibited the same growth for this range can be related
to field observations. The pH of the water when blooms occurred in

Upper Klamath Lake was reported to be from 7. 2 to 9. 8 (Phinney,
Peek and McLachlan, 1959). In the laboratory, Aphanizomenon
showed the same growth and morphological condition at pH 6. 9 to 9. 2

(Table 31, 33). These results indicate that the alga does not require
an optimum pH for growth as reported by Trukhin (1960) (pH= 8. 0) and

O'Flaherty (1966) (pH = 7. 7 in ASMT No. 9). The recent success in
growing A. flos-aquae at a wide range of pH may be due to the
presence of a more stable iron source (EDDHA) in the medium.

Jacobsen (1951) reported that with increasing pH the concentration of

iron chelated by EDTA was decreased. The high alkaline pH ob-

served in Klamath Lake was probably due to the utilization of bi-
carbonate by the algae. Peek (1963, p. 76-80) found that humic water

did not have an exceptional buffering capacity and that the pH of the

culture medium containing humic water increased with the growth of
Anabaena cylindrica as was true in the culture of Aphanizomenon
(Table 31, 33).

No examination was made of the growth of A. flos-aquae in a
wide range of acid pH. Prescott (1962, p. 528) noted one instance of
Aphanizomenon growing in a lake with an acid marginal mat. In

Klamath Lake, the pH of the water when blooms occurred has been
reported to be in the alkaline range (Phinney, Peek and McLachlan,
1959 and Phinney and Peek, 1964).

Significant interactions were discovered between factors such as
type of medium, culture location and temperature at which Aphani-

zomenon was cultured (Table 36) and between culture location, temper-

ature and light intensity at which the alga was grown (Table 36). In
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order to examine individual effects of one factor, or effects of two of
these factors acting together, the other factor or factors involved
were held constant. Conclusions reached for the effect of one or more
factors are only valid for that constant level or levels of the other
factors. This technique has been used to make comparisons of
interest and also to illustrate the complexity involved in the ecology of
the alga. For example, when the medium was held as ASM No. 8a,
the culture location as the north window and light intensity at night at
60 ft-c, there was a significant increase in the yield of the alga with
an accompanying increase in temperature (Table 37). An uncontrolled
variable entered into this consideration, that being the effect of the
variation in day length and light intensity supplied by natural daylight
in the window (Table 37). This effect was negligible, however, as
there was no significant difference between mean yields of the alga

ASM No. 8a at 15 C in the control location and any of the

other four locations (Table 37). This result indicated that the ad-
dition of natural light caused no increase in the mean yield over that
obtained under artificial illumination alone, providing the medium was
ASM No. 8a and the temperature was at 15 C. This observationwould

probably not hold true if the medium or temperature was changed
along with the culture location.

In another experiment, there was a significantly greater yield
of Aphanizomenon when the alga was cultured in ASM No. 8a, and the

light intensity at night in the north window was increased from 60 to
80 or 120 ft-c or increased to 80 or 120 ft-c with a concurrent in-
crease in the temperature to above 18 C. Later experiments (Tables
41, 43, 44) showed that there was no significant difference in the
growth of Aphanizomenon that could be related to light intensity.

Several important points to be considered in explaining the apparent
discrepancy in these results are the difference in culture location and
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the fact that the alga was grown under two different sets of conditions.
The use of growth chambers was advantageous in the factorial

experiments because this equipment allowed for a narrower mainte-
nance of temperature range and light intensity than that possible at
room temperature. An experiment conducted in the chambers re-
vealed that there was no interaction between light intensity, tempera-
ture and culture location but that a significant three-way interaction
existed between the type of medium, light source and temperature
(Table 40). The emission spectrum for the warm white and cool
white fluorescent tubes revealed that the former had a much wider
spectrum in the area of absorption of phycocyanin than the latter.
Unfortunately, a closer examination was not made of the effect of the
light from these two types of light sources on the growth of the alga.
The pre-test choice for the LSD test was to examine the differences
in the yield of the alga in ASM No. 8 and ASM No. 8a. This com-
parison indicated that the yield of Aphanizomenon in ASM No. 8a was
significantly greater than that in ASM No. 8, under light from cool
white tubes at a temperature of 15 C, and this result was later veri-
fied (Table 43). These observations could account for the difficulties
encountered in earlier attempts (O'Flaherty, 1966, p. 90) to obtain
growth of Aphanizomenon in ASMT No. 8 under illumination from

artificial sources alone. Obviously under those conditions, ASMT
No. 8 was not suitable for the growth of Aphanizomenon.

