


ABSTRACT
INVESTIGATION OF EXTRAMETABOLITES
PRODUCED BY ALGAE IN CULTURE

by Elaine H. Hurst

Four species of algae, Microcystis incerta Lemmer-

mannii, Nostoc sp., Oscillatoria rubescens de Candolle, and

Oscillatoria Agardhii Gomont, were isolated and cultured.

The first three of these plus Microcystis aeruginosa Kuetz.

emend Elenkin (Strain NRC-1), Aphanizomenon flos-aquae (L.)

Ralfs (Strain NRC-23), and Anabaena flos-aquae (Lyng.) De

Brébisson (Strain NRC-44) were tested for the production of
inhibitory extrametabolites against several non-algal orga-
nisms. The blue-green algae were not bacteria free. The

non-algal organisms included: the fungi, Glomerella cingu-

lata (Stonem.) Spauld. and Schrenk, Fusarium oxysporum

Sclecht. ex Fries, Rhizopus nigricans Ehrenberg, + strain,

and Trichophyton rubrum (Castellani) Sab.; the yeast,

Candida albicans (Robin) Berkh.; and the bacteria, Staphylo-

coccus aureus Rosenbach, Escherichia coli (Migula) Castellani

and Chambers, and Pseudomonas aeruginosa (Schroeter) Migula.

Aphanizomenon flos-aquae demonstrated the greatest

activity, inhibiting Rhizopus nigricans and Pseudomonas

aeruginosa slightly. This species showed stronger inhibition
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toward Fusarium oxysporum and Staphylococcus aureus. The

inhibitory activity was shown not to be due to the bacterial
symbionts alone but could have been formed by the combina-
tion of the alga and the bacteria.

Two bacteria were isolated from Aphanizomenon flos-

aquae. These were identified as Bacillus cereus var.

mycoides Flﬁgge comb. nov. Bacillus mycoides Flligge and

Flavobacterium diffusum (Frankland and Frankland) Bergey

et al.
The effect of changing the concentration of nitrogen,

phosphorus and manganese in cultures of Aphanizomenon flos-

aquae was studied. Growth in the control medium, designated
as ASM, was satisfactory. Increasing the concentration of
nitrogen inhibited growth. In the medium containing three
times the amount of available nitrogen growth was inhibited
almost completely. Increasing the amount of phosphorus also
brought about a decrease in growth but the effects were not
as great as in the culture medium containing increased
amounts of nitrogen. Decreasing the amount of phosphorus
made little change in growth.

The manganese concentration appeared to be the limit-
ing factor in the medium used. Growth increased when this
mineral was omitted from the medium. Growth was greatest in
medium containing 0.0005 ppm of manganese indicating that a

small amount of this element was stimulatory.
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CHAPTER 1

INTRODUCTION

The Problem

The natural aging of bodies of water brings about
environmental conditions that are responsible for changes in
numbers and kinds of organisms present in respective ecosys-
tems. Man, because of his changing social structure and his
increase in numbers, has hastened %his aging process by add-
ing ever increasing amounts of sewage, industrial, and agri-
cultural wastes to natural bodies of water. Occasionally
these environmental changes are conducive to an accelerated
growth of aquatic organisms, especially algae. Such an
accelerated algal growth leads to various problems which
effect the economy of man directly or indirectly. One such
problem involves the effects on other organisms of substances
produced by these algae during periods of accelerated growth.
In many parts of the country the only water available for
human use is surface water such as that stored in reservoirs.
The presence of these substances, under certain conditions,
if concentrated, might render sQrface water unfit for human

consumption.



In reference to these problems the objectives of

this study

1.

were:
To isolate and culture several species of blue-
green algae suspected of being producers of such
substances.
To test the spent medium from cultures of these
blue-green algae for the possible presence of
substances inhibitory to selected non-algal
organisms.
To select for further study one of the blue-

green algae which showed inhibitory activity;
these studies to include (a) isolation and
identification of the bacterial organisms
associated with the blue-green alga, (b) inves-
tigation of the possibility that these bacteria
are responsible for the inhibitory activity, and
(c) determination of the effect on growth of the
organism produced by changing the concentration

of the minerals in the medium.



Historical Discussion

The complex interrelationships of organisms in an
ecosystem pose a number of problems which have invited both
speculation and investigation. Not only are the organisms
affected by various factors in the environment but each
organism itself is capable of producing changes in the envi-
ronment. It has been demonstrated repeatedly that organisms
may liberate substances into their immediate surroundings.
These substances are referred to as by-products of metabolism.
Webster's New International Dictionary defines a by-product
as "something produced, as in the course of a manufacture,
in addition to the principal product.'" The results, or
"products," of metabolism are growth, maintenance, and func-
tioning of a living organism. Any unused element or compound
resulting from these metabolic processes, whether it be bene-
ficial to the organism or a waste product, will be considered
as a by-product.

These by-product are called extrametabolites, extra-
cellular products, external metabolites, or free metabolites.
These terms are considered to be synonymous. Lucas (1961)
states that the term “'extrametabolite,! interpreted liber-
ally, could '"include all of the by-products of metabolism."
He further states that all cells, living, or after death,
are capable of releasing metabolic by-products. On the

other hand, Fogg (1962) defines extrametabolites as '"soluble



substances liberated from healthy cells as distinct from
substances set free from injured cells or by autolysis or
decomposition of dead ones." 1In the following work an
extremetabolite will be considered as any by-product of
metabolism released during the life of the organism, after
the death of the organism, or both during life and after
death.

It is relatively easy to detect the role of carbon
dioxide and oxygen in the environment and their effects on
the organisms in an ecosystem. The effects of simple phos-
phates and nitrates, although more difficult to follow, can
also be detected. The effects produced by the more complex
substances on the biota, however, are much more difficult,
if not impossible, to determine and understand. Many such
complex extrametabolites have been isolated and character-
ized chemically including organic acids, amino acids, poly-
peptides, fatty acids, various carbohydrates, enzymes,
vitamins, and auxin-like substances.

Extrametabolites may be either beneficial or harmful
to members of the biota. If an extrametabolite is benefi-
cial it may be referred to as a growth factor or a growth
substance. The usage of these terms is not precise, having
slightly different meanings in various branches of biolog-
ical science. These substances may promote the growth of

the organism from which they originate (auto-stimulant).



It is more likely, however, that their presence in the envi-
ronment promotes the growth of other organisms. As used here
any substance that is an absolute requirement without which
no growth can occur is considered to be a growth factor.
These substances include enzymes and vitamins which regulate
definite metabolic activity in a living organism. A growth
substance is a hormone or auxin-like substance that changes
the form or the rate of growth. Growth, although slow, can
occur in the absence of a growth substance. The presence of
a growth factor, however, increases the total yield. The
term "growth factor' is synonymous with growth stimulator,
growth promoter and growth regulator (Conrad and Saltman,
1963).

A harmful extrametabolite, in the broadest sense,
may be regarded as an inhibitor. An inhibitor is '"an agent
which restrains, checks, or stops an activity in an organism"
(Steen, to be published). Inhibitors are sometimes referred
to as '"toxic substances' or toxins. A precise definition
that is universally accepted is as yet unknown. Microbiol-
ogists define a 'toxin'' as a poisonous product produced by
a microorganism which can induce an antitoxin. Muir states
that the term "'toxin'" is '‘usually applied to the poisonous
products produced by microorganisms though it includes
closely similar poisons of animal and vegetable origin"

(Muir, 1941). More broadly defined, toxins are 'poisonous



substances formed as secretion products of cells' which are
"normal waste products or actual components of cells that
have the power to damage plant and animal cells'" (Wedburg,
1963). Akehurst (1930) defines a toxin as an excretion
product or products which '"'may serve as an accessory food
or may inhibit or stimulate growth," a definition that does
not adhere to the basic interpretation of other researchers.
The suggestion here is that the effect of a toxin may be
gradational, inhibiting or stimulating depending on the
concentration.

Toxins are divided into two ma jor groups depending
upon the mechanism of their release. '"When a living cell
excretes its poison during active metabolism and the toxin
is liberated free into the medium" the toxin is an exotoxin.
If the toxin "is not released except through physical and
biological forces (autolysis) after the death of the cell"
it is an endotoxin (Wedbury, 1963).

In this dissertation the term '"toxin'" refers to any
poisonous substance released during the life of an organism
or/and after the death of the organism. These substances
are capable of inhibiting a specific activity and of produc-
ing a specific pathological change in a specific living
organism or possibly in several species of organisms. In

the most extreme cases death may be induced.



A more specific inhibitor is the antibiotic. Bacte-
riologists define an antibiotic as an antimicrobial sub-
stance produced during the metabolism of a living organism
(Burrows, 1963). The term "“antibiotic' is, therefore, used
to denote substances that exhibit inhibitory activity toward
organisms placed by some taxonomists under the Protista.

The organisms included in this group are Protozoa, bacteria,
Rickettsia, viruses, Actinomycetes, molds, yeasts, and algae
(Whaley, et al., 1964). Inhibitors, as discussed in the
history are produced by a variety of organisms, including
higher plants. These inhibitors in higher plants are not
referred to as antibiotics unless they react on microorga-
nisms.

Antibiotics are referred to more specifically in
terms of the micrborganisms inhibited. If the inhibition is
directed against bacteria it is an antibacterial. It may
be bacteriostatic, reducing or checking growth, or bacterio-
cidal, producing death. Antifungal substances are those
which exhibit inhibitory activity toward fungi; anti-algal
exhibit inhibitory activity against algae. Autoinhibitors
are substances which adversely effect the growth of the
organism producing them.

Agriculture is an old and practical science. Much
of the knowledge in this field has been agquired from obser-

vations made by many generations of farmers. It is not



surprising then that some of the earlier references pertain-
ing to extrametabolites have to do with agricultural plants.
In 1832, de Candolle, interested in improving agriculture,
theorized that poor yields of a crop planted in successive
years on the same soil were the result of inhibitors pro-
duced by the plants themselves. He cited the effects of
Euphorbia sp. on various grasses and of thistle on Avena sp.
He advocated crop rotation using species which were not
inhibited by toxic substances left in the soil by previous
crops. Although based primarily on observation this early
work by de Candolle did cite experimental evidence to sup-
port his theory of crop rotation.

De Candolle cited the work of M. Macaire on kidney
beans. Macaire watered growing kidney bean plants and
collected the water after it had passed through the soil in
which these plants were growing. He found that this water
when applied to younger seedlings inhibited their growth.
The same water had no effect on wheat seedlings. This
experimental evidence suggested that extrametabolites were
produced by the growing plants and that these products were
selectively inhibitory to other plants (cited by Bonner,
1950; by Rose, 1960).

At first Leibig accepted de Candolle's theory but
later abandoned it because exhaustive chemical analyses of

soils suggested that mineral balance in the soil was the



important factor in producing good crop yields (cited by
Bonner, 1950). From the middle of the Nineteenth Century
until the early part of the Twentieth Century plant growth
was interpreted in terms of available minerals. Renewed
interest in the production of toxic substances by plants
resulted after application of fertilizers to low-productive
soils did not increase yields. The literature now contains
numerous references concerning extrametabolites produced
both by plants and animals.

Evidence gf Extrematabolites Produced
by Terrestrial Organisms

Higher Plants

Early reports of harmful interactions between plants
include: (1) the inhibition of shrubby cinquefoil (Poten-

tilla fruticosa L.) by the butternut (Juglans cinerea L.)

(Jones and Myers, 1902); (2) the inhibition of grapes by rye

(Secale cereale L.) (Cubban, 1925); and (3) the adverse

effects on rice produced by common weeds growing in rice
paddies (Peralta and Estioko, 1924). Pickering (1903, 1907)
attributed the injury to apple trees by grass to competition
for oxygen and nutrients in the soil. Later, experimentation
showed that the growth of apple trees was inhibited by some-

thing produced by the roots of the grass (Pickering, 1919).
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In 1907 and 1908, Schreiner and his co-workers iso-
lated picolonic acid, salicylaldehyde, and dihydroxystearic
acid, the first extrametabolites proved to be inhibitory.
These workers also isolated two substances that were inhib-
itory to wheat seedlings. These were vanillin from the

vanilla bean and arbutin from the leaves of Bergenia crassi-

folia Fritsch (Schreiner and Reed, 1907, 1909; Schreiner and
Sullivan, 1909; Schreiner and Shorey, 1909, 1910; Schreiner
and Lathrop, 1911).

From an economic standpoint knowledge of the produc-
tion of extrametabolites would be beneficial. Crop plants
could be selected so that inhibition would not occur or
would be minimal. The knowledge of inhibitory activity
would also be helpful in such fields as horticulture and
landscape architecture where species selected for plantings
should be compatible.

The production of an inhibitory extrametabolite may
have been responsible for the difficulty encountered in
attempts to replant peach orchards. Although not’demon—
strated under field conditions, alcohol extracts of the
roots of old trees remaining in the soil were found to be
toxic to young peach trees (Proebsting and Gilmore, 1941;
Patrick, 1955).

Growth of many cultivated plants is severely inhib-

ited by couch grass (Agropyron repens (L.) Beauv.) whereas

others are not affected. Work by Burmester in 1914 showed
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that this species had no effect on oats if both were germi-
nated at the same time. If couch grass is planted 14 days
before the oats the latter is severely inhibited (cited by
Grilmmer, 1961). Hamilton and Bucholtz (1955), working in an

alfalfa field (Medicago sativa L.) infested with couch grass,

found that the removal of the rhizomes of couch grass re-
tarded the growth of some weeds and simultaneously increased
the seedlings of others. Wedland found that washings from
the roots and rhizomes of couch grass stimulated the growth
of tomato and kale seedlings but inhibited the seedlings of
cereals. Several phenolic substances have been isolated
from the roots and rhizomes of couch grass. An essential
oil, agropyrene, has been found to be antifungal and anti-
bacterial but its effects on higher plants is not known
(Grlimmer, 1961). The work of Wedland suggests that the
study of extrametabolite production might be economically
important in the control of weeds.

Some plants are known to produce auto-inhibitors.

The roots of guayule (Parthenium argentatum Gray) produce an

organic acid, trans-cinnamic acid. In nurseries where plants
grow close together the roots intermingle and development may
be effected. Young plants growing under older plants are
inhibited and there is a high mortality of seedlings. Trans-
cinnamic acid is unstable in unsterilized soil suggesting

that it is destroyed by micro-organisms in the soil (Bonner
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and Galston, 1944). Experimentally this substance was found
to inhibit peas but not tomatoes. In nature the production
of an auto-inhibitor may prevent overpopulation.

