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ABSTRACT

Outbreaks of blue-green alga poisonings are caused by a com-
bination of genetic‘and environmental factors. Under certain environ-
mental conditions, toxic strains of Anabaena flos-aquue (Lyngb.) de
Breb. become dominant in a waterbloom and éaﬁse significant amounts
of an alkaloid toxin, called Very Fast Death Factor (VFDF) to accumu-
late. Death of livestock or other animals occurs if they consume
enough of such a bloom to equal or exqeed a critical dose. Previous
work with toxic clone (NRC—44;1) from Burton Lake, Saskatchewan indi-
cated that toxicity is regu]aﬁed by growth of‘the alga. This same
clone when obtained in the bacteria-free state was found fo have a
higher toxicity than its contaminatéd control. This thesis looks at
the role that bacteria might have on clonal growth and toxicity. It
also examines the variability of toxicity within colonies and between
c]oﬁes of the algae. It then examines the toxicology of the toxin
using selected animal specie . Finally it investigates the mechanism
of action for the toxin using selected pharmacological tests.

Five bacterial isolates were found to affect growth of An.
flos-aquae by means of cell lysis. -Three of these have been identified
as belonging to the‘genus Pectobacterium of the family Enterobacterj
aceae. Two isolates were found/to affect toxicity of selected axenic
clones by prevention of toxin production.' One: of these appears to be
in the family Enterobacteraceae. The toxinﬁéffécting bacteria can
decrease optimal clone toxicity (minimum lethal dose (MLD' = 60 mg/kg

IP mouse) to about 240 mg/kg body weight. MLD's greater than this
t\
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amount are accountable for. by a mixture of toxic and non-toxic fiia-

ments within the culture derived from the same colony. Mixturcs of

" axenic toxic and non-toxic clones have toxicities in proportion to the

numbers of toxic and‘non—téxic filaments.

Calves, rats, ducks and goldfish given lethal oral doses of a
bacteria-free lyophilized cell suspension of toxic An. flos-aquac died
with symptoms characteristic of respiratory arrest. In calves and
rats artificial respiration restored normal heart rate, ECG and blood
pressure. The oral MLD for calves was estimated at six to eight times
the mouse IP MLD/kg; rats 25 times; ducks six times; and goldfish two
times. Male mallard ducks given algae in suspersion either orally or
IP developed opisthotonus. Some tachyphylaxis was observed in fhe
responses of most species studiedﬁ ’

In rafs, a to;in extract from An. flos-aquae NRC-44-1 blocked
responses of the anterior tibialis muscie to stimulation of the sciatic
nerve. On rat phrenic nerve-hemidiaphragm, the extract blocked responses
of the muscle to nerve stimulation. In ducks, responses of the gas-
trocnemius muscle to stimulation of the sciatic nerve were‘b1ocked and

the muscle contracted. In chicks, the extract produced a typical

‘depq1ar%§ing muscle relaxant syndrome. On the frog rectus muscle, toxin

extract gave a contractile response which was qualitatively similar to
acetylcholine. d-Tubocurarine shifted dose-response lines of acetyl-
choline or the extract to the right in a parallel manner. On the guinea-

pig ileum, large doses of extract caused a cuntraction which could be

“abo” ished by hexamethonium without affecting r&sponses to acety]cho]ihe.



[t was concluded that 1yophi]ized cells and-extracts of the
toxic strain 4n. flos-aquac NRC-44-1 contain a material which has many
of the characteristics of a depolarizing neuromuscular b]écking agent
and is rapidly absorbed by the oral route. The active fractjon in a
preparation of synthetic material showed similar toxicology and
pharmacology to the.lyophilized cells and extract.
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A conferva that it indigenous and confined to the
lakes has been produccd in excessive quantities, so
much as to render the water wmwlolesome.

I't is I believe, Nodular: .t spimigena, allied to pro-
tococcus. Being very light, it flouts on the water
except during breczes, when it becomes diffused. Thus
floating, it is wafted to the lee shorcs, and forming
a thick scum Like yreen oil paint, some two to six
inches thick, and as thick and pasty as porridge, it
is swallowed by cattle when drinking, cspceially such
as suck their drink at the surface like horses. This
acts poisonously, and rapidly causes death; symptoms-
s tupor and unconsciousness, falling and remaining
quiet, as if asleep, unless touched, when convulsions
come on, with head and neck drawn back by rigid spasm,
which subsides before death. Time-shecp, from one to
stx or eight hours; horscs, cight to twenty-four hours,
dogs, four to five hours; pigs, three or four hours.

George Francis-1878
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INTRODUCT ION

Poisonings by certain species of freshwater blue-green algae
have been an infrequent but repeated occurrence in several partsAof
the warld. Investigations initiated because of economic losses of
.1{vestock and wildlife by poisonous freshwater blooms have led not
only fo discovery of the organisms involved but also their ecology
and physiology. Field reports and laboratory experiments indicate
that animals can only ingest enough toxic algae to cause sickness or
death when an algal bloom is concentrated in a body of water, usually
by the wind. These wind-concentrated scum-like blooms are generally
repulsive to man so he avoids them. The result is that ingestion of
sufficient quantities by humans to cause illness or death has seidom
been reported (Dillenberg and Dehnel, 1960).

" The freshwater B]anktonic blue-green Anabaena flos-aquac
(Lyngb;) de Breb. has been responsible for some of the most extreme
cases of freshwater algae poisonings due to its high toxicity and
the numbers of animals it has affected. The toxin.has been found to
be an alkaloid! (Stavric.and Gorham, 1966, Huber, 1972) exotoxin
termed the Very>Fast~Death Factor (VFDF) because it can kill mice in
justva few minutes (Gorham, McLachlan, Hammer and Kim, 1964). Charac-
teristfc symptoms of the toxin following intraperitoneal (IP) injection
in mice include a latent peribdpof about one to two minutes. This

is followed by a one-to-two minute period of tremors, dragging of hind

INitrogen containing bases that are generally of plant or animal origin.



legs and spasmodic convulsions. Death is preceded by convulsive
contractions of thorax and gaping houth and occurs in fodr to five
minutes. Death is presumed due to respiratory failure (Gentxle,
1971)7 Invest1gat1ons of tox1c Anabaena blooms have found that
toxicities vary in degree and length from one outbreak to another
(Rose, 1953; and Gorham, 1964) and within colony 1so]ate$ from the
same b]oom (Gorham, et al., 1964). Changes in species composition
were 1n1t1a11y thought to be responsible but records indicate that
toxicity may vary without much change in species composition be1ng.
apparent. The discovery that there were toxic and non-toxic strains
(colonies) (Gorham, et al., 1964) of Anabaena flos-aquae led these
authors to suggest that an importaﬁ% factor in bloom toxicity was
dominance by toxic colonies. Additional factors which have been
found to affect the apparent toxicity of waterblooms in¢ludes:
animal access, dosage intake, detoxification by adsorption to///
sediments, yrazing by protozoa, toxic bacteria and the growt//and
development of toxic blooms in relation to light, temperatukg and
aeration (Gorham, 1962; and Gorham, personal communication):\
Carmichael (1972) studied the effects of mineral nutrition, dxygen
tension and interactions between alga and contaminating bacteria on
toxicity of a toxic clcne of Anabaena flos-aquae. Findings‘fmplied
that mineral nutrition and oxyge tension dfd not effect toxicity
unless growth was also 5¥fected - -free cultures, however,

showed improved toxicity over ct iar controls which indicated

that at' least under laboratory cui .- "jons, there were species-



and strains of bacteria which could lower or reduce toxicity of the
alga without qffecting its growth.