In other experiments, the alga exhibited the same growth and
morphological condition after culture at light intensities of 40, ap-
proximately 70 or 110 ft-c (Table 42, 44). These intensities are con-
siderably lower than those observed in the north window (Table 1) and

also those reaching the surface of Klamath Lake. Intensities in the

north window ranged up to 300 ft-c, however, these were inter-

mittent and variable. Under artificial sources alone, the alga
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exhibited chlorosis, loss of the colonial flake form or lysis at intensi-
ties above 140 ft-c. The alga showed best growth and morphological
condition after culture at intensities of 60 to 80 ft-c under illumi-
nation from artificial sources alone. The blue-greens have always

been cultured at relatively low light intensities and Aphanizomenon

had demonstrated a requirement for these low light intensities (Mc-
Lachlan, 1957). Volk (1967, p. 104) found that light intensities above
120 ft-c retarded the growth of Anabaena spiroides. Underwater

light found in nature is difficult to simulate in the laboratory (Fogg,
1965, p. 9). Some attempts have been made in the field to examine

changes in light in relation to water depth (Sakamoto and Hogetsu,
1963). The growth of Aphanizomenon in the north facing window at

higher light intensities would suggest a relationship with photoperiod.
No attempt was made to examine the effect on the alga of a photo-

period at higher light intensities. Under light at 60 ft-c for a photo-
period of 12 hours, however, the mean yield of A. flos-aquae was
identical to that obtained under continuous light at 60 ft-c (Table 41).

Experiments are needed of the effect on the alga of higher light in-

tensities for photoperiods of different durations.
Aphanizomenon had demonstrated a definite requirement for a

temperature of 15 C when grown in ASMT No. 8 (O'Flaherty, 1966, p.

91). McLachlan (1957, p. 110-111) indicated that temperature had little
effect on the growth of the alga, but that a lower temperature seemed
to favor greater growth. When grown in ASM No. 8a, the alga ex-
hibited the same amount of growth and morphological condition at

temperatures of about 15 C and 20 C. Hammer (1964) reported that
Aphanizomenon was rarely present in the natural habitat until the
temperature had risen to 20 C and that the temperature during blooms

was 22. 5 to 26. 5 C. In an ecological study of Klamath Lake, however,

Phinney, Peek and McLachlan (1959) observed that blooms of
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Aphanizomenon appeared in April and May at temperatures as low as
14 C and persisted in October when temperatures were 5 and 10 C.
The over-all temperature range during blooms in Klamath Lake was

from 5 to 28 C. Due to physical limitations, no examination was made

of a wider range of temperature tolerances of the alga above 20 C and
below 15 C.

Although pure cultures of Aphanizomenon were not obtained,

the use of antibiotics to eliminate bacteria has shown some promise.
The bacteria are in close physical association with the alga and a
mutually beneficial relationship may exist between the alga and the

bacteria. In a basically inorganic medium, the alga is definitely pro-
ducing a substrate for the bacteria and the bacteria could be supplying
the alga with some required nutrient or vitamin. Kain and Fogg (1958)

found that Asterionella japonica would not grow in the absence of the

bacteria. Tchan and Gould (1961) have indicated that the algae some-

how protect the bacteria from antibacterial agents. It may not be

possible to eliminate successfully the bacteria from their association
with Aphanizomenon.

Ultraviolet irradiation was used successfully to obtain a pure
culture of Aphanizomenon (Gerloff, Fitzgerald and Skoog, 1950) but

with an accompanying loss of the typical morphology (McLachlan,
1954, p. 76). Gerloff et al. (1950) reported that A. flos-aquae was
exposed to irradiation for periods of 5 to 30 minutes and was cultured

at light intensities of about 500 ft-c. On the basis of experiments con-

ducted in this investigation, the loss of the colonial flake form in
Gerloff's study was probably the result of overexposure of the organ-
ism to ultraviolet irradiation and the subsequent culture of the alga

at this high light intensity. In this study, exposures for periods over

30 seconds have been sufficient to cause the loss of morphology and

even lysis. Light intensities greater than 140 ft-c have also caused
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loss of the colonial flake form and lysis.
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SUMMARY

A strain of A hapLizorrieLIon. flos -aquae Born. et Flah. has been

introduced into culture in completely defined media and maintained
since August of 1964. It exhibits the planktonic, colonial flake form
found in nature, and both heterocysts and akinetes are present. The

color and size of the flake and general appearance of the cells is sub-
stantially improved over that found at the time of collection in Upper
Klamath Lake, Klamath County, Oregon.