A stand of brome grass (Bromus inermis Leyss) may

thin out and eventually die back. Washings from old brome
grass cultures when used to irrigate seedlings proved to be
inhibitory to the seedlings of brome grass (Benedict, 1941).
Lower yields of brome grass were produced in soils in which
this species had been grown (Myers and Anderson, 1942).

The species of plants growing in the vicinity of the

black walnut (Juglans nigra L.) are very different from the

species growing fifty feet away. Davis (1928) identified
the inhibitory substance as juglone, an alkaloid. The inhib-
itor is not produced until the black walnut is about two
years old (McDaniels and Milinscher, cited by Brooks, 1951).
From a practical and from a purely scientific stand-
point an increased knowledge of extrametabolite production
could help ecologists to understand the make-up of plant
communities. The presence or absence of certain species in
certain areas, not explainable by edaphic or climatic fac-
tors, might be related to the production of extrametabolites.
The ecology of desert regions suggests that the sur-
vivial of certain speciesymay be the result of inhibitors
that prevent the growth of other species. In North American

deserts some annual plants grow only beneath shrubs while
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others are found between widely spaced shrubs. The shrub,

Franseria dumosa A. Gray, harbors a growth of annuals but

the composite Encelia formosa A. Gray does not (West, 1942).

Tomatoes, corn and peppers were inhibited when mulched with
the leaves of Encelia. Annuals which normally grow in the
desert shrub associations were also inhibited. No inhibi-
tion of Encelia itself or of barley, oats and sunflower
occurred. In nature the toxin remained active in the soil
two or more years (Went, 1955).

The production of inhibitors also may expla%n why

Ailanthus grandulosa Desf., tree of heaven, is often found

growing in single stands. The leaves of this tree were
found to contain a substance that was inhibitory to 45 spe-

cies of trees but not to Fraxinus americana L., the white

ash, Extracts of the leaves were also toxic to animals
(Mergen, 1959).

An interesting extrametabolite ecologically is para-
sorbic acid produced by the fruits of the mountain ash

(Sorbus Aucuparia (L.)Ehrh.). This acid is released from the

fruits on the ground and provides a small area in which no
other plant can grow thus giving the seedling a chance to
grow without competition from other plants (cited by Garb,
1961).

The type of soil modifies the effect of metabolites.

The glandular hairs of wormwood (Artemisia Absinthium L.)
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secrete a glucoside, absinthin. This substance, washed off
by the rain and distributed, is capable of inhibiting plants
a mile away (Bode, 1939; Funke, 1943). The inhibitory activ-
ity is much greater in sand than in soils containing more
humus. The extrametabolite is probably absorbed by the
organic material rendering it inactive. Four other inhib-

itors have been isolated from this species (Grummer, 1961).

Soil Inhabitors

The relationships between the soil-inhabiting bac-
teria, actinomycetes, fungi, nematodes, earthworms, insect
larvae, algae and protozoa with one another and with roots
of higher plants and humus in the soil are extremely complex.
The soil population reflects the amounts and kinds of food
available as well as the pH, temperature, and the moisture
content. Food includes the extrametabolites secreted by the
organisms into the environment some of which may be inhibi-
tory or stimulatory to specific organisms. The interrela-
tionships within the soil are difficult to study because any
disturbance in the soil itself brings about many changes in
environmental conditions.

Much of the knowledge of the production of extrameta-
bolites by soil-inhabiting organisms has been the result of
man's search for antibiotics. As early as 1878 Pasteur

believed that there must be germ killers among substances
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produced by "friendly'" microbes. He came close to the truth
about antibiotics but his techniques were inadequate (Epstein
and Williams, 1946). Interest in antibiotics continued at
various intensities until the discovery of Penicillin by
Fleming. After 1939 intensive research projects were ini-
tiated and soil samples from all over the world were examined
for organisms that were able to produce useful antibiotics.
Only a few antibiotics have proved to be of clinical impor-
tance. Useful antibacterials may be produced by bacteria,

by higher fungi (molds), by actinomycetes or synthesized.
Those of bacterial origin are bacitracin, produced by

Bacillus subtilis Cohn emend. Prazmowski, tyrothricin, gram-

icidin, and tyrocidine, produced by Bacillus brevis Migula

emend. Ford, and polymyxin, produced by Bacillus polymyxa

(Prazmowski) Migula. The penicillins, produced by Penicil-

lium notatum Westling and P. chrysogeneum Thom, are the most

useful of the antibacterials from the higher fungi. Most of
the antibacterials are produced by the actinomycetes and

include streptomycin from Streptomyces griseus Krainsky,

chloramphenicol, now synthesized, but originally produced
from S. venezuela Ehrlich, Gottlieb, Burkholder, Anderson,
and Pridham, aureomycin (Chlorotetracycline) from S. aureo-
faciens Duggar, terramycin (Oxytetracycline) from S. rimosus
Sabin, Finlay and Kane, neomycin from S. fradiae Waksman and
Curtiss, erythromycin from S. erythreus Waksman, and strepto-

thricin from S. lavendulae Waksman and Curtiss. The
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antibiotic, tetracycline, was discovered during catalytic
reduction studies on aureomycin and is referred to as the
parent compound of aureomycin and terramycin (Sokoloff,
1949; Robinson, 1953; Cooley, 1954; Burrows, 1963).

It is interesting to note that, with the exception
of classic actinomycosis, the pathogenic fungi are not
effected by the antibacterial antibiotics. The converse of
this is also true: bacteria are not appreciably effected
by antifungal substances. Several antifungal substances
used clinically are produced by actinomycetes including

actidione from Streptomyces griseus Krainsky, nystatin, from

S. noursei Hazen and Amphoteric B from S. nodosus Goldstout,

Pagano and Donovich. The mold, Penicillium griseofulvin

Dierckx., produces the antifungal agent, griseofulvin.

The ability to produce an inhibitor would give an
organism a competitive advantage in a community (Brian,
1957). A substantial number of organisms isolated from the
soil are able to produce inhibitors: perhaps many more do.
It must be remembered, however, that even if an inhibitor is
produced it may be released in such small quantities that it
would not be effective. If it is produced in large enough
quantities to be effective it is likely that it would not
spread very far from the site of its release before it would
be absorbed by soil particles or utilized as a source of

food by other organisms to which it was not inhibitory. The
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amounts of extrametabolites produced by organisms in the
soil would certainly not be as great as the amounts produced
in culture media which have been carefully developed to pro-
duce maximum growth.

Many pathogenic organisms find their way into the
soil but do not remain long because they are unable to com-
pete with the free-living, non-pathogenic organisms normally
present in the soil. Undoubtedly they are also destroyed by

extrametabolites produced by soil-inhabitors. Escherichia

coli (Migula) Castellani and Chambers is able to multiply
rapidly in sterile soil but dies out quickly in unsterilized
soil. Hutchinson, Weaver, and Scherara (1943) found that

three strains of Pseudomonas aeruginosa (Schroeter) Migula,

one strain each of Sarcenia sp., Micrococcus sp. and Flavo-

bacterium sp., two actinomycetes and three unidentified non-
spore-forming, gram-negative rods showed antagonism toward
E. coli.

It must be remembered that some substances that are
inhibitory in larger amounts are stimulatory in smaller
acounts. Pringsheim (1949) found that on agar plates Corny-

bacterium diphtheriae (Fligge) Lehmann and Neuman, the
g8 ’

causative organism of diphtheria, was inhibited by a strain

of Bacillus mesentericus-vulgatus Flugge. Beyond the zone
g8 y

of inhibition the diphtheria colonies were larger than normal
showing that small amounts of the inhibitory substance acti-

vated growth.
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Protozoa make up only a small part of the living
organisms in the soil. They exist either in the trophic or
the encysted stage depending on the conditions in the environ-
ment. Crump (1950) found that the excystment of a soil
amoeba occurred in the presence of two strains of bacteria
belonging to the genus Aerobacter. Evidently the bacteria
released an extrametabolite that caused the return to the
trophic state.

Interrelationships Between Soil
Organisms and Higher Plants

This brief discussion points out the complex situa-
tion encountered by a soil microbiologist when he attempts
to find some éf the answers to the relationships between the
soil-inhabiting organisms. Add to the organisms already
present in a parficular environment the growing roots of the
higher plants and a whole new set of problems is created.
The roots determine the population in their immediate vicin-
ity. Those organisms closer té the roots have lower syn-
thetic abilities and are more dependent on the extracellular
products given off by the roots. Rovira (1956) identified
numerous amino acids and sugars from media containing sterile
root systems. The release of these materials make it possi-
ble for root-invading organisms to be more competitive with
the less selective saprophytes, and, therefore, they are able

to grow. The population near the roots of higher plants, the
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rhizosphere, is always greater than it is in root-free soil
(Rangaswami and Vasantharajan, 1962).

Recent studies of the rhizosphere of crop plants
have resulted in valuable information on the ecology of soil
organisms. The nematode population is governed by the amino
acid concentration in the soil. Some nematode species grow
better in soil in‘'which grains are grown whereas others
occur in soil where legumes are grown (Henderson and Katznel-
son, 1961). Stevenson (1960) reported that root-rot of
wheat was controlled to some extent by the antibiotic activ-
ity of actinomycetes. Buxton (1960) reported that root zone
conditions are favorable for the production of minute but
effective amounts of inhibitory substances. He found that
pea root extract enhanced the ability of rhizosphere fungi

to inhibit Fusarium oxysporum.

Not only does the invading root effect the organisms
present in the soil but these organisms do, in turn, effect
the higher plants. Polypeptide enzymes, which are extra-
cellular products of many soil organisms, can injure the
root tissues at low concentrations. The polypeptides are
quickly absorbed at particular sites on the root surfaces
bringing about a change in permeability whi;h then allows
leakage of cell metabolites (Norman, 1955, 1960). The dam-
age to the root tissue is irreparable and these areas serve
as portals of entry for the weakly pathogenic pathogens

which have the ectotrophic habit unless they are antagonized
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by some antibiotic (Norman, 1960).
One of the most interesting groups of organisms that
inhabit the soil are the nitrogen-fixers. These include the

free-living bacteria belonging to the genera Nitrosomonas,

Nitrobacter, Azotobacter, and a few Closteridium, several

blue-green algae, and the nodule producer, Rhizobium
(Thimann, 1955). Recent research has been aimed at a better
understanding of the biochemistry of these organisms. Spe-
cies of Rhizobium invade the roots of legumes after the host
roots secrete a substance that stimulates the infective
process. Nodulation of younger plants is stimulated by the
additions of solutions which have been in contact with the
roots of older plants (Thornton, 1929a, 1929b; Clark, 1957).
Elkan (1961) found that root excretions of mutant non-nodulat-
ing soybeans decrease the nodulation of normal plants. Other
inhibitory actions with reference to the nitrogen-fixers
include the reports by Nickell and Burkholder (1947) that

Azotobacter was inhibited somewhat by the actinomycetes in

the soil, and one by Chan et al. (1963) which described the

inhibitions of Azotobacter by soil and root extracts of oats,

soybeans and wheat.
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Aquatic Organisms

In observing aquatic environments it is easy to see
the changes that occur from season to season and even from
day to day. Many changes in the population are responses to
the seasonal changes but there are many that are not under-
stood. 1In aquatic habitats extrametabolites may be carried
farther from their origin and thus produce effects at greater
distances than those produced by terrestrial organisms. On
the other hand extrametabolites may be dispersed and diluted
to such an extent that they have no apparent effect on the

environment .
Protozoa

The protozoa are important inhabitors of aquatic
environments. Very little is known of the interrelationships
between the various protozoa and between the protozoa and
other members in the community. Most of the facts pertaining
to the physiology of these organisms have been obtained from
work carried out in culture and may or may not be pertinent
to their natural ecology.

An important factor in the survival and distribution
of protozoa is the ability to encyst. Many factors in the
environment, including lack of oxygen and food, extremes in
temperature, and evaporation of water are responsible for

encystment. Several investigators have reported encystment
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as a response to the accumulation of metabolic products
(Bela, 1921; Mast and Ibara, 1923; Beers, 1926: cited by
Kudo, 1951). Others have reported that encystment occurred
when certain bacteria were present (Mouton, 1902; Belar,
1926: cited by Kudo, 1951).

Likewise excystment has been reported to be caused
by substances in the culture medium. Thimann and Barker
(1934) and Haagen-Smith and Thimann (1938) reported that

Colpoda cucullus Muller excysted in response to specific

substances from plant infusions. Beers (1945) reported that

the primary cause of excystment in Tillinia magna Griliber was

a change in osmotic pressure and that the secondary cause
was inducing substances in the medium.

Among species of Ciliata which undergo various types
of sexual reproduction, such as autogamy and conjugation,
there seems to be several mating types. Sonneborn (1943)

identified seven varieties of Paramecium aurelia Ehrenberg.

His experimental work showed that some types of this species,
"sensitive'" types, were killed by a substance liberated into
the medium by other races or types. The types that produced
this substance were called "killers' and were immune to this
substance. The extrametabolite was called paramecin and was
identified as a desoxyribonucleo-protein. Evidence of another
extrametabolite was found by Kimball in cultures of Euplotes

patella Muller. He found that water taken from the medium in
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which Euplotes were conjugating would induce conjugation in
other mating types (Kimball, 1942, 1943). Culture medium

from some varieties of Paramecium bursaria Ehrenberg brought

about autogamy in single animals (Chen, 1945).

Metz (1949) reported that mating activities involve
substances present on the surface of the cilia. The inter-
actions of that substance results in mating. Subsequent
investigations suggested that the substance is a protein
because the mating activity was destroyed by the addition of
proteolytic enzymes (Metz and Butterfield, 1951). 1In one

protozoan, Nycotatherus cordiformis Ehrenberg, conjugation

takes place only among those individuals that live in meta-
morphosing tadpoles. This suggests that some extrametabolite
produced by the tadpole is responsible for conjugation.in
this species (Wichterman, 1926).