In addition to the important problem of eco]ogica] and
physiological factors that determine the level of toxicity in wap@r—
blooms of 4nabacna there is the toxicology and pharmaco]ogy»of the
toxin and what, if énything, may be possible in the way of usable
anfidbtes. For détefminative toxicological studies of natural
cohpounds it is important to isolate, identify, and culture the'
organism responsible. It is also important to obtain cohstant
levels ofbtox{h production from one culture batch to another.
Finally, it is very important with microorganisms, sD&h as the
planktonic blue-green algae to obtain bacteria-free or axenic
cu]tures to eliminate not only the possibility thatqbacteria are
producing (either directly or.indirectly) the toxin but also of
any growth or toxiﬁ production effects that they may have on the
a]gae; Pharﬁacoiogica] inveétigations jdeally require that the toxic
compound be iéb]atedxénd purified. However, a ;ertain amount of
useful information can be oBtained with fractions in which the toiin
has been concehtratéd but ultimately it must be pure for crifica]
investigations. It is desirable, if possible, to prove any proposed
structure 6f a toxin by partial or total synthesis}

This study of toxicity in 4An. flos-aquae Was undertaken

with the fo]]oWiﬁé objectives: '

1. To iéo]ate, culture and identify bacteria from laboratory ;ultures
and natural blooms of Anabaena or other blue-green algae and test their

~ effects upon growth and toxicity of an axenic clone of Anabaena.



2. To determine whether toxin reduction by such bacteria is caused

by degradation of the toxin or inhibition of toxin production by the
alga.

3. To investigate which of three possibilities or combination thereof
is responsible for the observed variability in toxicity of Anabacna
colony isolates cultured under standard conditions in the laboratory
and to in -rpret the results in relation to the variable toxicity of
Anabéena waterblooms in nature. The three possibilities aré:

(a) bacteria may be directly or indirectly responsible for the range
of toxicity levels recorded,

(b) a colony may be a mixture of toxic and non-toxic filaments, or

(c) a colony may be a mixture of filaments with genetically different
- toxicities. t

4. To describe the»toxico]ogy in greater detail by oral and intra-
peritoneal (IP) dosings of toxin into animals that hdve been most
frequently killed by natural Waterb]ooms of Anabaena. These tests
are to provide dosage levels dnd symptoms associated with sickﬁess

or death for practical use in helping to identify Anabaena poisonings
in the field and in helping to understand the pharmacological or
physiofogica] mode of ‘action of the toxin._ | -

5. To describe the pharmacology of the toxin using hjgh]y concentrated
extéacts or fractions. This involves the use of selected animal tissue
preparations and the testing of a number»ofrpossible pharmacological

antagonists for the toxin;



LITERATURE REVIEW '

A. Freshwater Blue-green Algae Responsible for Toxic Blooms

v

This thesis is an extension of a recent study on toxic
Anabaena flos-aquae (Carmichael, 1972) in which work on other toxic
blue-greens has been reviewed. Gentile (1971) has provided a recent
review which descr1bes much of what is known about the structure and
pharmacology of the blue-green toxins. Of more than 50 genera and '
250 spec1es of freshwater blue-greens, only six genera are considered
toxic. Of these six genera, only three, Microcystis, Aphanizomenon .
and Anabaena, have been extensively studied in the laboratory.
Within these genera toxic and non-toxic strains have been,iso]ated,
so far, from one species of each: Microcystis aeruginosa Kutz. emend.
Elenkin, Aphanizomenon flos-aquae (L.) Ralfs. aﬁd Anabaena flos-aquae
(Lyngb.) de Breb. (= Anabaena Lemmermannii).. Microcystis toxjn is a
.cyclopolypept1de (Bishop, Anet and Gorham, 1959). Aphanizomenon toxin
is an a]ka]o1d reported to have a structure similar to that of saxi-
toxin or shellfish poison (Jakim and Gentile, 1968} and Anabaena toxin
is an alkaloid (Stavric and Gorham, 1966). The remaining 1itefature
review will be centered on field apd 1aborétory studies of Anabaerna

fios—aquae and its toxicology-

B. Occurrence and Case Histories of Toxic Waterblooms of Anabaena

T

flos-aquae

Most documented reports of toxic. Anabaena flos-aquae have

come from North America and are reviewed ;;\§qhwimmer and Schwimmer

~ ;
/ ,

—



(1968). Some selected cases of algae poisoning in which Anabaena has
beén at least a component of the bloom include those described by
Fitch, Bishop and Boyd (1934), Stewart, Barnum and Henderson (1950),
Rose (1953), Dillenberg and Dehnel (1960) and Olson (1964). The
species composition\and symptoms described in these reports are
summarized in Table 8. These blooms were he]d.responsible for the
deaths mainly of cows and ducks. Dosing of rabbits, pigeons, cows
and mice with samp]eé of waterbloom algae énd water {n the laboratory
provided symptoms and lethal dosages as well as evidence that algae .
" were the responsible organismS. Anabaena was given as the dominant
organism only in the cases cited by Rose and Olson. In the cases
reported by Fitch, et al. and Stewart, et al., Anabaena sp. was only
a small component of the bloom. There were, however, descriptiohs of
of symptoms which were common to a]]»poisonjngs among birds (legs
rigid, neck stiff and contracted). It is possible that the Anabaena
component was responsible for the deaths and symptoms reported but

it is also possible that one or more of the other species of blue-green
alaae that were present may have been partially or who1ly”re5ponsib1e
for poisonings that were very Anabaena-like. ‘

Two recent cases in Alberta which the aqthof had an oppor-
tunity to investigate Wi]] be documented here: ‘
Case 1. Disney Lake near Strathmbre, Alberta, June 1972. A sample of
waterbloom from this lake collected on June 22 was submitted to this
laboratory by Mrs. K. Strausz of the Provincial Laboratory, Tokico]ogy,

0. S. Longman Building, Edmontonﬁ The death of three calves which had



occurred two weeks earlier (Plate 1A) was attributed to a waterbloom
present in this lake at this time (Strathmore Veterinary Clinic
~Pathology No. 72-3305). The June 22 sample consisted é]most entirely
of An. f[us—aqyae and had a concentration of 9.1 g/1 dry weight of
cell materia].’ It had an MLD (IP mouse) of 480 mg/kg body weight and
produced typical VFDF survival times and symptoms. The MLD of the
91oom concentrate ihét was bioassayed would not Have been sufficient
to kill the calves considering the volume of witer they would havé
had to drink (approximately 30 liters for a 60 kg calf assuming an
oral MLD of 4,800 mg/kg, which is 10 X the IP MLD/kg mouse). Pre-
sumably the toxicify of the b]oom had been much greater when the
calves died two weeks earlier. No one observed them dying but death
was estimated to have occurred one-half to three hours after the
animals had access to the water. Fresh samples of lake water con- a
taining low concentrations of heaithy colonies of An. flos-aquae
were collected from Disney Lake by the author on June 25. Colony
isolates from these samples grown in the 1aborétory were all toxic.
| Nater samples collected at this time and submitted to the Provincial
Laboratory for analysis showéd the lake to be highly alkaline (total
alkalinity equaled 688 ppm).
Case 2. BeaVerhi]] Lake, near'Mundare, Alberta (abﬁut 40 miles east
of Edmonton), September, 1972. On September 3 cattle wﬁjch had access
to the lake (Plate 1B and 1C) began dying from suspectec algae
”537§BHTE§I ATth6Ugh éatt]e were removed from the water as a drinking
source on Septehber 4, cattle continued to die as late as September 6.
. » S

—



PLATE 1A. Calf dead from waterbloom of toxic Anabaeng flos-aquae in
Disney Lake (near Strathmore), Alberta. June, 1972.

PLATE 1B. Cpncentrated éhore]ine bloom of ‘toxic Anabaena f?ps-&quae.
in Beaverhill Lake (east side) (near Mundare), Alberta.