Originally, A. flos-aquae was grown in a medium designated
ASMT No. 8, a modification of the ASM of McLachlan and Gorham.

ASMT No. 8 contained no organic substances other than disodium
ethylenedinitrilotetra-acetate (Na2EDTA) and Tris(hydroxymethyl) -
aminomethane (Tris). Experiments demonstrated that Tris was not
essential for the growth of Aphanizomenon and the medium minus

Tris was designated ASM No. 8. Factorial experiments indicated
that better growth and morphological condition of the alga were ob-
tained in media containing combinations of ferric chloride, Na

2
EDTA

and the iron source, hydrogen ferric ethylenediamine di-o-hydroxy-
phenylacetate (EDDHA). Best growth and condition of the alga was
obtained in a medium designated ASM No. 8a which contained 0. 54 mg
of ferric chloride, 3. 0 mg of Na2EDTA and 0. 07 mg of iron as
EDDHA /liter. A. flos-aquae has been grown in ASM No. 8a for a
year and a half. The role of the chelators can be related to that of
the humic material deposited in Upper Klamath Lake. This humate

acts as a chelator and a source for iron as well as a chelator for a
number of the macronutrients.

Factorial experiments gave evidence for the existence of
significant interactions between factors which affect the growth
and morphological condition of the alga in culture. These
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factors corresponded to environmental conditions affecting the growth
of the alga in the natural habitat. Interactions were found between

different mineral ions and light intensity, between light intensity and
temperature, between different media, temperature and location,
between culture location, temperature and light intensity and between
different media, temperature and the type of light used for the culture
of the alga.

Growth rate experiments and an analysis of covariance of re-
gression coefficients demonstrated that there was no significant
difference between the growth rate of A. flos-aquae at different pH,

temperatures or light intensities. The alga exhibited the same
growth and condition at pH from 6. 9 to 9. 2 corresponding to pH from
7. 2 to 9. 8 obtained for blooms of the alga in Klamath Lake. Stock

cultures of the alga were maintained at pH from 7. 0 to 7. 5 in ASM No.

8a. There was no significant difference in the growth or condition of
Aphanizomenon after culture at temperatures of about 15 and 20 C.
Although a wide range of temperatures was not tested, the alga ap-
peared to be unaffected by temperature. Blooms have been reported
in Klamath Lake at temperatures from 5 to 28 C. The alga also ex-
hibited the same response after culture under light from artificial
sources at light intensities of 40, approximately 70 and 110 ft-c.

Light intensities above 140 ft-c were inimical to the alga when
illumination was continuous from an artificial source. The alga

showed growth and maintenance of morphological condition in a north
facing window with light from natural daylight and artificial sources
at intensities up to 300 ft-c for normal photoperiods at the latitude of
Corvallis, Oregon. No experiments were conducted to determine if
a relationship existed between photoperiod and higher light intensities
from artificial sources.

Preliminary investigations have shown that A. flos-aquae was
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able to reduce acetylene and that contaminant bacteria apparently
were not. In addition, there was an indication that the rate of acety-

lene reduction was increased in relation to increasing concentrations
of Vitamin B12 (cobalamin). More experiments are needed to closely
examine this effect and to determine whether it is related to the
concentration of cobalt. Further experiments must be conducted
using both acetylene reduction and N15 enriched nitrogen before a
definite statement can be made that Aphanizomenon does fix nitrogen.

The growth of A. flos-aquae was definitely related to the
concentration of nitrate nitrogen. There was a significant reduction

in the mean yield of the alga when nitrate was omitted from ASM No.

8a, but the morphology of the alga was unchanged. Nitrite nitrogen
could not substitute for nitrate in the metabolism of the alga and
higher concentrations of nitrite were toxic to A. flos-aquae.

There was an indication that the concentration of phosphate
phosphorus was not significantly related to the successful culture of
the alga. Once again, more experiments are needed to examine the
effect of the concentration of this ion before a definite statement can
be made about its effect on the alga.

Bacteria-free cultures of Aphanizomenon were not obtained
despite purification attempts using pasteurization of akinetes con-
tained in bottom sediments, ultraviolet irradiation and chlorine treat-
ment. A screening test using antibiotics made on both the alga and
contaminant bacteria exhibited some promise that treatment with one
or two antibiotics will inhibit the bacteria without apparently killing
the alga.
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