Asexual reproduction in protozoa occurs by binary
fission. Robinson, in work done between 1921 and 1926, found
that the division rate of Enchelys and Colpoda was increased
as much as t?n times when more than one animal was present.
He assumed that an agent was secreted into the medium and
that the concentration was increased when more than one
animal was present. Mast and Price confirmed these results

for Chilomonas paramecium Ehrenberg (1939) but Phelps (1935)

found that this was not true for Tetrahymena.
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Higher Animals

Fish in overpopulated lakes and ponds are stunted.
The lack of growth has been attributed to various factors
such as insufficient food and lack of living space. From
observation and experimentation it would seem that one fac-
tor in the retardation is the production of inhibitory
extrametabolites. Vernon (1899) found that culture water
from a species of sea urchin inhibited the larvae of the
same species and the growth of closely related species
while that of more distantly related species was stimulated.
Evidently the extrametabolite promoted the growth of some
species while inhibiting the growth of others.

The lack of growth and delay in metamorphosis of
frogs grown in culture has been attributed to several factors.
Young (1878, 1885), attributed the effect on metamorphosis to
lack of aeration. Adolph (1931) attributed the lack of
growth to the fact that tadpoles do not feed as readily in
crowded cultures as they do in uncrowded situations although
food is available. Lynn and Edelman (1936), rather curiously,
attributed the lack of growth to crowding itself. Rugh
(1934) concluded that the rapid movement of tadpoles after
collisions expended energy that might otherwise have been
used for growth. Altogether Rugh listed ten factors as
possible reasons for the effect of growth, one of which was

the production of growth inhibiting substances (autotoxins).
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Rose (1960) found that tadpoles of Rana pipiens

Schreber grew at different rates and that, although all grew
after hatching, only the most rapidly growing and largest
survived to metamorphose. The stunted ones stopped growing,
failed to eat and died if left with the larger. He found
that by withholding food from the larger the water did not
become inhibitory to the smaller. Evidently the higher the
metabolism the greater is the amount of inhibitor produced.
Large tadpoles which naturally have a higher metabolic rate
can make the culture water inhibitory in a few minutes.
Experimental evidence indicated that in all cultures varying
in size from 1 to 75 liters the small grew more slowly than
the larger and some failed to metamorphose. The inhibitor
appears to be long lasting and proteinaceous in nature. The
presence of other organisms and ultraviolet light reduce the
inhibitory effects (Rose, 1961).

Richards, working with this same species, found that
the inhibition was associated with large particles, larger
than bacteria. She found that treatments that destroyed
cells removed the inhibitory products (Richards, 1958).
Later she found a cell, perhaps an alga, to be present in
the intestines of the growing tadpoles. The source of the
inhibitory substance was also the intestine. This cell was
not present in the intestine of another tadpole belonging

to the genus Scaphiopus. The cell was introduced into cul-

tures of Scaphiopus with the result that species specific
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inhibition was produced. Cultures of Scaphiopus were inhib-

ited by water from cultures in which Scaphiopus tadpoles had

been living but not by water from cultures of Rana sp. (cited
by Rose, 1961). 1In culture three urodels, three fish and the
snail, Physa, failed to inhibit the growth of the tadpoles.
In most cases growth increased perhaps because the inhibitors
were removed or at least neutralized by these organisms.
Brown (1946) has reported the same phenomenon for

trout, Salmo trutta Linn. Fry grown under favorable condi-

tions show a great variation in size within a few months.
The smaller ones when separated from the larger showed this
same variation within a few months. Something was produced
by the larger trout that inhibited the growth of the smaller
as was evidenced by the fact that it was the smallest that
exhibited the most marked retardation. In both groups the
smaller eventually died.

Breder and Coates (1932) found that in a 5.5 liter

aquarium at first containing 50 guppies (Lebistes reticulatus

Peters) no more than nine ever survived. If the water was
not changed no amount of feeding prevented infanticide and
cannabalism. The slow swimmers were chased relentlessly
while the fast swimmers were not molested. Slowness may be
the result of extrametabolites released into the water. The
addition of unrelated species to the aquarium increased the

survival of the guppies.
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Similar results have been obtained with White Cloud

Mountain fish (Tanichthys albonabes Lin.). Never more than

20 hatched eggs reached the one-centimeter size. After
feeding started the smaller stopped eating and eventually
died even when food was plentiful. If only twenty fish were
allowed to remain in an aquarium all survived. Similarly

not more than fifteen Barbus tetrazona (Puntius partipen-

tazona Fowler) of a spawning of over 200 survived to the
one-centimeter size in a 15 liter aquarium. More survived
if half of the water was replaced two or three times daily
indicating that dilution of the inhibitor reduces its effec-
tiveness (cited by Rose, 1959). The literature contains
many more examples of inhibitory substances which are pro-

duced by animals.

Algae

Evidence of Extrametabolite Production
in General
Algal populations vary from one body of water to
another and from season to season. This variation seems to
be primarily the result of chemical factors in the water but
physical and biological factors are also important. Akehurst
(1931) was one of the early observers of the seasonal distri-
bution of algae in small ponds. He found that the oil-produc-

ing species belonging to the Bacillariales, Chrysophyceae,
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Heterokontae, and Chloromonadales occurred in the largest
numbers in the spring and that their numbers decreased during
the summer. This decrease was accompanied by an increase in
the starch-producing groups, the Myxophyceae, Eugleninae,
Isokontae, and Cryptophyceae. He believed that the oil-
producers secreted a substance that limited its own growth
while at the same time stimulated the growth of the starch
producers. This product would, therefore, be an inhibitor
and a growth substance or growth promotor.

The fluctuation of planktonic populations in both
fresh water and marine environments has been investigated
many times and the investigators have attempted to correlate
their findings with observed factors in the environment.
Harvey (1935) suggested that theA&ecrease in phytoplankton
was caused by overgrazing by zooplankton. Observations by
Hardy and Gunther (1935) and Harvey (1936) led these inves-
tigators to believe that during periods of phytoplankton
domination animals move away from the area because the
environment becomes unfavorable to their growth. They
believed that chemicals produced by the phytoplankton were
detrimental to the zooplanktonand were responsible, there-
fore, for the scarcity of animals. Lucas (1938, 1947, 1949)
concluded that the relative amounts of phytoplankton and
zooplankton were the results of external metabolites which
were able to stimulate the growth of some species while

inhibiting the growth of others. Ryther (1954) found that
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Daphnia stopped feeding and eventually died in a senescent
culture of Chlorella but continued to grow and reproduce in
an actively growing Chlorella culture. His work thus sub-
stantiated that of previous investigators.

Many investigators have endeavored to correlate the
seasonal distribution with the amounts of major inorganic
nutrients available (Chandler, 1940; Chandler and Weeks,
1945; Hutchinson, 1944; Ketchum and Keen, 1948; Ketchum,
1953; Rao, 1953; Brooks, 1953). Still others have demon-
strated that minor elements play an important part in the
physiology of the algae and have investigated these elements
as possible factors in the fluctuations (Holm-Hansen et al.,
1954: -Kratz and Myers, 1955; Lund, 1957; Provasoli and
Pintner, 1953).

More recently dissolved organic materials have been
investigated as possible reasons for seasonal changes in
algal populations (Saunder, 1957; Hartman and Graffius, 1960;
Anderson, 1961; Krauss, 1961).

Vitamin By,, thiamine and biotin are the only vita-
mins known at the present time to be of importance for the
growth of algae. Vitamin B;, is given off by several algae
particularly diatoms and may, in part, account for the
seasonal distribution in freéh water lakes. Vitamin By,
content has been measured in fresh water by Hutchinson in

1943 and by Benoit in 1957, and in sea water by several



30

investigators (Burkholder and Burkholder, 1953; Cowey, 1956;
Daisley and Fisher, 1948; Droop, 1957, 1961). The only evi-
dence of the production of extracellular thiamine by algae
was reported in the culture medium of Coccomyxa (Lewin, 1958).
The algadynamic substance reported by Lefevre and Jacob

(1949) may be vitamin-like in nature. It may be that the
greatest amount of these growth substances is produced by
bacterial activity because these cultures were not bacterial-
free.

Another factor accounting for seasonal succession of
algae may be inhibitors that are auto-inhibitors or alga-
inhibitors (algastatic or alga-cidal). Many workers have
investigated the phenomenon of alga-inhibitor production,
including Flint and Moreland (1946), Lefevre and Jacob (1949),
Lefevre et al. (1952), Rice (1954), and Jorgensen (1956).

Some of these substances have been shown to be algastatic
while others have been algacidal, and, again, perhaps the
effectiveness is proportional to the amount present in an
ecosystem. Of all the alga-inhibitory substances reported,
few have been characterized chemically. Proctor (1957)

demonstrated that a fatty acid produced by Chlamydomonas

reinhardtii Dang. inhibited the growth of Haematococcus

pluvialis Reichenow. Auto-inhibitors have been reported

as being produced by Nostoc punctiforme (Kuetz.) Hariot

(Harder, 1917), by a strain of Chlorella vulgaris Beyerinck

(Pratt and Fong, 1949), and by Nitzschia palea Kutz (von
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Denffer, 1948; Jgrgensen, 1956). None of these have been
characterized chemically. Recently Scutt (1964), using the

same strain of Chlorella vulgaris (Columbian strain) as

Pratt and Fong, found that there was no auto-inhibitor pro-
duction. This was attributed to the fact that auto-inhib-
itor production occurs only under certain conditions.

The growth of algae may also be effected by auxin-
like substances. Auxins have been detected in the culture

medium of Chlorella sp. and of Anabaena cylindrica Lemm.,

and in lake water which supported a nearly unialgal bloom

of Oscillatoria (Bentley, 1958, 1960). Bentley separated

one substance by paper chromatography and identified it as
ammoniacal isopropanol. Another substance, a water-soluble,
unstable complex, was found to break down into a product
similar to indoleacetic acid.

There is some evidence that hormone-like substances
released into the medium are responsible for sexual activity
(Roper, 1952, 1957). Hoffman (1960) reported that sub-

stances produced by oogonia of Oedogonium which attract the

sperm were species-specific. Evidence of the same type of
substance was reported by Cook and Elvidge (1951) for Fucus
serratus L. but was not species-specific. Sperm of two
other species of Fucus were attracted. Although not com-
pletely analyzed the substance was thought to be a volatile

hydrocarbon.
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Diwald (1939) showed that the gametes of the dino-

flagellate Glenodinium lubiniensiforme (Diwald) H. P. were

released only after being treated with the culture filtrate
from a compatible strain indicating that a hormone-1like

substance must be produced. The gametes of Pandorina morum

(Muell) Bory are not released from the colonial matrix
unless there are colonies of a complimentary mating type
present. Culture medium from a complimentary typevbrought
about the release of the gametes (Coleman, 1959).

Extensive work by FOrster and his co-workers (1954a,
1954b, 1956: <cited by Coleman, 1962) has characterized the

male and female substances liberated by Chlamydomonas

eugametos Moewus that result in clumping as glycoproteins of
high molecular weight. Similar clumping substances have
been demonstrated in the culture medium of C. moewusii Gerl.

and C. reinhardtii. The substances from C. moewusii and C.

eugametos are interchangeable but have no effect on C.

reinhardtii. Also the substances produced by C. reinhardtii

have no effect on the other two species. The substances
seem to be released from the flagella (Fdrster, 1959;
FOrster and Weise, 1955: cited by Coleman, 1962).

Amino acids seem to be a common extrametabolite pro-

duced by algae. Culture filtrates of Oscillatoria splendida

Greville were found to contain oxalic, tartaric, succinic,

and other acids (Goryunova, 1950: cited by Fogg, 1962).
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Species of Chlamydomonas were found to liberate glycolic,

oxalic and possibly pyruvic acid (Allen, 1957). Glycolic
acid liberation was reported by Lewin (1957) for two species

of Chlamydomonas. Actively growing cultures of Chlorella

pyrenoidosa were found to liberate three to eight milligrams

per liter depending upon the environmental factors influenc-
ing the uptake of the bicarbonate (Tolbert and Zill, 1956,
1957).

Polysaccharides are also secreted by some species of

algae. Oscillatoria splendida Greville excretes a polysac-

charide which Goryunova (1950) believes has something to do
with trichome production (cited by Fogg, 1962). Eighteen

species, mostly of Chlamydomonas, were found to secrete a

polysaccharide consisting mostly of galactose and arabinose.
The polysaccharide secreted by C. ulvaensis, however, con-
sisted mostly of glucose and xylose (Lewin, 1956). During
short-termed photosynthesis the polysaccharide secreted by

Chlorella pyrenoidosa was mostly sucrose (Tolbert and Zill,

1956). Polysaccharidés have also been detected in the cul-
ture medium of several marine and brackish-water flagellates
(Guillard and Wangersky, 1958).

Under certain ecological conditions about 65 species
of algae have been known to reproduce so rapidly that the
surface of the water becomes covered and the water is dis-

-

colored. This phenomenon is referred to as a 'water bloom."
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Of interest to man and his welfare are the ''red
tides," a term used in reference to the discoloration of
water caused by blooms of marine dinoflagellates. These
blooms may or may not be accompanied by death of organisms.
It is possible that the 'red plague' referred to in the
Bible in Exodus 7:17-18 was such a bloom. Darwin, in 1832,
reported the occurrence of discolored water and the death
of small animals off the coast of Chile (cited by Galtsoff,
1949). Between 1899 and 1934, twenty-four reports of red
tides were made from Japan. Sixteen of these were accom-
panied by the death of fish and shellfish. Of these, three
were due to Nocticula, nine to other flagellates, five to
diatoms and one to a blue-green (Galtsoff, 1949).

The dinoflagellate, Gymnodinium brevis Davis, is the

causative organism of the red tides that appear periodically
along the coast of Florida. Besides causing high mortality
of commercial and non-commercial fish, these blooms have
caused the death of turtles, porpoises, shrimp, barnacles,
oysters, coquinas, and the common blue, the fiddler, and

the mud crabs (Davis, 1948). This same species has produced
lethal blooms along the Gulf of Mexico on both the Mexican
and Texan shores (Wilson and Ray, 1954, 1956; Ray and Wilson,
1957). The action of the fish are similar to those reported
by Prescott in blue-green blooms (Prescott, 1948). Ray and

Wilson (1957) showed that the filtrate was toxic and that
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the toxicity increased when the organisms were subjected
to treatment which caused the cells to rupture. This work
indicated that the toxin was an endotoxin.