. September, 1972.
PLATE 1C. Wind-concentrated bloom on shore.
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In 611, 15 -head of cat€1e died and autopsies done on 13 of the 15 animals
by Dr. A. Bidse]], Vegreville Veterinary Clinic indicated alqae
poisoning as the cause of death (Pathology no. 72-4273, September 5,
1977). Mice injected (IP) with waterbloom by the Veterinary Clinic at
th same time as ghe cqtt]e were dying had survival .times of approxi-
mately one hour. An. fios—aquae was the only alga present in decom-
posing bloom samples submitted to this laboratory. Mice injected with
aliquots (IP) had survival times of one to one and one-half hours but

an MLD was not established. The symptoms observed did not resemble

those characteristic of VFDF, nor of microcystin (Konsl, et al.,
1965). Since survival tihes and symptoms for mice were not charac-
teristic of Anabaena VFDF anothér~fo;ic~factor is implied. Colony
“isolates from samples collected during subsequent field trips to the
bloom were made, ar “~hese too proved ta be toxic as will be discussed
later. Water samples from these later field trips were analyzed by

the Provincial Laboratory and showed high total alkalinity (434 ppm).

C. Culture and Toxicity Studies of Anabaena flos-aquae

1. Culture Medium and Growth. A defined mineral medium for

growth of a toxic colony iso]ate of An. flos-aquae (NRC-44) was
deve]oped‘bj Gorham, et al. (1964). It was termed ASM-1 after ASM
(Artificial Seawater McLachlan) developed for optimal growth of toxic

“Microcystis aerugindsa NRC-1 (McLachlan and Gorham, 1961). Later

work by Peary and Gorham (1966) defined the optimal Tight intensity



and temperature for growth and tbxicity of an axenic clonal Qerivative
(NRC-44-1) of An. flos-aquac. These optimum conditions Werg used for
mineral nutrition and oxygen tension studies on growth and toxicity

of the same clone, but non-axenic, by Carmichael (1972). These
studies were done fb determine if mineral nutrient concentrations or
great changes in oxygen tension such as occur in decpmpoéing blooms
could account for the variable toxicity observed in these blooms.

In all these instances where environmental parameters were studied
toxicity was found to increase only if growth increased and

conversely if growth decreased.

2. Colony Isolates and Toxin Variability. Gorham, et al.

(1964) found that toxicity varied considerably among un1alga1 colony
isolates of An. flos-aquae from the same sample of b1oom co]]ected
from a Saskatchewan lake for which a prior case of algal poisoning

was on record. In addition toxicity varied between successive sub-
cultures of the same colony isolate. It was to find the reasons for
this variability thaﬁ various growth and toxicity studies have sub-
sequently been done. Understanding the yariab]e toxicity of a

v .1 colony isolate, it was thought,‘would go far towards under-

~andi.n. the variable toxicity of 4n. flos-aquae waterblooms.

- 3. Influence of Bacteria on Growth and Toxicity of Anabaena

v

'ﬁlos—gguae. Recent years have seen the publication of a number of
important studies and reviews on the lytic effects of cyanophages.,:f

(Padan and Shilo, 1973) and bacteria»(Daft and Stewart, 1971 and



1973; Shilo, 1971a; Stewart and Brown, 1971) on b]ue—greén a]gaé: In
addition to these detrimen;a] effects on growth it has been suggested
that under certain conditions bacteria can.stimu]ateé;}gal growth by-
making available an incréase in C02, derived from respiration, iﬁ
waters having a high biological oxygen demand (Lang, 1971). ATthough
no systematic work had been done with bacterial effects 6& toxicity of
blue-green algae some preliminary data have been repokted which indi-
cate that bacterial contaminants reduced the toxicity of an axenic
clone of toxic 4n. flos-aquae. (Carmichael, 1972). Elimination of
bacteria from clone number NRC-44-1 causéd almost a doubling of
toxicity withodt affecting grthh. This suggested the possibility
that during and after the development of.a waterbloom one or more
types of bacteria may be present which cause the variable toxicity
of blooms. This hypothesis could be tested in the laboratory by
making many bacteria iso]étes from a numben of waterblooms and
measqrjng.yhaf éffect they-had upbn the toxgcffy of axenic An.

fibé;aquae NRC-44-1 in combined culture.

D. Toxicology and Phafmaco1ogy of Naturally Occurring Toxins

1. Gen. ... Plants have historically received avgreat
amoﬁht of attention-and research due to the great numbers that have
some physio]ogiéa1 effect on animals. These effects are varied and
depending on the drug or the dose invoived it is often said that the

animal has been poisoned. It'was to study the special medicinaleffects

\




or direct poisonings caused by plant products that the science of
phakmacognosy developed. This science encompasses those phases of
knowledge relating to natural products which are genera11y of
medicinal value and primarily of plant origin. Input to this
science has come from botanists, chemists, pharmacologists and
other related specialists. Examples of impértant contributions
from this area of science include; quinine, the antimalarial from
the chinchona tree; digitalis, from foxglove, which is a cardiac
glycoside effective in treating congestiVe héartAfai]ure; cortico-
steroids from Mexican yams and curare muSc]e fé]axants from moonsee:
1iana or Chondodendron toxicoferum. These are but a few exémp]es
of natural plant products effective in various Wedica] problems.
An excellent historical review of these nafura] plant productsris
found in Krieg (1965). ' ( | |

Natural products from plant sources which, in certain
cases, are poisons do not have to possess medio*na] or»clihica]
benefits to be of use to man. In_fecent years the study of their
chemical identification and méchanism of action has helped greatly
ta undérstand physiological mé&héﬁ{sms in man. particularly neuro-
. muscular transmission (Bowman, 1973). The relative toxicities
of many natural toxins, both plant and animal, vary greatly as
1nd1§ated in Table 1.

The large area of microbial toxins is of particular interest
to this study and is covered in an extensive eight-volume review.

The.é1ga1 toxins are reviewed in Vo]ume 7 (Kadis, Ciegler and Ajl,



TABLE 1

Relative toxicities and other properties of a selected group of
naturally occurring toxins.!

- MLD ' Molecular

Toxin (ug/kg) Chemical Class Weight
Botu]inus toxin A >0.0QOO3 Proteinc | v 900,000
Tetanus toxin 0.0001 Protein 100,000
Ricin (castor bean) 0.02 » Proﬁéin" _' , —————
Saxitpxin‘ | 9 ‘Alkaloid 372
Tarichatoxin 8.  Alkaloid 319

(Californian newt)

Tetrodotoxin 8-20 'A1ka]bid 319
(Pufferfish) .

Cobra neurotoxin 20 Protein ~  --mmee-
CTotaius toxin 60 ‘Protein -------
(rattlesnake) o

Aphanizomenon toxin - . 50-100  ==------ . 300
Microcystis FDF . 100 Cyclic polypeptide | 2,600
Anabaena - VFDF 250 .A1ka10id ‘ 300
Curare - 500 Alkaloid 6%
Strychnine 500 Alkaloid 334
Muscarine 1,100 " Alkaloid 210
Glenoéine tokin 2,500 Alkaloid -
(Dinoflagellate)

Sodium cyanide  ;10,000 . Organic Sa]t‘ -------

1pdapted from Gentile (1971).



1971). The microbial toxins include those of bacterial, fungal anq
algal origin.. Most of the toxins have remained under the heading

Q

plant poisons or infections although fungal toxins have important
antibiotic benefits.

Some freshwater and marine algal toxins, int]uding those
from certain dinoflagellates (saxitoxin) and Aphanizomenon. flos-aquae
foxin (saxifoxin-like) have neuromuscular effects. fh terms %T
mechanism of action, these toxins fall in the same group -as curare,
tetrodotoxin (puffef?iéh)é3?ﬁngarotoxins (snakes) andﬂéfhefs.' It .
was to' this a;ea of work thét{jhe mechanism of action f;r An.

flos-aquae ultimately led and it is therefore necessary to say more

about these neuromuscular toxins.

2. Neuromuscular Blocking Agents from Natural Sources.

Probably the best review of.neurohumoral mechanisms and neuromuscular
blocking agents is found in the two-volume series on neuromuscular
.b1ocking and stimulatory agents (Cheymol, 1972). Handbooks such as
Goodman and Gilman (1970) also provic: much information on the
subject. In addition, any textbook on comparative animal physio]ogyl -
(e.g. Prosser, 1973), or selected reviews on individual blocking or
stimulatory agents provide information on neuromuscular blocking
agents. |

The contept of neurohumoral transmission holds that nerve
impulses elicit responées in smooth, cardiac and skeletal muscles,

exocrine glands and post-synaptic neurons through liberation of



specific chemical substances. The divisions o% the peripheral
autonomic system that elicit these responses are the sympathetic
and parasympathetic. The neurohumoral transmitter of all pre-
ganglionic autonomic, all postganglionic parasympéthetic fibers
and some postganglionic sympathetic fibers is acetyicho]ine (Ach).
These fibers are referred to as cholinergic. The adrenergic fibers
comprise most of the postganglionic sympathetié fibers and here the
transmitter -is norepinephrine or noradrena]ine (Koelle, 1970a). In
‘this study we are mainly concerned with postganglionic parasympa-
thetic “ibers and théir connections or synapses with muscle fibers.
Neuromuscular blocking or stimulatory agents affect these
cholinergic nerve fibers, muécle synapses and/or muscle fibers in
various ways. The natural toxins which affect neuromuscular trans-
mission occur in both animals and plants. The best way to describe
the various mechanisms of action by these natural toxins is throug%
a short destribtion of what is known about them along with reference
.to a schematic diagram of a typical neuromuscular synapse (Figure 1).
Bétrachotoxin is a steroidal alkaloid isolated from the skin
of the Columbian poison arrow frog Phyllobates aurotaenia. It produces
neuromuscular b]ock 5y selective and irreversible increase of sodium
permeability in the axon membrane at the nodes of Ranvier causing
depolarization (Bowman, 1973) (Figure i). Tetrodotoxin is an alkaloid
obtained from_the viscera of the genus Fugu (pufferfish). An alkaloid
from the eggs and embryos of the Californian newt (Taricha torosa),

originally called tarichatoxin, has been found to be identical in



FIGURE 1

Neuromuscular apparatus and toxins that affect it. Adapted

from Koelle (1970b); Cheymol and Bourillet (1972a); and Bowman

(1973).
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structure to tetrodotoxin. Saxitoxin is an alkaloid responsible for
shel1fish poisoning which is produced by two or more species of the
marine .dinoflagellate Gonyaulax (Cheymol and Bourillet, 1972b).
Tetrodotoxin and saxitoxin have their effects at both sides of the
neuromuscular synapse. They alter membrane permeability by blocking
movement of sodium ions, essential for initiation of electrical
activity. Several different snakes of the %§mi1y Elapidae produce

the o and g-bungarotoxins (polypeptides). a-Bungarotoxin has its
effecf by disrupting the Ach-containing vesidles and thus depleting
the nerve ending of Ach. g-Bungarotoxin cgmbines with Ach receptors
on the muscle side‘of the Synaptic gap/aﬁa/depo1arizes the membrane
(Vital-Brazil, 1972). Botulinum toxi (poTypeptide) from the
bacterium Clostridiwn botulinum p}eygnts the release of ‘Ach to the
presynaptic membrane (Burgen, 1972). Curare is a general name for
plant alkaloids that have muscl¢ relaxing properties and come from
various speciés of the gehu§~gh6nd0dendron or Strychnos. Its action ~
is to prevent Ach.attachment ;nd thus it has a nén-depo]arizing block-
ade effect on the postsynabtig membrane (Waser, 1972).

The 1ist just given does not 1nc1ude alt thg é%tura] products
which havé neuromuscular effects, but it does include e*amp]es of most
' of the‘ways in which toxins are known to alter néuromuscu]ar trans-
miss{Bn. _Other marine algal toxins include the dinoflagellate
.Gymnodiniuh‘breve (Schantz, 1971) which kills by respiratory arrest
and seems to exert its effect through stimulation of postganglionic

cholinergic nerve fibers (Grunfeld and Spiegé]stein, 1974) and certain



Prymnesiun species of the family Chrysophyceae. Prymnesium toxin is
a lipoprotein with two toxic components, one hemo]ytfé and the other
having ichthyotoxic activity (Shilo, 1971). The toxin from
Aphanizomenon flos-aquae has been proposed to be identical to saxi-

toxin (Gentile, 1971; and Alam, Ikawa, Sasner and Sawyer, 1973).
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MATERIALS AND METHODS

A. Sources of Anabaena flos-aquae and Bacteria

An. flos-aquae isolates used in the egperiments were either
colonies, portions of colonies or individual cf?nesu(sing1e filament)
from a colony. Pre-existing laboratory cu]tureé of this type'inc1udéd
NRC-44-1 (Plate 2A and ZB) which is a clonal isolate from NRC-44
(Gorham, et.aZ., 1964). Colony isolates and mgsf of the clonal isolates
were from Dispey Lake water samples (Plate 2C ghd 2D) and Beaverhill
Lake. Disney Lake (formerly Bruce Lake) is 1bcated near Strathmore,
Alberta at 52011' N latitude, 113°32' longitude and in Tp 24-25, R 26.
Beaverhill Lake is located near Mundére, Alberta at 53927' N 1at1;8 e,
112°32' longitude and'in Tp 51-52, R 17-18. The colony, isolates fro
Alberta-collected water samples wefe given the letter pséfix “A" (AT Frta)
followed by a number. To‘designdte isolates from these colonies the \
fo}]owing coding system was adopted. Numerals following the original‘\
isolation number indicate filament isolates.(clones) made from the
original co]ény culture. Those that were multifilament isolates are \
indicated by a bracketed {m} at the end, otherwise theéy are single
filament (clonal) isolates. Further isolations from these single or \
multifilament isolates are designated by an alphabetic sequence. Iso- \
lations from these isolates were given a numeral seguence, etc.

Bacteria types used were isolated mainly from laboratory
cultures of toxic and non-toxic An. ons-aquae and from waterblooms of

blue-green algae. Som§ bacteria were isolated from water samples col-

lected after a toxic An. flos-aquae waterbloom had occurred (Disney

19



PLATE 2A.

PLATE 2B.

Freeze fracture Anabaena flos- . NRC-44-1 (X 11,400).
Note numerous gas vesicles in usc section. Scale pro-
vided by gas vesicles which ar ahout 50 to 60 nm in
diameter (Walsby, 1973). .These are important for buoy-
ancy maintenance and bringing filaments to surface where
they concentrate and become accessible to animals.

Anabaena flos-aquae NRC-44-1 (Nomarski interference
contrast). Note heterocyst in middle of right filament.

PLATE ZC,'*Freeze fracture Anabaena flos-aquae A-70 (X 164200). Note
.~ gas vesicles (GV), photosynthetic thylakoids (Th) -and poly-

PLATE 2D.

phosphate granules (PG). Individual vesicle is about 200
to 300 nm long (Walsby, 1973).

Anabaena flos-aquae A-52 (phase contrast) (X 1;200). )




Lake, June 25) and from sediment samples from Lake Wabamun located
about 35 miles west of Edmonton. In addition 20 bacteria of known

identity provided by Dr. F. D. Cook, Department of Soil Science, were

tested.

B. Culture Conditions

1. Anabaena flos-aquae. Culturing of Anabaena flos-aquae

“was similar to earlier studies (Carmichael, 1972) which in turn were
in part the result of wérk by Gorham,iet al. (1964) and Peary and
Gorham (1966). Inoculum cultures were grown in 50-ml Delong flasks
containing approximéte]y 30 m1 of ASM-1-Tricine (ASM-1-TR) (Appendix
1 and 2) for about 10 to 14 days before transfer to fresh media.