Blooms of Gonyaulax catenella Whedon and Kofoid have

been responsible for red tides in the water off Galveston,
Texas, and along the west coast of the United States and as
far north as British Columbia. This organism is responsible
for the clinical entity known as 'mussel poisoning.'' The
danger involved in eating mussels was known before the
Sixteenth Century. In 1528, Cabeza de Vaca found that the
aborigines referred to one season as the '"time when fish
die" (Connell and Cross, 1951). Many Indian tribes were
forbidden to eat mussels during the time of the red tides.
On the west coast between 1934 and 1941 there were 346 cases
of mussel poisoning, 24 of which resulted in death. Ander-
son (1950) recorded 60 cases of poisoning after an outbreak
of this organism in the vicinity of the Straits of Georgia
(British Columbia). People along the west coast of the
United States are now forbidden to gather shellfish during
the season when these organisms may be poisonous (Davis,
1948).

The toxin produced by this alga is ten times more
powerful than strychnine when given to mice. In man, the
first symptoms produced are a numbness of the lips, tongue
and fingertips. This is followed by muscular incoordination,

paralysis, and, in severe cases, death in from two to twelve
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hours. The mussels are not effected by the toxin but accumu-
late it in their digestive glands. Chemically, it seems to
belong to the class of alkaloids to which strychnine, musca-
rine, and acontine belong (Galtsoff, 1948). Somner et al.
(1948a, 1948b), extracted the poison from the livers and

digestive glands of the California clam, Mytilus californi-

anus Conrad, and called it a neuropoison.

Although these two species have been reported as the
causative organism involved in the majority of lethal blooms
other organisms have been reported to produce toxicity. A

toxic bloom of Pyridinium phoneus occurred in Belgium in

1938-1939. The poison extracted from this organism was
highly toxic, killing white mice in 60 to 90 seconds. Normal
mussels placed in water containing this organism acquired
toxicity in direct proportion to the concentration of this
organism (Galtsoff, 1948). For 15 years the blooms occur-
ring seasonally along the eastern coast of Canada have been
studied. The toxicity of these blooms seems to be produced

by Gonyaulax tamarensis Lebour. Six persons became ill from

eating poisonous shellfish in 1961 (Needler, 1949; Medcak,

1960, 1961; Prakash, 1963).
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Blue-Green Algae

The first report of a toxic water bloom may well
have been made by Dwight when he was president of Yale
College. Observing the organisms that floated on the lakes
in New England he tried to correlate their occurrence with
the prevalence of certain diseases. 1In 1796 he wrote:

I suppose vegetable putrefaction to be especially
considered the cause of autumnal diseases. That
(it) may be an auxiliary cause of these evils

may, I think, be rationally admitted, but that

it is the sole cause, or even the principal cause,
may be fairly questioned. This putrefaction
exists regularly every year; the diseases, in

any given place, rarely. The putrefaction

exists throughout the whole country; the dis-
eases, whenever they exist, are confined to a

few particular spots. (They cannot be due to
stagnant waters, because they) are found on plains,
in vallies, on hills and even on the highest in-
habited mountains (cited by Baker, 1948).

The first accurate report of a ''toxic' water bloom
was made by George Francis of Adelaide, Australia. He wrote
a letter to the editor of Nature describing the low water
level and the high temperature and the bloom of algae which
occurred at the same time as a loss of domestic animals
along the banks of a lake. The letter was published in the
May 2, 1878 edition of this magazine and stated:

A conferva that is indigenous and confined

to the lakes has been produced in excessive quan-
tities, so much as to render the water unwhole-
some.

It is, I believe, Nodularia spumigena, allied

to Protococcus. Being very light, it floats on the

water except during breezes, when it becomes dif-
fused. Thus floating, it is wafted to the lee
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shores, and forming a thick scum like green oil
paint some two or six inches thick, and as thick
and pasty as porridge, it is swallowed by cattle
when drinking, especially such as suck their
drink at the surface like horses. This acts
poisonously, and rapidly causes death: symptoms
--stupor and unconsciousness, falling and remain-
ing quiet, as if asleep unless touched, when
convulsions come on, with head and neck drawn
back by rigid spasm, which subsides before death.
Time--sheep, from one to six hours; horses, eight
to twenty-four hours; dogs, four to five hours;
pigs, three to four hours (cited by Olson, 1951).

Lethal water blooms were reported at Waterville,
Minnesota, in 1882, 1883, and 1884 on Lakes Tetonka, Sakatah
and Cordova. The lakes were well-drained by the Cannon
River and had been used for watering stock for many years.
Porter, Professor of Agriculture at the University of
Minnesota, investigated the bloom which occurred in July of
1882. He found the lakes filled with floating particles of
vegetable origin. Another bloom in 1883 led him to believe
that the plant material poisoned the cattle. 1In 1884 Porter
took J. C. Arthur, botanist of the New York Experimental
Station, and Stalker, Professor of Veterinarian Science at
Iowa State, with him to examine the lakes. Arthur described
the condition as follows:

The facts illicited were that quite a number of
animals, largely cattle, had died at the time
when. the lakes were filled with minute algae
(then called Rivularia fluitans but now referred
to as Gloeotrichia pisum), disseminated through
the water and forming a thick, dark-green scum
when collected by the wind. That some of the
animals had drunk of the water and scum a few

hours before they died was positively known, and
that all had done so seemed from the circumstances
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quite probable. After a most careful examination
the only plausible hypothesis that could be
advanced to account for the death of animals was
that the algae present possessed some toxic or
other baneful properties sufficiently powerful

to kill a cow in a half an hour or more after
freely drinking of it. The well-established ..
reputation of all algae for inocuousness made
this hypothesis appear from the very first ex-
tremely improbable but for want of the slightest
hint in any other direction it was thought worth-
while to bear in mind, and to investigate the
matter further.

Professor Stalker described the outbreak as follows:

Coincident with the loss of livestock, a
peculiar vegetable growth makes its appearance
in the water of these lakes and the testimony
goes to show that only those animals which ob-
tain water from the lake at this season are
effected with the disease. The testimony of
all farmers is to the effect that:

First, there have been no losses except among
animals obtaining water from the lakes;

Second, in every instance where deaths have
occurred the wind had for some days previous
blown shoreward where the animals drank and
carried the plants to the margins of the lakes

in large quantities;

Third, no losses have occurred after the odor
from the lakes became offensive (cited by Fitch
et al., 1934). '

From 1900 to the present time toxic water blooms
have been reported from several parts of the world. An
especially large number involved bodies of water in mid-
continental North America including parts of Canada and the
United States. Fitch et al. (1934) described several blooms

which occurred in variousMinnesota lakes from 1900 to 1930.

Deaths of cattle, sheep, hogs, and chickens occurred at the
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time that these blooms were present. The blooms were pro-

duced by Aphanizomenon flos-aquae, Coelosphaerium Kuetzing-

ianum Naegeli, Anabaena flos-aquae, Microcystis flos-aquae

(Wittr.) Kirchner, and Microcystis aeruginosa.

In 1933 a series of three blooms involving Micro-

cystis flos-aquae occurred in Hall Lake north of Fairmont,

Minnesota. The first resulted in the death of ten sheep and
the second, eight lambs and some chickens. Tests for copper
sulfate and cyanide were negative. A half-gallon of water
from the lake killed five sheep in the laboratory. Material'
from the lake given orally and interperitoneally produced
death in guinea pigs, rabbits and chickens. Autopsy of the
sheep disclosed no gross pathology. This was the first time
that algal toxicity was demonstrated in the laboratory.

Not all deaths attributed to algal blooms have been
those of domesticated animals. Toxicity in a small lake in
Colorado resulted in the death of ducks, wild birds, snakes,
fish, and salamanders. A black-crested heron, partially
paralyzed when found, recovered in a few days (Deem and
Thorp, 1939). A heavy fish kill involving carp, northern
pike, yellow perchpike (walleye), black crappies, bluegills,
suckers, hog suckers, buffalo, and an eel occurred in the

Yahara River, Wisconsin. A bloom of Aphanizomenon flos-

aquae, three or four acres in area and several inches thick,
had developed above Lake Kegonsha Lock. This bloom had been

allowed to pass over the lock during a six-hour period.
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Experimental work showed that water taken from the lake 14
miles downstream from the lock was lethal to fish. All
experimental fish placed in this water died within 9 days
while none of those placed in spring water died (Mackenthun
et al., 1948). There was no direct evidence that Aphane-

zomenon flos-aquae was responsible for the fish mortality.

There was, however, the possibility that it was more crit-
ical than the depletion of oxygen caused by the decay of the
algal mass.

Reports indicate that blooms produced by the same
species vary in toxicity. Two blooms consisting of Micro-

cystis flos-aquae, Aphanizomenon flos-aquae, and Anabaena

flos-aquae occurred in the fall of 1933 in Lake Lac que

Parle at Milan, Minnesota. Turkeys, ducks and geese died
after drinking from the lake at the time of the first bloom.
Other animals had pawed at the water before drinking and had
not been effected. At the time of the second bloom not only
poultry but also horses, cattle and pigs died (Fitch et al.,
1934). 1t is possible that the animals by pawing at the
water had dispersed the algae thus reducing the amount in-
gested to a sublethal quantity. It seems likely, however,
that the two blooms varied in toxicity. The variation in
toxicity may have been the results of differences in ecolog-

ical factors at the time of the blooms.
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The blue-green algae had thus been implicated in the
death of many kinds of animals. Researchers next turned
their efforts to obtaining more information concerning the
formation of these blooms and the toxin and its effects.
Deem and Thorp (1939) found that the toxic material was heat
stable and that it remained effective after being stored in
the refrigerator for three weeks. Prescott (1948) observed
that fish which had died in an Iowa lake that supported a

bloom of Aphanizonenon flos-aquae exhibited no symptoms of

suffocation or disease. He demonstrated that fish placed in
lake water containing this species died even when the dis-
solved oxygen content was as high as 12.6 ppm. Death
occurred in small aquaria as well as in excavated ponds
constructed in such a way that water from the lake was able
to enter and leave. Death occurred in two to six hours in
these various experiments. Chemical analysis of the water
showed that hydroxylamine, a decomposition product of the
algae, and hydrogen sulfide were present; the latter in
large enough amounts to kill (Prescott, 1948).

Using the material collected during a water bloom
which occurred in Lake Dauphin in Manitoba in 1951, McLeod
and Bodnar (1951) concluded that the toxin was present in
the plants and might be released into the water upon the
disintegration of the algae. The toxin was not destroyed by

air drying at 37°C, by freezing or by ultraviolet light.
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The algae present in the bloom were: Aphanizomenon flos-

aquae, 99 per cent; Anabaena flos-aquae, 0.9 per cent; and

Microcystis aeruginosa, 0.1 per cent. The species producing

the toxin, the fate of the toxin and the length of time it
was effective were not determined. On the basis of quantity

it might be assumed that Aphanizomenon was responsible.

The symptomology of the toxin is based largely on

observations made by the owners of the animals involved. 1In
only a few cases have veterinarians arrived in time to see
the effects. Convulsions of varying severity occurred with
extreme salivation in some cases. Symptoms and effects
réported from autopsies have not been constant. One veter-
inarian reported a reddening of the gastrovascular tract.
A piece of liver from one victim made a dog violently ill
five minutes after it was ingested. The animal, after being
made to regurgitate, recovered after a long convalescence,
The liver appeared normal (Olson, 1951).

Ashworth and Mason (1949) used extracts from a nat-

urally occurring bloom of Microcystis aeruginosa to study

the effects of the toxin on white rats. The effects pro-
duced were similar to those produced by the poison of Amanita

phalloides Fr. The liver was the first organ damaged under-

going marked cellular necrosis. The damage to the heart and
kidneys which followed was not caused by necrosis of the

liver tissue but by the poison itself. No damage to the
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spleen, the suprarenal glands, the intestine or the brain
was apparent.,

Steyn, reporting on lethal blooms from South Africa,
believed that the toxin contains two principles. One of
these he thought effected the central nervous system. The
second principle, found in phycocyanin, he believed.caused
skin lesions. This substance, reaching the blood vessels
of the skin, absorbed ultraviolet rays resulting in burns
and lesions. Chronic cases lived as long as a month before
dying (Steyn, 1945: cited by Olson, 1951; and Prescott,
1960). This photosensitivity was also described in cattle
which survived a lethal bloom in 1946. The bloom occurred
in the Des Lac Lake, North Dakota. The skin in the white-
haired portions blistered and skin sloughed off (Brandenburg
and Shigley, 1947).

Effects of the toxic algae collected from naturally-
occurring blooms have varied in toxicity. It was not clear
whether the material was an endotoxin or an exotoxin or
whether it was produced by the algae, by organisms living
with the algae or by a combination of these. Louw, working

with Microcystis toxica Stephens, found that the toxin was

an endotoxin released upon the death and decay of the algae
(Louw, 1950). Work by Mason and Wheeler (1942), by Olson
(1951), and by Shelbusky (1951) supposed that the material

from Microcystis aeruginosa was an exotoxin. Mason and

Wheeler found, however, that freezing the algae increased
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the toxicity. Freezing and thawing altered the permeability
of the cells, ‘

Research to this point had indicated that the toxin
(1) existed in the water surrounding the algae; (2) dialyzed
through cellophane and animal membranes; (3) was non-vola-
tile; (4) was relatively heat stable (not loosing potency
by autoclaving at 15 pounds pressure for an hour and a half
or by dry heat at 100°C for 100 hours); (5) was soluble in
water, 95 per cent alcohol, and methanol; (6) was insoluble
in benzene, ether, and acetone; (7) was resistant to pH
changes; (8) was readily absorbed on activated charcoal from
which it was removed with difficulty; (9) reacted negatively
to tests for cyanide, nitrate, nitrite, philocarpine, saponins
and strychnine; (10) was not inactivated by human blood; and
(11) was neither an antigen nor a hapten (Olson, 1951;
Shelbusky, 1951).

The development of culture techniques made blue-
green algae available in large enough quantities for the

laboratory study of water bloom production and the variation

in toxicity. Olson isolated a strain of Microcystis

aeruginosa that exhibited low toxicity to white mice. The

toxicity varied considerably in the cultures grown. Thomp-
son et al. (1957) isolated a strain (Western Strain) that
was not toxic to mice. They did, however, isolate a bacte-

rial contaminant that produced slow death in 3 to 48 hours.
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This clearly indicated that more than one substance can be
involved in algal toxicity.
Hughes, Gorham and Zehnder (1958) isolated Micro-

cystis aeruginosa Strain NRC-1 from a lake in Ontario and

found that it was more toxic than the strain isolated by
Olson. Cells from a 40-day old culture killed mice in 24
to 52 hours. Cultures of this strain produced death in 30
to 60 minutes after the cells had been subjected to rapid
freezing followed by rapid thawing, to sonic disintegration,
or to darkness and reduced oxygen supply. Two toxins were
produced by this strain: one that produced slow death and
referred to as the slow death factor (SDF) and one that
produced fast death and referred to as the fast death fac-
tor (FDF). The latter appears to be an endotoxin presum-
ably released when the cells become more permeable. Decom-
position may be the mechanism by which FDF is released in
naturally-occurring water blooms.

Several strains of Microcystis aeruginosa have been

isolated by Gorham and his associates from the same and dif-
ferent water blooms and were found to produce SDF, FDF, or
SDF and FDF. Upon centrifuging cultures of strain NRC-1,
the FDF was found to be in the algal fraction and the SDF

in the bacterial fraction. When bacteria from this strain
were added to cultures of non-toxic strains no FDF was pro-
duced. The variability in toxicity seems to be controlled

by genetic as well as physiological factors (Gorham, 1962).
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The toxin was present in such small amounts that it
was necessary to concentrate it before chemical analyses
could be made. Separation of the toxin was made by electro-
phoresis at a pH of 9.1, Five peptides were separated, one
of which proved to be toxic. The toxic peptide was made up
of asparatic acid, glutamic acid, serine, valine, ornithine,
alanine and leucine in the ration of 1:2:1:1:1:2:2, This
peptide seems to have a cyclic configuration as indicated by
the fact that it was difficult to hydrolyze with enzymes.

No hydrolysis occurred with pepsin, papain, trypsin, chymo-
trypsin, carboxypeptidase, polidase, takadiastase, or taka-
diastase/papain. This resistance to hydrolysis could ex-
plain the effectiveness of the toxin when taken orally in
water blooms (Bishop et al., 1959). Structurally this toxin
may be similar to bacitracin and gramicidin which are both
peptides. It did not show any antipacterial activity.

Gorham (1962) reported the deaths of mice in one to
ten minutes after materials from five strains of Anabaena

flos-aquae were administered intraperitoneally. The origin

of this very fast death factor (VFDF) was probably the algae
and its production appeared to be genetically controlled.
The toxicity produced by the blue-green algae has
been reported to effect 69 animals representing 21 families,
There are reasons to suspect that man may also be suscepti-

ble. Man would probably not ingest water supporting an algal
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bloom because of the odor and taste. Water supplies might
be effected without his knowledge. Underground water could
contain toxic material if a shallow well tapped a water-
bearing stratum in a low-lying area where the underground
flow comes from a body of water at a higher level in which
an algal bloom occurred.

Reports indicate that algal blooms may be the cause
of intestinal disturbances. Many people were effected in
the Ohio Valley and Charleston, West Virginia, during the
drought years of 1930 and 1931. The waters in the rivers
were low and warm, conditions conducive to algal blooms.
The disturbances were not of bacterial origin because the
water met the bacterial standards. The outbreaks occurred
just before or at the same time as the blooms (Tisdale,
1931a, 1931b). A dysentery outbreak just outside of Washing-
ton, D. C., was suspected to be caused by algae. This out-
break occurred at the same time as an algal bloom in the
Anacostia Reservoir which supplies water to this area.

The syndrome known as Haff's Disease has been re-
ported several times along the shores of the Koenigsberg
Haff in East Prussia. The disease is associated with the
consumption of fish and fish livers from lakes which sup-
ported blooms of the same species of algae responsible for
toxicity in the United States and Canada. It is possible

that the fish ingested the algae and concentrated the toxin
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in their livers. Injection of the scum from one of these
blooms produced toxic symptoms in animals (cited by Olson,
1951).

Danger may also exist in consuming animals which
have died during algal blooms. A mother cat brought a duck
to feed her kittens. A few hours later all of the kittens
were dead. The mother, having eaten some of the duck her-
self, became violently ill. Her fate was not known. Dead
birds or other animals should never be picked up with the
thought of eating them.

Blue-green algae have also been responsible for
allergies and skin rashes. Heise (1949) reported that an
antigen had been successfully prepared from algae and had
been used to treat a woman who had developed symptoms of hay
fever after swimming in a lake. The algae retained a high
titer of antigenicity even after storage in formaldehyde
for two and a half years. Heise (1951) also showed that

extracts of Microcystis produced the same symptoms of hay

fever in susceptible people which had been produced by
Lyngbya. A child, after swimming in a lake in which a blue-
green bloom was thriving, developed a rash. The child was
evidently sensitive to the blue pigment phycocyanin (Cohen
and Rief, 1953). More recently Banner (1959) reported a

type of dermatitis that was produced by Lyngbya ma juscala

Harv., a marine alga.
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Conditions Conducive to Blue-Green Blooms

Among fresh water algae the Cyanophyta often produce
blooms. Ecological conditions favoring the growth of these
algae are nutrients such as nitrogen and phosphorus in high
content, high carbon dioxide reserves in the form of bicar-
bonates, and high temperatures of 26 to 30°C (Prescott, 1948,
1960). Lakes which receive drainage from tilled soil, sewer
effluents, barnyards, city streets, factories, or summer
resorts are able to produce theése blooms. As lakes become
older, shallower, and warmer for longer periods of time dur-
ing the year they are more likely to support blooms. Blooms
of the blue-greens often impart obnoxious odors and tastes
to water.

Phosphorus and nitrogen are the elements most likely
to 1limit the growth of algae (Hutchinson, 1944; Rodhe, 1948).
Nitrogen is the mineral required in the greatest concentra-
tion (Gerloff et al., 1952, 1959a, 1959b). Guseva, in 1937,
when first investigating a water bloom in the Ucha Reservoir

of the Moscow-Volga Canal, found that Anabaena Lemmermannii

Richter was present in the largest numbers. The decrease in

this species was followed by an increase in Aphanizomenon

flos-aquae. This species reached a maximum and then declined

in numbers. The decline in Aphanizomenon flos-aquae was

followed by a fall bloom of Asterionella formosa Hass. He

attributed the decline of Anabaena Lemmermannii to a
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decrease in availability of nitrogen, phosphorus and iron.

The increased growth of Aphanizomenon flos-aquae indicated

to him that the requirements of this species for these three

elements is lower than the requirements of Anabaena Lemmer-

mannii. The decline of Aphanizomenon flos-aquae was attrib-

uted to the decrease in concentration of phosphorus and iron
and the disappearance of this species was attributed to an
increase in ammonia and manganese. The fall bloom of

Asterionella formosa he attributed to a replenishing of

essential nutrients by the fall turnover.

Water from the reservoir was collected periodically
and used as a basis for a medium to study the mineral nutri-
tion of the species involved in the bloom. The water was
not filtered. The effects of varying the concentrations of
nitrogen, phosphorus, iron and manganese were studied by
adding these elements to cultures made with medium based on
the water from the reservoir. 1In some of the experiments
only one element was added and in others, combinations of
these elements were added.

Guseva found that the maximum growth of Anabaena

Lemmermannii occurred with the addition of 0.6 to 0.8 ppm

of nitrogen supplied as Ca(NO3)2 while only 0.4 ppm produced

maximum growth in Aphanizomenon flos-aquae. Chu (1943)

found that the effect of nitrogen concentration on seven

plankters varied considerably. He found that the lower
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limits that produced maximum growth varied from 1.3 ppm for

Pediastrum boryanum (Turp.) Menegh. to 3.5 ppm for Botryo-

coccus Braunii Kutz. and that the upper limit varied from 5.3

ppm for Staurastrum paradoxum Meyen to 17.0 ppm for Asterio-

nella gracillima Hantzsch. No growth occurred at concentra-

tions of 0.1 ppm or less or at concentrations of 42 ppm or
more. Gerloff et al. (1950b) reported that the maximum

growth of Coccochloris Peniocystis (Kuetz.) Drou. and Daily

occurred at a concentration of 13.6 ppm of nitrogen supplied
as nitrate. It seems that the nitrogen concentration re-
quirement varies considerably from species to species and
that the requirement is perhaps species-specific.

McLachlan, using a medium based on one developed by
Gerloff et al. (1950b), found that the maximum growth of

Aphanizomenon flos-aquae occurred at a nitrogen concentra-

tion of 15 ppm although the alga became chlorotic. A con-
centration of 25 ppm neither improved nor inhibited growth.
The final medium contained 20 ppm of nitrogen (McLachlan,
1957).

Guseva (1937) found that a concentration of 2 ppm of
P,05 (0.9 ppm of phosphorus) was essential for the growth of

Anabaena Lemmermannii while only 0.6 ppm of P505 (0.27 ppm

of phosphorus) was required by Aphanizomenon flos-aquae,

Rodhe (1948) stated that the phosphorus concentration 1is
able to 1limit the growth of algae in nature. According to

Chu (1943) the amount of this element that normally occurs
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in nature, 0.003 to 0.02 ppm, is not enough to inhibit

growth. He found that the lower limits for maximum growth

varied from 0.018 ppm for Tabellaria flocculosa (Roth.) Kutz.

and Nitzschia palea (Kutz) W. Sm. to 0.9 ppm for Botryococcus

Braunii, Pediastrum boryanum and Staurastrum paradoxum. The

upper limits varied from 8.9 ppm for Nitzschia palea and

Tabellaria flocculosa to 17.8 ppm for Pediastrum boryanum,

Staurastrum paradoxum, and Botryococcus Braunii. Below con-

centrations of 0.009 ppm no growth occurred.
Gerloff et al. (1950a, 1952) found that the growth

of Coccochloris decreased at phosphorus concentrations below

0.45 ppm and that the growth of Anacystis marina (Hansg.)

Drouet and Daily decreased at concentrations below 0.18 ppm.

McLachlan, working with Aphanizomenon flos-aquae,

varied the concentration of phosphorus as K,HPO, in steps of
0.5 ppm from 0 to 2.5 ppm. He found that the addition of
more than 0.5 ppm had little effect on the growth. This
amount was sufficient to make sure that phosphorus was not

a limiting factor in the growth of this species (McLachlan,
1957). Zehnder and Gorham (1961) reported that the maximum

growth of Microcystis aeruginosa occurred at a concentration

of 3.5 ppm of phosphorus.
Blue-green algae grow in neutral waters but are more
profuse in alkaline waters (Provasoli, 1958). Gerloff et al.

(1950, 1952) reported that the maximum growth of Coccochloris
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occurred at a pH of 10.5 to 11.0 and Anacystis grew best at
a pH of 10.00. Allen (1952) reported that a pH of 10.00 to

11.00 was conducive to maximum growth of Oscillatoria sp.

McLachlan (1957) reported that the best growth of Aphanizo-

menon flos-aquae in his final medium occurred at a pH of

10.00 to 11.00 and that poor growth occurred at a pH of 9.00.
He found that adjusting the pH daily did not promote growth
and attributed this to the toxic effect produced by the acid
and base used in making these adjustments.

Relationship of the Bacteria Living in
Association With the Blue-Green Algae

Very few investigations of the bacterial contaminants
of fresh water algae have been conducted. The emphasis has
been on the culturing of bacterial-free organisms. It is
possible that the physiology of the bacterial-free alga is
very different from the physiology of the alga plus the
bacterial symbionts.

Guseva (1937) reported that bacteria were present in

old cultures of Anabaena Lemmermannii and that these were

"in the form of small pencils attached to the side of the
algae.'" Correll (1961) reported the development of one type

of bacterial colony from a culture of Anabaena variabilis

Kuetz. He found that the organism was a rod-shaped, gram-
negative bacterium which was strongly inhibited by tetra-

cycline, aureomycin, terramycin, and tetramycin, but was not
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inhibited by chloromycetin, penicillin, polymyxin, erythro-
mycin, and distreptomycin.
Thompson and his co-workers isolated 26 strains of

bacteria from 25 algal samples consisting of Microcystis

aeruginosa (Western Strain) and Anacystis montana f. =inor

Drou. and Daily. The majority of these were gram-negative
rods. Their work showed that the toxicity produced by these
two algae was of bacterial rather than algal origin (Thomp-
son et al., 1957; Thompson, 1959).

Antibiotic Activity Produced
by Blue-Green Algae

An extensive search of the literature disclosed that
little is known of the effects produced by algal extrametab-
olites on bacteria and fungi in natural bodies of water.
Studies that have been conducted on aquatic bacteria and
fungi have been quantitative (Fred et al., 1924; Graham and
Young, 1934; Potter and Baker, 1946, 1961). Studies conduct-
ed by Gauk jman and Ryabov in the Dnepr Reservoir (Russia)
indicate that blue-green algae are able to suppress the
growth of saprophytic fungi. Their results were obtained
using data on the biomass of the river and the reservoir
(1962).

Antibiotic activity produced by blue-green algae
has been reporfed by several investigators. Wurtz (1949)

and Lefevre et al. (1952) reported that Microcystis

aeruginosa inhibited some gram-positive and gram-negative
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bacteria. Bishop et al. (1959) found that this species did

not inhibit one strain of Staphylococcus aureus, Escherichia

coli and Pseudomonas hydrophilia and two strains of Bacillus

subtilis. Gorynova (1955) found that Oscillatoria splendida

Greville secreted a volatile substance that killed bacterial
symbionts and other micro-organisms in culture. Davidson
(1959a) reported that pigment formation in the bacterium

Serratia marcescens Bizio was inhibited by extracts and/or

filtrates of bacterial-contaminated cultures of several

Cyanophyta. Microcystis aeruginosa and Nostoc rivulare com-

pletely inhibited pigment formation. Partial inhibition was

produced by Nostoc ellipsosporum (Desmaz.) Rabenhorst, N.

punctiforme (Kuetz.) Hariot, N. calcicola Bréb., Oscillatoria

formosa, Calothrix membranaceae Schmidle, and Anabaena

variabilis Kuetzing. The same results were obtained when

bacterial-free cultures of Oscillatoria formosa Bory and

and Microcystis aeruginosa were used. This factor, referred

to as APF (antipigment factor) by the author, was produced
in those algae which were toxic to mice. Although this sub-
stance did not kill the bacteria, it did effect the physiol-
ogy of the bacteria in some way.

An amino acid, & - € -diamino-pimelic acid (DAP), has

been isolated from Anabaena cylindrica Lemm., Oscillatoria

sp. and Mastigocladus luminosa Cohn (Work and Dewy, 1953).

This substance demonstrated antibacterial activity against
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Staphylococcus aureus, Escherichia coli and Streptococcus

pyrogenes Rosenbach (Simonds, 1954).