Test cultures for toxicity were grown in modified one-liter Delphg
flasks equipped‘for'ésgbtic aeration (Plate 3A) which éonfained 600 ml
of ASM—]-fR. Inoculum amounts were one per cent v[v from 10 to 14_
day old cultures of the 50-ml inoculum flasks. Optimal érowth was
obtained using aerated cultures but if was also necessary to maintain
aseptic conditions. This was accomplished by passing room air through‘
‘sferi1e Whatman filters containing a no. 80 filter cy]indérl This
removed most room dust or 6ther pafticles greatefathan 8 microns. Air
then moved through two paré]]e] sterile glass Bellco filters packed
with 10 g of glass wool. Air was passed to‘indiVidua] cultures from
two sets of glass manifo]ds»contQining 10 outlets apiece;- Air flow
was»régu]ated by'using Reéiprotor biston pumps aftdthed,to a variac.
Air flow to individual cultures was controlled by screw é]amps. Thé

filter system was dry-sterilized monthly (sooner, if necessary) and



PLATE 3A. Mo'ified 1-liter Delong flasks used in aseptic culturing
of ‘algae for bacteria and clone toxicity tests. Note '

air-filtering system to left.

PLATE 3B. MaSs culture apparatus for large scale culturing of toxic
oo clones. "




the number 80 filter cylinder replaced. Flow rates of air to both

modified Delong flasks and mass culture bottles were 1to 1.5 1/min.

Mass cultures of Anaéaena were grown in 10-liter Pyrex
glass bottles fitted with fritted glass tube aerators and rubber
stoppers (Plate 3B). Fi]teredéair was passed through a similar
system as for the modified Delong f]ésks with air being péssed to
cultures from a copper tubing manifold. Inoculum for mass cufzares
was one per cent v/v axenic An. flos-aquae NRC-44-1. Al1 algae
cultures were grown at 22 # 19¢ .under continuous shaking, except
for mass culture bottles which Qsed air for mixing. Continuous
illumination of 90 uE/m2/sect (5;000 lux), was provided from over-
head cool white fluorescent 1amp§.

The rotary shakers usedéfor the investigation were the

same as previously used (Carmichéel} 1972) and consisted of smaller -

units operated at 80 to 100 rpm,éused for inoculum flasks, and a
larger New Brunswick, model G-lOf run at 60 to 80 rpm, used for the

one-Titer modified Delong flasks.

2. PBacteria. Water samples for bacteria isolations were
collected from the field under the following aseptic conditions:
water o#‘a]gée$3100m samp1e§‘co11ected in sterile bottles had ali-

.quots transferred tolsteri1e medium by a flame-sterilized platinum

needle. The medium used in the fie1d was liquid platescount agar
« 4 o

W
o

IMeasured at the level of the culture surface witha Lambda L185
radiometer using an LI-190S quantum sensor or a LI-210S photometer

sensor, respectively.
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_and skim milk mediﬁm (Appendix 3). Plate counts done in the field

used sterile ASM-1-TR as the serial dilution media and 100x15 mm |
Petri dishes containing plate count agar. These samples were
transferred tobthe laboratory for grow isolation and testing.

For certain field samples (decomposing blooms) additional media

were used for streaking including ascorbic écid-agqr,aﬁéiie“agar, -
casitone agar, Lochﬁead‘s s0i1 extract semi-solid medium and

gelatin (Appendix 3). Bacteria isolated from laboratory cultures

were streaked on plates of plate coﬁnt agar énd skim miTk agar.

.A11 bacteria were incubated initially at room temperature. After ‘
isolation of individua{ bacteria co1on1e§ duplicate cultures were ///
kept in a 109C incubator (plates) and at 220C (liquid in tubes).

Viable bacteria counté were made, doing serial dilutions in duplicate,
with ASM-lfTR as the dilution medium, for concentrations of 1073,

1075 and 1077.

C. Colony Isolations

1. ~A7qbaena flos-aquae.. v?o]ony isolates from field samples
were iso]atedﬁby the following procedure using a Leitz inverted
microscope at a'magnification of 80 X:

1. “An individua] colony or piece of a co1oﬁy was p]éééd on a slide
in a drop of Sterile ASM-1-TR.

. Gentle blowing on the colony from a Pasteur pipette was used to

break up the colony.



3.~ A piece of the colony wasvtransferréd to another drop of ASM-1-TR
by cap111afy action of a Pasteur pipette.

4. Steps 2 and 3 were repeated six or seven,times until a piece of
colony was obtained that appeared free of protozoa or other algae
‘(parti;ularly diatoms). The glean colony was transferred to a test
tube containing sterile ASM—IQTR, and then cuttured under contin&gus
“i1lumination at 229C. Axenic (bacteria-free) clones were obtained

from these colony isolates by the method of Carmichael and Gorham

(1974).

2. Bacteria. Bacterial fsolates from natural or 1$boratory
sources were made by streaking on plate count and skim mf]k agar
p]atés. Individual colonies having dist%nct morphological differences

‘were selected from these plates. This procedure was repeated as .
necessary until a single colony type was obtained. Individual
co]ony types were_kept on plate count'and skim milk agar plates at
16°C and in tesgltubes, containing the same type of liquid media as

the plates, at 220cC.

’D. Growth Measurements

~
o

1. Anabaena flos-aquae. Algal growth was measured as

biomass production based on optical density (OD) readings at 750 nm
for time periods indicated by the individual experiments in the same
manner as in previb@§gwork (Carmichael, 1972) except that the standard

curve used was. for aerated instead of‘non—aerated cultures. A stand-

£D



ard curve relating 0D 750 nm to biomass for aerated cultures of

.

Anabaena flos-aquae NRC-44-1 is given in Figure 2.

2. Bacteria. Bacterial gfowth was measured as viable
"counts on plate count agar. A measurement of thevamount of bacteria
uééd for %nocu]ations was obtained by doing serial dilutions in
ASM-1-TR of the particular bacteria culture and determining thé
viable count. This was repeated at the end of an experiment to

determine the increase or decrease in viable count.

E. Toxin Extraction Procedure

Toxin_concentrates were required to get some idea of
relative potency with other natural poisons and to allow toxicological
and pharmacological experiments to be -done on in vitro and in vivo
_anfma] tissue preparations. No enpirely reliable technique exists
_ for obtaining pure toxin extracts but highly conceqfrated ones were

obtained using a method similar to Stavric and Gorham (1966). The
starting material was 2 quantity (40 g in this work) of 190phy1ized
cell culture of An. ons—aqﬁae NRC-44-1. Quantities of this amount
were obtained by thé mass culturing technique mentioned earlier.

Mass cultures were concentrated at 45°C on é continuously operating
vacuum flash-evaporator. A flow-chart for the extraction procedure
is given in Figure 3. The presence of the toxin in an extract was
iverified before the‘mouse bioaésay by its extinction peak at 229 nm.
This was done using a Beckman DBG épectrophotometer and a UV hydrogen

J
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FIGURE 2

0D (750 nm) versus biomass dry weight per. liter, over the range
from 0 to 1.0 0D units. Values were determined for aerated cul-
tures of axenic An. flos-aquae NRC-44-1. The graph is also

applicable to axenic An. flos-aqude A-52-2.
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FIGURE 3

Toxin extraction flow diagram.
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FIG 3
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lamp power supply. Yields of concentrated extract by this procedure
were adequate for the cxperiments-conducted, and high in terms of
total méuse un{ts (MU)? recoveredvfrom the starting material. The
40 g of cell material with an MLD of 60 mg/kg (IP mouse) represented
26,667 MU of toxin. The total MU for the fractions collected by the
extraction pﬁoceduré Qas apbroximaté]y 22,200 which is’a y%é]d of

about 83%. )

F. Basic Bioassay Procedure and Sources of Experimental Animals

Routine minimum lethal dose (MLD) or LD100 of the cell
suspensions or toxin extract fractions were determined first using

whitéfma]e ALAS mice (15—25 g). The procedure Was the same as that

4 B
used by Carmichael (1972). Dosings were either intraperitonea] (IpP)

b

or oral as indicated for the individual experiment. The MLD (1P~
"mouse) of a cell or extract fraction was then’used as a basis for
deciding upon the dosagelleve15'that'were used for‘other animals.
{' The mouse bioassay ‘was also used to test foxicity of all experimgnta1
cultures 1nv61ving bacteria paired'with algae and with clonal to%i;ity

tests.

Most of the animals used‘in the experiments were obtainéd
through the University Bioscience Animal Services.- Mice and rats
were from colonies maintained by Bioscience Animal Services. Calves
were obtained from the Department of Animal Science with the
codperation;ofuﬂr. C. M. Grieve. Mé11ard'ducks were obtained through

-3

10ne MU = dose

_ P) required to kill a 25 g mouse. An MLD represents
1000 9/25 g M

UI v
g
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40
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the courtesy of Dr. J. Holmes, Departmént of Zoology. Goldfish
were obtained from Dr. R. E. Peter, Department of Zoology. Frogs and
the guinea pig were obtained from Dr. D. F. Biggs, Faculty of

Pharmacy. Chicks were obtained from Bioscience Animal Services.

G. Equipment Used for Pharmacology Experiments

Experiments in which respiration, blood pressure, heart rate
~and muscle contractions were monitored used the following equipment:

1. Respiration was monitored from a tracheal cannula connected to a
Grass.volumetric pressure transducer PT5-A.

2. Blood pressure was measured by a carotid or feméra} artery cannula
connected to a P23Dd (10 volt) transducer.

3. Output from these transducers was fed into a Hewlett Packard (HP)
carrier amplifier 88058.

4. Heart rate was computed from an 8812A rate computer connected to
the carrier amplifier which received output from the blood pféSsure v
‘transducer. | |

5. The tendon or muscle from which muéc]e cgntr&ctions were measured
was string-connected to a Grass force displaéeﬁéht7tfansducer FT 10 G;.
6. A1l recordings were made on an HPémodelf%754A 4-channel physiograph.
The‘mu§c1e preparationé'for which this equipmeht was used are listed -

with the individual experiments.and in Apbendixes V to IX. Most of

this equipment can be seen in Plate 7.



EXPERIMENTS AND RESULTS

A. Bacterial Effects on Growth and Toxicity

1. Genera]. Bacteria were isolated from two main sources;
Take waters and 1abbratony cultures (Tab]é 2)1 Since the indication
that bacterfa lowered the toxicity of a laboratory culture had come
from Anabaena flos-aquae NRC-44-1 which at one time had been axenic,
became contémiﬁate& and then repurified, it was not clear whether
uwther bacterié affecting groch and tox%city would be found in
natural waterblooms or other sources of water. "A total of 126
badteriaT cultures were isolated from the two main sources and 2
aésighed isolation numbers as given in Table 2. In addition, éO
bacterial cultures of known identify were obtained from Dr. F. D.
Coog, Department of Soil Sciencg. It was very likely that some of
these bacteria cultures were duplicates but no attempt was made to
identify them unless they had some effect on growth or toxicity of
an algal culture. Even if fheEnumber of bacteria isolates could be
reduced by identification and;é]imination of species duplicates-it
-could not be known what strain variability effects on the algae
would be presént‘ .
T¢ screen the numerous bacteria the following proce&hre was

adopted: | ’

1. Axenic cu]fures of 4An. flos-aquae were grown in one-Titer modified
Delong flask< containing 600 ml of ASM-1-TR. These cultures were

inoculated at -ne per cent v/v from inoculum cultures grown in 50-ml
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. TABLE 2

Bacteria isolate numbers and their source.

Bacteria Isolate ' Source
Numbers :
1-13 An. flos-aquae NRC-44-1 before repurification.
14 - 26 ‘ Astotin Lake. From Aphanizomenon ahd An,

- flos-aquae blooms.

27 - 46 . - Disney Lake. Isolates from sample of
’ ‘ decomposing bloom of An. flos-aquae submitted
by Provincial Toxicology Laboratory and from
sample of lake water containing 4n.
flos-aquae collected two weeks after water-
bTloom. B

47 - 89 Beaverhill Lake.‘ SampTes from decomposing
bloom of An. flos-aquae, bloom water and
~ sediment under bloom. _ -

S 90 - 115 A An. ons¥aquae cultures in laboratory both
- toxic and non-toxic.
116 - 126 Lake Wabamun. From sediment in outlet canal.
127 oo Cytophaga brunescens #2
128 ' ”g C. " brunescens #3
129 ‘ % C. ‘ brunescens #5
130 | C. - bruncscens #7
131 - C. ' .brunescens #9
132 e johnsonii #405
133 Sl s 4460

134 o sp.  #446



Table 2 (cont.)

Bacteria Isolate : Source
Numbers

135 Cytophaga sp. #497
136 . sp. §18-H
137 e 5p. #15-0
138 . C. sp. - #444
139 | C. sp. #463 -
140 | | C. sp. #17061
141 . Flexobacter canadensis #9-D
142 o " Lysobacter antibioticu; #A(T)—3C
143 Lygobaéter»enzémogenes #4721
144 3 L. enzymogénes “#4740
145 L. ‘ ”’wﬁwénzymogenes,‘%495
146 L. enzymogenes #i3eB

147 L. enaymogenes  #AL1




@

Delong f1q§ks (non-aerated). These inoculum flasks were used when they
were about 10 days old.

2. Initially, test cultures of a]gde were pairea with bacteria after
about 10 days when growth was in late log phase (or an OD (750 nm) of
0.6 to 1.0). VLat%r, bacteria were paired with algae at an 0D of 0.2
to 0.3 (6 to 7 days), and cultured until an 0D of 0.6 to 0.7 was
reached.

3. At pairing time, bacteria were added aseptically to the algae

test cujture to give an initié] concentration of 10% to.105 viable
ce1]s per ml of algae culture. -This concentration was obtained in

0.1 ml of'bacteria culture and was of the.order of that found in
samples of lake and non-axenic Taboraggfy cultures. The concentration

of bacteria would be much higher in decomposing blooms (107 to 10°

I

viable cells/ml).
4. The 0D was recorded;for the culture just after the Qacteria wereuf;
added and again after the four-day test peribd.’
5. After four days; 300 m{ of mixed culture were 1yophi1izéd and
bibassayed for toxicity; Bacteria counts were also done to check for
. change in numbers ovef the test period. -

Some bacteria lysed the algal culture, usué]ﬁy Within 24 hours,
In these cases, the test ruﬁiwas terminated and bacteria counts done.
Culture facilities permitted a total of 20 modified Delong f]asés to
be cultured at one time. This capacity:was divided so that 10 algae
'cultures had bacteria'being tésted whi]e 10 more were being Qrown.for

testing. . For each experiment conducted it usually required a minimum



of six mice to obtain an MLD. This was accomplishe& because the MLD
of the algal culture at the start was well established onits 0D 750
value. On the basis of six mice per test and allowing for the many

duplicates eventua]]y.run, it took about 2,000 mice to complete this

portion of the investigation.

2. gigggﬁ, Of the two ways that bacteria might be expectéd
to affect growth, ﬁ.é. increase or decrease, the experimental  tests
were designed fd select for growth decrease or lysis if it was td'
occur. By growing algae to their optimum growth stage before adding
bacteria the only practiéaT effect to be expectedfwould be some
degree of'degradat{;n. Gro&th cbu]d not be improved greatly because
nutrients other than CO, would be limiting in the culture..