An extract of Oscillatoria formosa was found to be

active against Salmonella enteritidis (Gaertner) Castellani

and Chalmers, S. typhosa (Zopf.) White and Staphylococcus

aureus, in the logarithmic growth phase of the bacteria.
The growth inhibiting substance was found to be unstable in
crude extract if stored in water (Davidson, 1961). Further

studies by Davidson (1962) showed that Anabaena variabilis,

Phormidium lucidium var. olivace (C. A. Ag.) Kuetzing,

Nostoc sp., and Lyngbya sp. inhibited the growth of Staph-

ylococcus aureus. Extracts from the same alga either had

no effect on the growth of Salmonella enteritidis or

stimulated it.

Very little has been learned of the antifungal activ-
ity of the blue-green algae. Welch (1962) reported that of
35 species of marine algae screened for antifungal activity
practically all exhibited a trace of activity against one or
more of the test organisms. Most of the algae used were
Rhodophyta and Phaeophyta. She did find, however, that the

blue-green, Lyngbya majuscula, showed consistent activity

against molds (fungi) and yeasts. This is the same species
reported by Banner (1959) as the cause of a certain type of

dermatitis.



CHAPTER II
METHODS AND MATERIALS

Organisms Used

The blue-green algae used in this study were obtained

from several sources. Microcystis aeruginosa Kuetz. emend

Elenkin (Strain NRC-1), Aphanizomenon flos-aquae (L.) Ralfs

(Strain NRC-23) and Anabaena flos-aquae (Lyng.) De Brébisson

(Strain NRC-44) were obtained from The National Research
Council, Ottawa, Ontario, Canada. Four species were isolated

from various sources; Microcystis incerta Lemmermannii from a

culture collected from a water hole in a pasture near Mt.

Pleasant, Michigan, (T.14N.;R.4W); Oscillatoria Agardhii

Gomont from a bloom on Alward Lake, a lake just off U. S. 27
near DeWitt, Michigan, (T.5N.;R.2W.); Nostoc sp. and Oscil-

latoria rubescens de Candolle from a culture collected at

Sixth Lake, northwest of Edmore, Michigan, (T.12N.;R.7W.).

Aphanizomenon flos-aquae was also collected from Sixth Lake

and attempts were made to culture it. Identification of the
algae was confirmed by Dr. G. W. Prescott. None of the cul-

tures was bacterial-free.
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The non-algal organisms were obtained from the
Botany and Plant Pathology Department and from the Microbiol-
ogy Department, Michigan State University. These included:

the fungi, Glomerella cingulata (Stonem.) Spauld. and Schrenk,

Fusarium oxysporum Sclecht. ex Fries, Rhizopus nigricans

Ehrenberg, + strain, and Trichophyton rubrum (Castellani)

Sab.; the yeast, Candida albicans (Robin) Berkh.; and the

bacteria, Staphylococcus aureus Rosenbach, Escherichia coli

(Migula) Castellani and Chambers, and Pseudomonas aeruginosa

(Schroeter) Migula. The fungi and the yeast were maintained‘
on Difco Potato Agar and the bacteria on Difco Bacto Nutri-

ent Agar.

Collection - Habitats and Related Features

In September, 1962, the Michigan Water Resources Com-
mission sent a sample of water to Dr. G. W. Prescott at
Michigan State University. This sample had been collected
from a water hole located in a pasture near Mt. Pleasant,
Michigan (Figures 1 and 2). The water hole had been covered
with an algal bloom in which the dominant species was identi-

fied as Microcystis incerta. Late that summer, four cattle,

part of a herd pastured near the water hole had died. The
dead cattle included a three month old calf that was still
nursing, an eleven month old heifer and a three year old.

The fourth, about a year and a half in age, found limping
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Figure 1. Waterhole from which Microcystis
incerta was isolated

Figure 2. Same waterhole showing the fence
erected to prevent cattle from
drinking the water. (Lower right
corner.)
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and staggering, died the next day. 1In 1961, three cattle
had been found dead in the same pasture.

None of the dead animals had been seen by a veteri-
narian. The farmer had his cattle immunized against black
leg and the water hole fenced off so that the animals could
not drink the water. Black leg, suspected as the cause of

death, is caused by an anaerobic bacterium, Closteridium

chauvoei Arloing, Cornevin and Thomas (Burrows, 1963). This
organism survives several years as a spore in almost all
countries of the world and in the United States except pos-
sibly the southeast portion. It effects especially those
cattle that are 6 to 18 months old. High-grade cattle are
more susceptible than scrubs and well-fed more than those on
poorer diets. Sheep and goats are susceptible and a few
cases have been reported in swine. Horses, dogs, cats, and
man are immune (Birkeland, 1949).

Before the work of Pasteur, this disease was consid-
ered to be anthrax. The organism produces a weak exotoxin.
The disease is gangrene-like in that gas is produced causing
subcutaneous swellings, mostly in the thigh and shoulders.
The area of swelling becomes discolored, giving the disease
its common name. Although a few recover most cattle die
within 12 to 36 hours. There is no treatment. The exact
method of.infection is not known. Spores may enter through

small wounds or abrasions on the skin or possibly through
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the mucous membranes of the mouth, tongue and intestinal
tract. Spores do not germinate in large wounds because the
organism is an anaerobe. Soils that are heavily manured,
such as those found in pastures, are more likely to contain
these spores. To reduce infection carcasses of animals
dying from this disease should be burned and pastures should
be burned se?eral years in succession (Birkeland, 1949).

The State's Veterinarian's Office receives from six to ten
reports of this disease a year. This is not a true picture
because undoubtedly some cases are not reported and other
cases are not seen by a veterinarian (G. L. Walker, personal
communication).

Aphanizomenon flos-aquae was collected from Sixth

Lake three times between September 2, 1962, and October 31,
1962, and four times between August 18, 1963, and October 15,
1963 (Figures 3, 4, 5). This species was not present in
late March or early April of 1963 when the lake was still
covered by ice. Neither was it present in May of 1963 or
in late August of 1964. The alga never survived more than
three weeks in laboratory culture.

Sixth Lake is the first in a series of six lakes.
It is fed by a stream from Edmore, Michigan, that enters
the lake on the east and by another stream that enters the
lake from the northwest. The drainage from Edmore contains

wastes from a pickle factory as well as septic tank overflow
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Figure 3.

Sixth Lake showing vegetation along
the southwest shore taken when a
bloom of Anabaena limnetica was
present. August, 1964.



64

Figure 4. Sixth Lake taken from western shore

looking toward the inlet of the lake.

Figure 5. Sixth Lake taken from southern

shore where cottages are located.
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and other pollution. The six lakes are connected by chan-
nels and the outlet of the last lake, First Lake, is Flat
River. Investigation of this lake by the Michigan Water
Resources Commission in August, 1959, disclosed a bloom of

Oscillatoria sp. In July of 1962, a bloom involving Aphani-

zomenon flos-aquae was investigated (Fetterolf and Carr,

1962). This alga was apparently present in the lake in
healthy condition from July until into Novembef of 1962.

In August, 1963, this species was present in large numbers
but examination of plankton samples disclosed a Volvocalean

bloom. Volvox aureus Ehrenberg was the dominant species in

this bloom. Male and female colonies, colonies containing
zygotes, colonies undergoing asexual reproduction and young
daughter colonies recently liberated were all present.

Eudorina elegans Ehrenberg, Gonium pectorale Mueller and

Pandorina morum (Muell.) Bory:were also present in large

numbers. Other algae identified included Ceratium hirundi-

nella (O. F. Muell.) Dujarden, Mougeotia sp., Coelosphaerium

Naegelianum Unger, Microcystis aeruginosa, Nostoc sp., and

Oscillatoria rubescens. Very little zooplankton was present.

Large numbers of Volvocales were present in the channel
between Sixth Lake and Fifth Lake. The number, however,
decreased considerably in Fifth Lake. None of these species
were present in plankton from Fourth Lake. Samples from

Fourth Lake contained large numbers of Ceratium hirundinella.
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Plankton collected in August of 1964 showed that the bloom

present at this time consisted of Anabaena limnetica G. M.

Smith with small amounts of Spirogyra sp., Microcystis

aeruginosa, and Melosira sp. present.

The bloom from which Oscillatoria Agardhii was

isolated was first observed in Alward Lake in December, 1962,
In January, 1963, there were 3,000 to 4,000 filaments per
cubic centimeter. These were dark blue-green and occurred
singly or in irregular fascicles. This species had never
before been reported as occurring under ice (Alexander and
Sieminska, unpubl.). In May, when the sample was collected,
the bloom had become more concentrated along the south and
west shores of the lake. After rowing out into the lake the
alga was found to be present in such large numbers that the
water had the appearance of green 'soup.!" The bloom, pre-
sumably present since December, 1962, disappeared in early
July.

Alward Lake is a relatively shallow, eutrophic 1lake
with a maximum depth of approximately 20 feet (Figures 6 - 8).
It is fed by a creek which enters from the northeast and is
drained by a creek toward the west. The lake is used exten-
sively for fishing and there is a resort along the southeast
shore. Owners of the resort stated that blooms had occurred
in the lake for the last nine or ten years; one occurring in

the spring and a second one usually in August.
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Figure 6. Alward Lake taken from eastern shore
just after disappearance of the bloom
of Oscillatoria Agardhii in 1963.
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Figure 7. Alward Lake - northern shore.
W
..thiﬁ

Figure 8.

Alward Lake - southern shore and
outlet. Bloom of Oscillatoria Agardhii
became concentrated in this area in
May, 1963.
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These blooms in the past had lasted one to three days and

then disappeared. The bloom of Oscillatoria Agardhii had

been present since the ice broke. The entire surface of the
lake had been covered with a thick mass of algae. No bloom

had occurred in the spring of 1964,

Isolation of Algae

Two methods of isolation were used. In one, the
material from samples collected was streaked on agar by
means of an inoculating loop. Desired species which devel-
oped were removed and streaked on fresh agar. This transfer
process was repeated until microscopic examination indicated
that only one species was present (Lewin, 1959; Gerloff,
Fitzgerald and Skoog, 1950).

The second method involved removal of the desired
species by means of a micropipette. Micropipettes were made
by drawing out glass tubing to a very fine diameter. A drop
of the culture containing algae was placed on a slide. The
slide was placed under a binocular microscope and the desired
alga was drawn up into the micropipette. The alga was washed
five times in each drop by picking it up with and expelling
it from the micropipette. The washing process was continued
in seven more drops and finally transferred by means of a
fresh pipette to five milliliters of sterilized medium in a

screw-cap test tube. Several test tubes were inoculated with
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the same algal species. These were incubated at room temper-
ature under constant light of approximately 500 foot candles.
Those containing undesirable species were discarded. Uni-
algal cultures were transferred to 125 milliliter Erlenmeyer
flasks containing 35 milliliters of medium and kept under

the same conditions.
Medium

The algal cultures were maintained in a medium
devised by McLachlan and Gorham which they designate as ASM
(Table 1) (McLachlan and Gorham, 1961). This medium was
used after several others had been tried because it proved
to be the most satisfactory for growth. Stock solutions of
each of the chemicals in the medium were prepared by weighing
a convenient amount of each compound, placing the weighed
amount into a liter volumetric flask, and adding enough dis-
tilled water to make a liter. ZEach solution was then diluted
until one liter contained one thousand times the concentra-
tion required in the medium. The stock solutions were stored
in one-liter polyethylene screw-cap bottles. In preparing
the medium one milliliter of each stock solution was trans-
ferred by means of a sterile one-milliliter pipette to a
liter volumetric flask. The volume was then increased to

one liter by the addition of Pyrex distilled water.
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Table 1. ASM

Final

Concentration

Molecular Weight of Medium in
Constituent Weight Used Dilution Micromoles

MgSO4 7 HZO 246.498 49.29 200

MgCl, - 6H,0 203.33 40.66 200

CaCl2 110.994 11.099 100

NaNO3 85.01 85.01 1000

K,HPO 174.183  17.418 100
NaEDTA* 372.252 7.445 20

FeCl; 162.22 3.244 2

H3BO; 61.844 .6184 10

MnCl, - 4H50 197.918 1.385 7

ZnCl2 136.29 1.09 0.8
CoCl, - 6H50 237.95 .4759 0.02
CuCl, * 2H,0 170.486 .341 0.0002

*Disodium ethylenedinitrilotetraacetate.
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Pipettes were sterilized by wrapping in brown paper and
placing them in an oven where they remained for three hours
at a temperature of 12000. All water used was triply dis-
tilled. De-ionized water was redistilled twice in Pyrex
glassware. The pH of the medium was adjusted to 7.5 + 0.1
with 0.1 normal potassium hydroxide.

Cultures Qere maintained in liquid and on agar.
Pyrex glassware was used exclusively. All glassware was
cleaned with a mixture of concentrated sulfuric acid and
potassium dichromate, washed twice in hot water to which a
detergent had been added, rinsed twice in tap water and
three times in de-ionized water. Liquid cultures were grown
in thirty-five milliliters of medium in 125 milliliter Erlen-
meyer flasks. The flasks were stoppered with non-absorbent
cotton plugs and autoclaved for 15 minutes at 120°C and 15
pounds pressure. The autoclaved flasks were allowed to
stand at least 24 hours but no longer than 48 hours before
inoculation. They were inoculated by adding one milliliter
from a week-0ld culture by means of a sterile one milliliter
pipette. The culture from which the inoculum was taken was
agitated thoroughly to insure equal distribution of the alga.

Agar cultures were maintained on plates and on
slants. These were prepared by adding 1.5 per cent of Difco
Bacto-agar to the liquid medium. The agar plates were pre-

pared by autoclaving the medium plus the agar for 15 minutes
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at 120°C and 15 pounds pressure. The medium was then poured
into sterile 15 x 100 millimeter Petri dishes. These Petri
dishes had been wrapped in brown paper and sterilized by dry
oven heat at 120°C for three hours. The agar was allowed to
solidify and the plates were stored in quart plastic food
bags to prevent contamination.

Agar slants were prepared by filling 25 x 200 milli-
meter Pyrex test tubes about one-fourth full of the medium-
agar mixture, stoppering them with non-absorbent cotton
plugs and sterilizing as above. When removed from the auto-
clave the test tubes were slanted so that the agar did not
quite reach the cotton plug and then allowed to cool. Inoc-
ulation of all agar cultures was made by streaking the sur-

face with a sterilized plantinum inoculating loop.