According to published work; lysis of blue-green algae by
bacteria can be of two types. The first type is lysis by attachmenf-
to an a]ga]yfilament gnd subsequent production of an unknown lytic
‘comﬂound (Daft andetewart, 1973; and Shilo, 1971). The second type
is by bacterial proauction of an extracellular enzyme.(1y502yme—1jke)
which causes algal-lysis (Stewart and Brown, 1371).. in all cases the
bacteria responsible are non-fruiting Cy?éphaga of the Myxogacter1a1es.
'Lysis refers to dissolution of ce]TnQaii~as in blue-greens whereas
‘"k1131hg” would réfer to:ki111n9 of green algae without lysis (Stewart
and Brown, 1969). o

To test the two types of bactér%é effects it was necessary
to pair algae and bacteria with botﬁ,shéken‘andounshaken cultures.

The unshaken cultures would give optimal test conditions for bacteria



that might require contact with the aTga for lysis to occur. For
stationary culture tests 50-ml Delong flasks (non-aerated) were

used.

A iwhiqh were'found to lyse both toxié and non-toxic
strains of AﬁF?giSS—aquae.weré isolates numbe; 60, 62; 65, 127 and
145. The first three isolates céme from a decomposing Anabaena

b1oqm frdm B%aVefh{il'Lake while the last two are strains of
C'ytophagé brunescens and Lyéobacter enzg/mogenés (Table 2). Their
idéétjfication is discussed in a subsequent gection. The eXperiments
condqcted did not find a bacterium'that would cause lysis in an
unshaken-culture but not in a shaken one. This was probably due to
the fact that rotation of the 'shaken flasks was not enough to prevent

contact or maintain separation between bacteria and algae. This was

revealed by microscopic analysis.

3. Toxicity. As aTready mentioned, the first 1ndication'of
bacterial effects on toxﬁcﬁty of An. flos-aquae came when mature (10-
to'20-day) bacteria-free and contaminated cu1tures of the clone .
NRC-44-1 were compared (CérmichaeT, 1972) and the contaminated“pne
was found to be much‘fés§ toxic. The difference in toxicity ﬁbtéd ;
was at first attributed to bacterial degradation of exogenous toxi$
for use either as a carbon source, a nitrogen source or a combination
of both. Test conditions were at first designed to check for toxieity

changes by adding Bacteria to a culture which was near its optimum MLD

(approximately 60) and testing for loss of toxicity with time. It was



\\>‘ possible, however, that lowered toxicity was dde to prevention of
’ toxin production by certain bacteria. To test for thts possibility
it was'necessahy to pair bacteria with algae at an earlier stage of
the algal growth cyc]e This also tested for possible bacterial
degradat1on through reference to the toxicity of the starting culture.
’Tox1c1ty could be altered from the normal in three ways; Towering, .
iremaining the same, or increasing but not to the level that was
expected for the biomass present; f
} The test conditions ‘that were finally chosen were pairing
of bacter1a with algae at an 0D of approx1mate1y 0.2 to 0.3 (five
_to seven days) and allowing cultures to grow unt11 they attained an
—CD of 0.6 to 1.0 (nine to eleven days). MLD's from any test were
re]ated to a table showing biomass (mg/1) and corresponding MLD's
mg/Ag within a certain growth range (Table 3). Screening of the |
bacter1a cu]tures in, this way resu]ted in only two bacter1a1 1so1ates '
wh1ch showed any effect on tox1c1ty. These were numbers 82 and 85,
bo th hso]ated from the decomposing An.-ons-aqaae bloom of Beaverhill
Lake.' Even though g]ga] biomass doublad, to*ic1ty rémained unchanged
instead of increasing like the‘controls. Isolete number 82 when
added to the algae culture at an 0D of 0.2 to 6.3 (MLD = 240) caused
no change in toxicity of the culture over a growth period of several
) daysAunti1 an ODﬁofNO.ﬁ to 0.8 was attained. It affected. the tox1c1ty
of a Disney Lake“5xenic clonal isolate (A752—2) in the same way. Equal

voiumesfbf numbers 82 and 85‘(0.5.m] of each) resulted in the same

effeet as when they were added individually (Table 4). A1l tests
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TABLE 3

Reference table! for determining MLD of gulture and medium fractions
of An. flos-aquac NRC-44-1 from its biomass.

Bioméss 0D 750 nm Cuiture2 Medium3
mg/ 1 MLD mg/kg MLD mg/kg
g* 0.02 960 NT >
19 0.05 640 NT
38 \. 0.10 480 640
58 0.15 320 640
78 0.20 240 480
113 0.30 § 160 480
152 0.40 80 240
191 0.50 80 160
1229 0.60 80 - 80
268 0.70 80 80
302 . 0.80 60 60
343 0.90 60 60
381 1.00 60 60

—

\

. \ .
1AT1 MED's were in dup11cate.'\jhe bioassay has an accuracy of * % MLD

step.

N

2MLD of culture as it is grown. -

3MLD determined after gentle centrifugation (

filtering.

*Starting culture just inocu
**NT = non-toxic at a dosage of 1,28

!

400 g) and Millipore ™

lated one per cent v/v.
0 mg/kg.
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were repeated in triplicate. Values in the table are not averaged
but similar regblts were obtained between runs depending on biomass.
Since the" results indicated that toxicity of the culture
remained almost stat;stry when bacter1a were added it suggested
that they were inhibitinb\toxin production. Other tests to see how
early in the 1ife of the cﬁiture toxicity could be controlled were
not done, although there was evidence that these bacteria could not
-comp]eteTy prevent toxin production if placed with a very young
culture. They were most effect1ve in 1nh1b1t1ng toxin product1on
- when p]aced in toxic a]gnT cultures dur1ng the 1og phase of growth
.ests were not éone directly on cultures tosee whether toxicity .
of the cell or medium fraction was most affected but it was assumed
that if toxicity of the algae culture was bei%g inhibited the amount
of toxin in the medium would be correspondingly 1ower2, There was,
’however, additfona] evidence to indicate that it was bécteriai
inhibjtibn of toxin productioh and not degradation of toxin that
was responsible. Toxin ext%acts in.ASM-l;TR,were prepared-fn spectro-
photometer cuvettes at a cbncentrafion (1 to 5 ug/ml) to give a good -
extinction vafuek;iv229 nm. Equal numbers of bacteria isolates (#82
-”€“§ﬁd #85 were test;d sepérate]y but not“iﬁ_combination) were placed in
‘ﬁhe reference and sample cuvettes 5561229 nm absorbance followed with
‘time. No' change in peak height was ‘observed over time periods- of up
to 48 hours. Bacterial numbers did not increase or decrease signifi-

cantly over this time period either. When glucose was added (0.5 mg/ml)

to the cuvettes, bacterial number§ increased but the 229 nm peak did

Y oa



not change. This was interpre;ed as further evidence that the bacteria
did not metabolize the toxin.;ﬂ

The ovéra]] implication of bacterial prevention/af toxin
}production is not completely clear. The fact that oniy two isolates
dut of 147 were found active indicates either relatively low occur-
rence in natural blooms and laboratory cultures or more probably
that the organic media used to isolate the bacteria did noﬁ enrich
for these toxin—reducing strains. This would seem to be the case
since none affecting toxicity were isolated from NRC~44-1:cﬁ}tures
although they must have been present. The bacteria had no éffect under
the ¢bnditﬁons tested on toxicity of clone A-113-9 from Beaverhill
Lake:(Table 4). The significént factor was that in the presence of .
bacteria, the MLD of méture cultures w;gfon]y 160 to 240 whereas in
_the bacteria-free condition, the MLD of the same‘cu]ture at maturity
‘was»about 60. It was this finding that made it possible to consist-
ently ma1nta1n mass. cu]tures with high yields of toxin for use in
studies on tox1co1ogy and pharmaco]ogy. It did not account for loss
of toxicity in']aboratony cultures exceeding MLD 240 to 320. This
remains to be an;Qered by 6ther data bresented in this chaptér. It
also means that the toxin-affectihg bacteria under the conditions
tested so far are not primari]y responsible fpr toxic and non-toxic

blooms .