Growth Conditions

The cultures, both liquid and agar, were grown under
three sets of environmental conditions. Part of the cultur-
ing was done in a refrigerator that had been converted to a
growth chamber by the installation of three shelves, lights,
and a thermostatic device (Figure 9). These shelves were
approximately fourteen and a half inches by nineteen and one-
half inches. A fluorescent light had been installed above
each shelf. Illumination was by means of a General Electric

cool, white 15-Watt fluorescent 1light.
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Figure 9.

Growth chamber.
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Only the central section was used because the amount of
illumination at the extreme ends and the extreme front and
back of the shelves was considerably lower than in the cen-
ter. The range of illumination used was 175 * 25 foot
candles. The 1light intensity was determined by a Weston
Illuminometer. The liquid cultures were agitiated daily
and the position of the flasks were rotated in an effort to
give each culture the same amount of light. The cultures
were illuminated continuously. Temperature of the growth
chamber was recorded by means of a maximum-minimum thermom-
eter over a period of several weeks. The thermostatic con-
trol was adjusted.ﬁntil the temperature remained at 21 + 1°C,
The temperature was checked periodically to make sure that
it remained within this range.

Other cultures were maintained at room temperature,
26:t2°C, under a bank of four cool white 40-Watt flourescent
bulbs. The illumination from this bank of lights was 480 +
15 foot candles at a distance of approximately twenty inches.
All were subjected to periods of 16 hours light alternating
with eight hours of darkness. Part of these were grown on
a rotary shaker (New Brunswick Scientific Co. Model S35315)
with the period of illumination coinciding with the period
during which the shaker was in operation. The tops of the
flasks were about 14 inches from the lights. The remainder
of the cultures were stationary and were approximately 30

inches from the lights.
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Testing for Antibiotic Activity

Testing the algae for the production of extrametab-
olites inhibitory to the non-algal organisms was carried out
using the following pr;cedures. The entire contents of each
culture was passed through a 1,000 milliliter Seitz filter
using Size D filter pads (0.3 to 0.5 micron porocity). The
filter disc was placed in the filter and the top of the
filter was plugged with non-absorbent cotton. The filter
was placed on top of a 500 milliliter Pyrex filtering flask
and a piece of heavy rubber hose was attached to the arm of
the flask. The hose was clamped shut by means of a screw
clamp. The whole apparatus was sterilized by autoclaving
for 15 minutes at 120°C and 15 pounds pressure. Thus, the
entire inside of the apparatus was sterile. When used, the
hose was attached to the house vacuum line and the stopcock
of the vacuum line was turned on. The clamp on the hose was
released and the contents of the culture was passed through
the filter.

After passing through the filter the spent medium
was transferred to a Petri dish containing filter paper
assay discs (Schleicher and Schull, No. 74-e, 12.7 milli-
meters in diameter). The Petri dish containing the discs
had been sterilized in the same manner as the filtering
apparatus. The non-algal organisms were streaked by means
of a sterilized platinum inoculating loop across two diame-

ters at right angles to each other. By means of a flamed
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forceps a sterilized disc saturated with the spent medium
was placed at the point of intersection of these two steaks
(Figures 27, 28, 29). Controls for each culture were pre-
pared in the same way but sterilized medium was used to
saturate the discs. Observations of growth were made at 16,
24, 36 and 48 hours. The results are recorded in Tables 2
through 7.

After screening all of the algae for inhibitory
activity an attempt was made to determine whether the algae
had produced the activity or whether it had been produced by
the bacterial contaminants. To do this the non-algal orga-
nism was streaked across the diameter of the agar and the
alga was streaked on either side of it. Given an organic
source of food the bacterial symbionts grew profusely, soon
covering the algal cells. Any inhibition by bacterial con-
taminants should thus be evident.

Aphanizomenon flos-aquae, as pointed out in the

introduction, is often the dominant species in a ''water
bloom.' For this reason and also because of the results of
screening the algae for inhibitory activity against the non-

algal organisms, this species was selected for further study.
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Isolation of the Bacterial Symbionts

There has been much speculation about the relation-
ship between the bacterial symbionts and certain blue-green
algae. In an attempt to learn more about the bacteria grow-

ing in association with Aphanizomenon flos-aquae, the alga

was streaked by means of a sterilized platinum loop on Difco
Nutrient Agar. The organisms resulting were then streaked
on fresh agar plates and isolations were made. Smears of

the bacteria were made on slides and these were stained with
Gram's differential stain. One species was identified after
staining. The standard tests used by bacteriologists in the
identification of bacteria were performed on the bacterium
isolated. These tests included growth in litmus milk,
nitraté broth, tryptophane broth (indol test) and on gelatin.
The bacterium was grown at 25 to 30°C and also at 37°C and
moti}ity was observed. The sensitivity of the bacterium to
antibiotics was determined by using Difco Sensitivity Discs.
Agar plates for the determination of sensitivity were inoc-
.ulated by means of a sterile swab which had been dipped into
a liquid culture of the bacterium. The plates were incubated

at 25°C.
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Effects of Variations in Mineral
Concentrations in the Medium

The amounts of nitrogen, phosphorus and manganese
were varied in four series of cultures to determine the
effects of different concentrations on the rate of growth.
The limited amount of space available for growing cultures
under the previously described conditions made it necessary
to conduct the experiments in duplicate rather than in
triplicate.

Determination of growth was made by weighing the
entire algal content of each culture. The algél growth was
removed from each culture by passing the entire contents of
the culture through a tared millipore RA filter and washing
the filter with distilled water. Weight of each filter had
been determined after the filters had been in a Scheiber des-
sicator for several days to insure their dryness. The weight
of each was obtained by determining the difference in weight
between the filter and the filter plus a disk of coated
paper of the same size as the filter. A chain-o-matic bal-
ance was used for weighing. The filters were handled by
means of a forceps and were never placed on the balance or
any other surface without the accompanying coated disk.
These precautions were taken to prevent the additions of
materials which might add to the inaccuracies inherent in
this method of weight determination. The tared filters and

the coated paper disks were placed in individual 15 x 60
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millimeter Petri dishes which were numbered for easy identi-
fication. After the filters were used they were returned to
the Petri dishes and were dried in a dessicator. Until the
weight remained constant filters were weighed at one day
intervals. The weights of the filters are low which allows
for reasonable accuracy in using them to determine growth
increments. The weight of the alga was determined by using
the same method of differences in weight between the coated
paper disk, the filter and the alga. The medium as previous-
ly described was used as the control (Table 1).

In the first series of cultures the amount of nitro-
gen was varied. Four series of ten cultures eaéh were pre-
pared. Two series contained the control medium.J.One of
these series was placed in the growth chamber and the other
on the shaker in order to compare growth under different
environmental conditions. A third series was prepared in
which the amount of nitrogen was doubled and a fourth in
which the amount of nitrogen was increased to three times
that in the control medium. These last two series were
placed on the shaker. Conditions of light and temperature
have been described previously. The cultures were harvested
in duplicate on the 5,7,12,16 and 19 days. The results are
recorded in Tables 8 through 11. The pH of the spent medium
was determined by means of a Beckman pH meter. The results

appear in the last column on the right in Tables 8 through 11.
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In the second experiment the effect of phosphorus
was studied by varying the amount of phosphorus in the form
of K>,HPO,. These cultures were grown only in the growth
chamber. Each series consisted of 14 cultures. One series,
containing the original medium, was used as the control. 1In
the second, twice the amount of available phosphorus was
used and in the third, three times the amount in the control
medium. The cultures were harvested on the 3, 6, 9, 12, 15,
18, and 21 days. The pH of the spent medium was determined.
The results are recorded in Tables 12 through 14,

The amount of available manganese was varied in the
third group of cultures. Each series was made up of 14 cul-
tures. One series was used as the control. The amount of
manganese was reduced by 1/100 in the second series and by
1/1000 in the third series. In the fourth series this
element was omitted entirely. The cultures were harvested
in duplicate on the 3, 6, 9, 12, 15, 18, and 21 days. The
pH of the spent medium was determined. Results are recorded
in Tables 15 through 18.

In the fourth series of cultures the amount of nitro-
gen was reduced to one-half and to one-tenth that used in
the control. One series containing the control medium was
also prepared. The cultures were harvested and the pH of
the spent medium was determined on the 4, 7, 12, 15, and 19

days. Results are recorded in Tables 19 through 21.
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The spent medium of the control cultures in each

experiment were inoculated with Anabaena flos-aquae, Micro-

cystis aeruginosa, Microcystis incerta, or Aphanizomenon

flos-aquae in an effort to see if this species would inhibit

other species or itself. Fresh medium was inoculated at the
same time as controls. These were observed for a week but

no weight determinations were made.



CHAPTER III

RESULTS

Growth of Algae

Growth of algae on agar is usually slow, but their
appearance after the surface of the agar has been streaked
follows a more or less distinct pattern. Diatoms develop
first in a mixed culture. These are followed by representa-
tives of the Chlorophyta. The last to appear are the cyano-
phyceous species. In the colored photograph (Figure 10),
the agar plate on the left is two weeks old; the one on the
right, six weeks old. Theywere prepared by streaking the
agar surface with mud from the bottom of Sixth Lake. A
photomicrograph of the culture on the right is shown in Fig-
ure 11. The dark brown spots are particles of soil and the
lighter brown areas are patches of diatoms consisting of

Navicula sp. and Fragillaria sp. The green patches are made

up of Pediastrum sp., Chlorella sp. and Scenedesmus sp. The

blue-green patches are Chroococcus sp. and Microcystis sp.

Microscopic examination of the agar plate showed that spores

of Aphanizomenon flos-aquae were present but none of them

germinated.
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Figure 10. Agar plates inoculated with mud from the bottom
of Sixth Lake. The plate on the left is 2 weeks
old; the one on the right, 6 weeks old.

Figure 11. Photomicrograph of culture on the right in
Figure 10. Dark brown spots - soilj;
lighter brown - diatoms; green - Pediastrum sp.,
Chlorella sp. and Scenedesmus sp.; blue-green -
Mzcroczstis sp. and Chroococcus sp.
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Later, after this picture was taken, filaments of Oscilla-

toria sp., Phormidium sp. and Calothrix sp. appeared.

All attempts to culture Aphanizomenon flos-aquae

from samples collected from Sixth Lake failed. Samples con-
taining water and mud from the bottom of the lake were col-
lected in October of 1962 and in March of 1963, These were
stored at 15°F in a refrigerator in the dark. 1In April, mud
from samples collected on both of these occasions was spread
over the surface of agar plates which had been prepared by
adding Bacto-Agar to the liquid medium. Examination of these

agar plates showed that akinetes of A. flos-aquae were pres-

ent but none of them germinated. Mud samples collected on
both dates were frozen. Some of the samples were kept
frozen for a week; others, for two weeks. After thawing

mud was again streaked on agar plates. Akinetes, although
present, did not germinate. Liquid cultures inoculated with

this mud failed to produce Aphanizomenon flos-aquae.

Agar plates become dry and unsuitable after five or
six weeks but can be restored by adding sterilized medium or
sterilized distilled water to the Petri dishes. Drying
occurs less rapidly if the dishes are inverted. This does
not seem to be detrimental to the growth of the algae in

reference to light.
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Agar slants dry out less rapidly than agar plates
and are, therefore, better for maintaining cultures (Figure
12) . A disadvantage in using agar slants to isolate algae
is that they cannot be examined under the microscope.

Streaks from the farm water hole sample failed to
produce any growth until after ten days. Navicula sp. ap-

peared first, then three days later Scenedesmus sp.,

Chlorella sp. and Ankistodesmus sp. were apparent. After

28 days a small patch of Microcystis incerta was found near

the top of one of the agar slants. The remainder of the
algae growing on this slant at this time appeared to be
Chlorophyta which had grown through the agar digesting it.

A portion of the Microcystis colony was streaked on fresh

agar plates and slants. The newly inoculated plates and
slants repeated the succession of growth described above,

but at a faster rate. This species was transferred repeat-
edly by streaking until no other organism appeared to be
present when the cultures were examined under the microscope.
The complete isolation required approximately three months.

On agar this species and Microcystis aeruginosa form

small clumps and spread only slightly from the inoculation
points (Figure 13). After three or four weeks the cultures
become yellowish because of bacterial growth (Figure 14).

In liquid cultures neither of these species form colonies.
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Figure 12. Maintenance of cultures on agar
slants: left - Microcystis
eruginosa; right - hanizomenon

a
flos-aguae. Both are 50 days old.
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Figure 13. Photomicrograph of Microcystis aeruginosa
growing on agar. Culture is 13 days old.
Magnified approximately 150 times.

Figure 14. Microcystis aeruginosa on agar - culture on the
Ieft is 13 days old; one on the right is 50 days
old. Discoloration is due to bacterial growth.
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In young cultures the cells seem to be rather evenly distrib-
uted but in age they fall to the bottom of the flasks and
often form thin sheets. The effect of bacterial activity,

as evidenced by the change in color, becomes evident on

about the 17th or 18th day. The culture eventually becomes

orange in color. Liquid cultures of Microcystis incerta are

shown in Figure 15. The color of the culture does not show
as brightly in the photograph as in nature. Liquid cultures

of Microcystis aeruginosa changed from orange to blue-green

after a period of time. A whole series of cultures showing
this change in color is illustrated in Figures 16 and 17.
Nostoc sp. was first observed in a three-week old
culture inoculated with material from Sixth Lake. The cul-
ture had been started along with five others in soil extract

medium in an attempt to isolate and culture Aphanizomenon

flos-aquae. Small portions of the filaments were placed into

six test tubes containing five milliliters of the medium.
Growth of this species was fairly rapid and after three agar
plate transfers the cultures appeared to be unialgal when
examined microscopically. On agar this alga was able to
spread in all directions eventually covering large areas
(Figure 18). The nature of cell division in a filamentous
form allows it to grow away from the point of inoculation
(Figure 19). As colonies age they become tough and gelati-
nous and eventually produce papillae on their surfaces

(Figure 18).



Figure 15.

90

Microcystis incerta in liquid culture;
age from right to left - 1, 2, 3, 4,
and 18 weeks old. Discoloration of
cultures due to bacterial activity in

cultures of 3 weeks or older.



Figure 16.

Microcystis aeruginosa in liquid culture; age
from right to left - 1,2,3,4,5,6,7, and 8
weeks old. Note changes in color of this
series and the series of Figure 17.

Figure 17.

Microcystis aeruginosa in liquid culture; age
from right to left - 9, 10, 11, 12, 13, 14, 15, 16,
17 and 18 weeks old.
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Figure 18. Nostoc sp. on agar: culture on left is 13 days
old; the one on the right, 50 days old. Note
papillae on the surface of the culture on right.

Figure 19. Photomicrograph of Nostoc sp. from agar plate on
left in Figure 18. Magnified approximately 150
times.
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This is undoubtedly due to the release of oxygen by the
algae. Even after the agar dries this alga is able to con-
tinue living apparently being protected by the large amount
of gelatinous material produced.

In liquid cultures this species forms sheet-1like
colonies. Growth is fairly rapid and in from eight to ten
weeks the entire culture flask becomes gelatinous. Bubbles
of gas, presumably oxygen, appear on the surface. Notice-
able bacterial activity does not occur until after several
weeks (Figure 20). One culture that has been retained over
two years still shows no change in color caused by bacterial
activity. All that has been done to maintain this particular
culture was to add Pyrex distilled water to offset evapora-
tion. Repeated microscopic examinations of cultures of var-
ious ages have not permitted the identification of this
alga to species because no spores have developed.

Agar plates inoculated during the isolation of this
species followed the same growth sequence as previously
described; diatoms, green algae and finally blue-green.

Chroococcus sp. was found growing on several of these agar

surfaces but was never completely isolated. One filamentous

form, tentatively identified as Hormogonium sp., was trans-

ferred from one of the agar plates but failed to grow.



Figure 20. Nostoc sp. in liquid culture; age from right
to left - 1, 2, 21, 20 and 18 weeks. Note
no discoloration due to bacterial growth.
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Oscillatoria rubescens first appeared on an agar

slant which had been streaked with material from the same
sample that yielded Nostoc sp. Filaments, when transferred
to fresh agar, grew rapidly, extending over much of the sur-
face within ten to twelve days. The growth of this species
away from the point of inoculation is related to the nature
of filamentous growth and also to the fact that this species
has motility. Despite the fact that growth was fairly rapid
it was difficult to isolate. All material transferred was
taken from growth occurring farthest from the point of inoc-
ulation. Each time transfers were made brown patches of
diatoms appeared. These apparently were epiphytic forms and,
because of their motility were able to move a considerable

distance from the filament of Oscillatoria. Several cyano-

phyceous forms, including Chroococcus, appeared in the ear-

lier transfers. After repeated transfers the cultures of

0. rubescens were assumed to be unialgal because extensive
microscopic examinations of samples from liquid cultures and
of entire agar plates revealed no other algae. Isolation
required approximately four and a half months.

In liquid cultures O. rubescens grew quite rapidly
when compared with some of the other algae used in this study.
The filaments grew loosely more or less throughout the medium
for from four to six weeks (Figure 21). After this the fila-
ments clumped and gas bubbles, presumably oxygen, collected

at the top of the mass.
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Figure 21. Oscillatoria rubescens in liquid culture; age
from right to left - 2-1/2, 3, 5, and 7 weeks.
Filamentous growth appears in culture on left.
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Growth of bacterial contaminants in large enough quantities
to discolor the culture usually requires five or six weeks
or longer.

Oscillatoria Agardhii was first collected in January,

1963, from Alward Lake. This species was found growing under
the ice in "bloom' proportions. Media inoculated with this
species failed to develop growth. In early May this species
was again collected. At this time the isolation was compar-
atively easy because.the bloom seemed to be unialgal. Iso-
lation was accomplished by streaking on agar. Figure 22
shows this species growing on agar. The culture on the

right demonstrates bacterial activity. A photomicrograph of
the culture on the left is shown in Figure 23. The yellowish
coloration of some of the filaments is caused by bacterial
growth. Growth of this species in liquid cultures follows

the same pattern as that of Oscillatoria rubescens.

Discoloration of cultures of Aphanizomenon flos-aquae

(Figure 24) begins about the 18th or 19th day after inocula-
tion. This species floats near the surface of the liquid
and in older cultures the filaments adhere to form the typ-
ical colony found in nature. The liquid cultures became
milky in appearance, the cells became plasmolyzed and even-
tually lysis occurs. On agar, the filaments are able to

spread from the point of inoculation (Figure 25).
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Figure 22.

Oscillatoria Agardhii on agar. Culture on
the left is 2 weeks cold; one on the right,

6 weeks old. Discoloration is the result of
bacterial growth.

Figure 23. Photomicrograph of Oscillatoria Agardhii

on agar. Magnified approximately 150 times.
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Figure 24. Aphanizomenon flos-aquae in liquid culture;
age from right to left - 1,2,7-1/2, 8-1/2,
11 and 14 weeks old. Note tendency of alga
to float at surface.

Figure 25. Photomicrograph of Aphanizomenon flos-aquae
growing on agar. Culture is 13 days old.
Magnified approximately 150 times.
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The growth of Anabaena flos-aquae in liquid is sim-

ilar to that of Aphanizomenon flos-aquae (Figure 26). The

filaments float near the surface and the cultures appear

milky as they age.

Inhibitory Activity

All of the algae except Oscillatoria Agardhii were

screened for the production of inhibitory extrametabolites.
This species was not completely isolated until after the
tests had been completed.

Anabaena flos-aquae showed no inhibition toward any

of the organisms although the effect on Trichophyton rubrum

-

is questionable (Table 2). The control grew so very slowly

that it was not possible to determine whether actual inhib-
ition was produced by the spent medium from the cultures of
this alga. This is also true for the effect of the spent

medium of Oscillatoria rubescens on Trichophyton rubrum

(Table 3). Spent medium of O. rubescens, however, showed a

slight inhibitory effect against Fusarium oxysporum.

The spent medium of Microcystis aeruginosa produced

slight inhibition toward Glomerella cingulata and Trichophy-

ton rubrum. The effect on the latter non-algal organism was

in this case definitely discernible (Table 4). Microcystis

incerta exhibited slight inhibition toward Glomerella cingu-

lata, Fusarium oxysporum and Rhizopus nigricans (Table 5).
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Figure 26. Anabaena flos-aquae in liquid culture; age
Trom right to left - 1,2,5, 8,11, and 14
weeks. Note similarity of growth habit to
that in Figure 24.
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The effects of the spent medium of Anabaena flos-

aquae on the non-algal organisms

Table 2.
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Oscillatoria rubescens on the non-algal organisms

Inhibitory effects of the spent medium of

Table 3.
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Inhibitory effects of the spent medium of Micro-
cystis aeruginosa on the non-algal organisms

Table 4.

esoutrgnioe
seuouwopnasd

T102
eTUDTIIYDST

snoaine

snd>2020TAyde3s

sueoIqye
epIpuE)

wuniqni
uojAydoyodta],

SuUeOTJIJTU
sndozTyy

unxods4&xo

unTIesng

eleInduro

BTT2I2WOTH

(sdeq ur)
2an3Iny jo ady

14

21

33

41

48

53

72

Slight Inhibition

+ =

= No Inhibition

0

More Pronounced Inhibition.

++



105

Inhibitory effects of the spent medium of Micro-
cystis incerta on the non-algal organisms

Table 5.

NmOCﬁMSHOm

seuouwopnasd

T10°
BTUDTIaYDSH

Snoaine

sSnd>2020TAydels

suedTIqre
epTpUE)

wuniqni
uojAydoydTayg

sueoTagdru
sndoztyy

unxods&xo0

untIesng

ejeInguro

S ——————————

BTT2I2WOTH

(sdeq ur)
2an3In) jo 33y

14

21

36

48

60

More Pronounced Inhibition

No Inhibition ++ =

0 =

+ = Slight Inhibition.



106

Inhibitory effects of the spent medium of Nostoc

Sp. on the non-algal organisms

Table 6.
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Nostoc sp. showed no inhibitory activity toward any
of the non-algal organisms until after the alga was crushed
by means of a pestle and mortar. After this there was a

slight inhibitory effect against Fusarium oXxysporum.

The spent medium of Aphanizomenon flos-aquae showed

the greatest inhibitory activity against the non-algal orga-

nisms (Table 7). Slight inhibition of Rhizopus nigricans

and Pseudomonas aeruginosa occurred. In the case of the

former, the growth and especially the retardation of sporula-
tion was evident when compared with the growth and sporula-

tion of the control. Stronger inhibition of Fusarium oxy-

sporum and Staphylococcus aureus was demonstrated. Figure

27 shows the effect produced on S. aureus. No inhibition

was demonstrated against Escherichia coli, Trichophyton

rubrum, Candida albicans (Figure 28), or Glomerella cingulata

(Figure 29).

The results of testing the bacterial contaminants of
the algae against the organisms which were inhibited by the
spent medium were all negative. It can be assumed, then
that the inhibition produced was not a product of the bacte-
rial symbiont. The possibility of the inhibitory activity
being a result of the combined activity of the alga and

bacteria, however, cannot be ignored.
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Inhibitory effects of the spent medium of
Aphanizomenon flos-aquae on the non-algal organisms

Table 7.
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Figure 27.

Spent medium of Aphanizomenon flos-aquae

against Staphylococcus aureus 2 days after
inoculation. Control is on the left. Note
area of inhibition on plate on the right.
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Figure 28. Spent medium of Aphanizomenon flos-aquae
against Candida albicans 2 days after
inoculation. Control is on the left.
No inhibition demonstrated.
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Figure 29.

Spent medium of Aphanizomenon flos-aquae

against Glomerella cingulata 2 days after
inoculation. Control is on the left. No
inhibition demonstrated.
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Identification of the Bacteria

One of the bacteria isolated was identified as

Bacillus cereus var. mycoides Flugge comb. nov. Bacillus

mycoides Flilgge. This is a spore-forming rod which lives

as an aerobe but can also grow in the absence of oxygen
(facultativé anaerobe). It is widespread,especially in soil.
The physiological characteristics of this variety are identi-
cal with those of B. cereus. Gelatin is rapidly liquified
and milk is rapidly peptonized. Nitrates are reduced to
nitrites. Both of these bacteria produce acids®’ from glucose,
fructose, dextrin, glycerol, and salicin. Both bacteria
hydrolyze starch. No acid is produced by either of these
from arabinose, rhamnose, xylose, raffinose, inulin and
mannitol and usually none is produced from mannose and lac-
tose.

These two species differ in manner of growth on agar.
Colonies of B. cereus are large, flat, entire or irregular
and whitish in color. Colonies may also be thin, spreading,
very rough and arborescent, or smooth and dense. Agar slants
produce an abundant growth of non-adherent, spreading, dense
whitish to yellowish colonies. B. cereus var. mycoides pro-
duces grayish colonies and thin colonies. Long twisted
chains are often produced which enable the colony to spread
over the surface of the agar. Thin, grayish rhizoidal col-

onies are produced on agar slants. These spread over the
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surface adhering to it or growing into the agar. On older
slants growth is thicker and softer. A second difference
involves motility; B. cereus is motile while B. cereus var.
mycoides is usually non-motile.

B. cereus var. mycoides produces few spores on agar.
The rhizoid form of colony is lost when this species is grown
in flasks containing 100 milliliters of broth. Gordon (1940:
cited in Bergey's Manual) says that the resulting forms can-
not be differentiated from B. cereus. It is possible that
B. cereus var. mycoides is a morphotype of B. cereus.
Holzmiller (1909: cited in Bergey's Manual) identified four
varieties of B. mycoides which he designated by Greek letters.
He also discovered four new species, B. effusus, B. olfactor-

ius, B. nanus and B. dendroides. These were possibly only

morphotypes of B. cereus var. mycoides. Many reports of new
varieties may be reports of morphotypes of some previously
described species.

The other organism was found to be a gram-negative
rod which was able to grow singly, in pairs, or in short
chains. This organism produced no change in litmus milk
indicating that no acid was formed from lactose and that
casein was peptidized. No indol reaction resulted in trypto-
phane broth indicating that this substance was not usable in
the metabolism of the organism. Gelatin was liquified and
nitrates were reduced indicating that this bacterium is pro-

teolytic and denitrifying.
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The optimum temperature for growth was found to be
25 to 30°C but growth did occur at 37°C. When this organism
was grown at 25°C it was motile. If grown at 37°C it was
nonmotile, but became motile again at 25°C. If it was grown
at 25°C and then placed in an environment at 37°C it became
nonmotile. A yellow pigment is produced by this organism
and the best pigment production occurs when it is grown at

25°

C.
The bacterium is sensitive to chloromycetin, poly-
myxin, tetracycline and dihydrostreptomycin but resistant to

penicillin and erythromycin. The organism belongs to the

genus Flavobacterium (Bergey, 1957). The members of this

genus are aerobes or facultative anaerobes and have feeble
powers of attacking carbohydrates. This particular species
isolated had peritrichous flagella. Because of the above
characteristics plus the fact that it occurs in fresh water
it appears to be the species diffusum. It is very similar
to F. aquatile but the latter does not reduce nitrates.
When the algal filament is stained the bacteria
appear to be growing on the outside of the sheath. It is
possible that one end may be slightly embedded in the muci-
lage of the sheath. The fact that the bacteria do not grow
symbiotically within the sheath seems to be substantiated

by the ease with which they can be grown on agar.
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Effects of Various Concentration of Minerals
on the Growth of Aphanizomenon flos-aquae

Although the medium produced satisfactory growth
there is always the possibility that a particular medium
might contain too much of one element or not enough of anoth-
er and that growth could be increased. In growing Aphanizo-

menon flos-aquae it was found that increase in growth of

cultures placed on the shaker was more rapid than that in
cultures placed in the growth chamber (Tables 8 and 9). The
remainder of the experiments were carried on in the growth
chamber because bacterial growth proceded at a faster rate
in those cultures grown on the shaker. This faster growth
may have been the result of higher temperature or increased
aeration on the shaker.

The growth of Aphanizomenon flos-aguae in the control

medium in each experiment was similar (Tables 9, 12, l§, and
19) (Figures 30, 41, 50, 61). It can be assumed safely then
that the growth pattern obtained for the other series in
these experiements were reasonably accurate even if the
experiments were only conducted in duplicate. The pH of the
controls did not agree as well as the growth curves but a
definite patfern can also be seen when the curves in Figures
31, 42,_51, 62 are compared. An increase in pH to a maximum
of 8.5 to 8.95 occurred. The highest pH was recorded for
the 15th day. The increase‘to the maximum was followed by a

rather rapid decrease to 7.75 in some and 7.85 in others.
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