B:' Idenfification of Bacteria Affecting Growth and Toxicity of

Anabaena_flos-aquae

Of the five bacterial isolates that were found to lyse
Anabaena flos-aquae three needed identification. These three have
been identified as belonging to the family Enterobacteriaceae. This
. was basgg on their being Gram-negative motile rodﬁ; ability to fer-
menf‘glucose with the formation of acid and gas (Board and Holéingéh /
media, Table 5rand Appendix 3) and their ability to reduce nitrates (
(Penasséy plus nitrates or nitrites,~T$b]é S and Appendix 3). These/
are the pr1me characters of this family as listed by Edwards and \\
Ewing (1972) and in Berqey s Manual of Determinative Bacter1o]ogy (Breé&?
et al., 1957). Enterobacters afe frequently found in the alimentary,
respiratory and urinary tracts of vertebrates but some are free-
Tiving. The ‘three isoTates from this work do not grow well at
e]evated}@gmberatures (37°C) which'fndiqates that they are free-
1iving sfrains adapted to natural water temperatures. Further bio-
chemical tests placing these isolates withfn thevfgmi1y were from
the results of the API (Analytab Products Inc.)120 tab test, plus the
. DIFCO table for differentiation of Enterobacteriaceae. 'Results from
Fhese tests 1nd1cated that the three isolates are in the tribe
Klebsiellae and most probab]y are a]] in the genus Peetobacterium
(Table 5). The characteristics from Table 5 that sep. te these three

isolates into the Pectobacteria include the negative tests for both

fermentation of sorbitol and gas production from inositol. A positive



TABLE 5

identification of bacteria i

Biochemical tests and results used in

growth)

solates number 60, 62, 65, 82 and 85.

no color reaction or

positive color reaction or growth; "-®
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test for ]iquifitation;of gelatin and carboxymethylcellulose is also

characteristic of this genus. They grow well on skim milk media which

s also characteristic of -Cy tophaga. These‘results plus the fact that

Pectobacteria grow poorly or not at all at 37°C (optimum temperature
is 25°C) (Edwards and Ewing, 1972) would favor placement of these
lytic isolates in this genus. This family and genus of bacteria has
not been reported lytic to blue-green algae but because of the charac-
téristics of this group it is not too Surprising that they afe lytic
under the proper circumstances. Under what conditions they could
become abundant enough in a bloom to effect its grthh has nof~been
studied. It can be considered that due to. their facultative ab111ty

for anaerobﬁc growth they could affect algal lysis under cond1t1ons

E of “heavy algal concentration and 1ow oxygen tension. This would be

1n.contrast to Cytophaga sp. which lyse algae but are obligate

aerobes. It was also noticed that these three cultures are contam?

_ inated with what appears to be a Bdellovibrio type of bacteria which

are much smaller rods (0.5 to 1.0 u vs 5.0 to 10.0 u) and have.been
reported t6 be parasites on other bacteria (F. D. Cook, personaT

communication). It is d1ff1cu1t to remove these smaller rods from

. their association with the Pectobacteria but to be sure of the1r

1yt1c role it shou]d be done. The other 1yt1c strains 127 and 145

which -are Cytophaga brunescens and Lysobacter enzymogenes respectively

‘are from the F. D. Cook culture collection. These would be expected

to have lytic properties but it is interesting that none of the other

18 strains tested from this collection showed any lytic potential.



It 1mplies that the Iytic enzymes are quite specitic to strains
within even a species.

Isolates 82 and 85 which affect toxicity of certain 4n.
flos-aquae toxic clones have not been identified to thg geaus level
at this time. Number 82 has severa] of the character1st1cs of the
“lytic strains such as fermenting g]ucose to ac1d and gas and reduction
of nitrates. It does not, however, lyse Anabaena nor does it liquify
ge]atinf It would seem to belong to the tribe Klebsielleae but the
choice of genus has ndt been made. Nuﬁber 85 seems not even to be

in this same family as it does not ferm;m -fzgm%se to acid and gas
<l - ¥

nor reduce nitraies. It shouldobe'nb'!’ that 85 has become
t ) . «.

contaminated with at least two. othé Ay bt was tested on the

algal cultures. More work w111 have™ to;' " with beEh these iso-

lates before their identity is known. BN

C. Colony Toxicity and its Relation to Toxic Blooms

As mentioned earlier, Gorham, et ai; (1964) found that uni-
algal colony isolates of Anabaera onseaquaé from tﬁéfsame bToom
varied in toxicity. These cp]ony isolates a]so‘varied great]y in
toxicity from subculture to subculture. In addition, a humber of
sing]e-fi]ament iso]ates (clones) from two colony isolates, NRC-44
and NRC 36, varied in toxicity (Gorham, personal ‘communication).

This same pattern was found in “the co]ony isolates made from tth
Disney Lake samples collected on June.25, 1972. F1fteen co]ony

isolates from this Take had MLD's ranging from 160 to 960 when



bioassayed four months after isolation. (It took this length of time
to grow the colonies, éheck for protozoa or other algal contaminants,
recheck the cultures if necessary and then grow sufficient quantities
under the same physical conditions for toxicity comparisons.) Periodic
checking of the toxicity of these colony isolates over the subsequent
twenty-month period showed a:trend in aj] but two (A-48-3 and A-76)
toward the non-toxic condifion (Table 6). N |

The results in Table 6 show that colony isolates. subcultured‘
over a period of time lose toxicity. Since the presence of bacteria
does not appear to eliminate toxicity, only reduce it so that MLD's
are higher by about 240 tg 320 mg/kg, there are two possible explana-
tions for this trend to the non-toxic condition. First, it could be
a genetic change so that the filaments produce less and less toxin
ven thoughY%hysica1 coﬁditions remain the same. Second, the Co]ony

izolate could originally have been composed of toxic and non-toxic .

. ilaments which, upon repeatéd subculturing resulted in the non-toxic

~

COﬁponent predominating. To test these pdssibi]ities réduired some
f\extensive manipulations of individual colony isoiates. That genetic
/1oss of toxicity was occurring seemed unlikely since NRC-44-1 was

producing such a constant yield of t&xin'bverlfime after it was
. obtaine? in the axenic.coﬁdftion. This Teft the second possibi]ity.l
.To examine this poss1bi1ity; numerous sing1¢—fi1ament isolations and

two multifilament isolations from the colony cultures were done and

their toxicitﬁes monitored with time. Since the full extent of the

trend to the non-toxic condition was not realized until some colony

=



TABLE 6

Colony isolates from Disney Lake and their toxicities over a 20-month

period.
!

Colony isolate numbers MLD mg/kg (OD 0f4 to 0.8)

Disney Lake, Alberta

An. flos-aquae _ Months after isolation )

| | 4 10 15 20

Coaar 240 640 Nt

hdgeox 160 . 320 . --- T
A-48-3¢ 160 160 - 160

VTR 960 960 - NT
As2 640 . 960 NT
A-53 320 --- - NT
A-61 : . 640 960 T
A-s_gﬁ 240 1,280 - NT
afo 120 960 960 NT
A-71 280 --- CONT NT
A-73 160 - ——- NF
A-74 | 240 - T
A-76 - 320 - 320
A-77 3200 --- N NT
A-78 . a0 " I . NT

*Numbers after the original isolat{on number indicate that the original
colony had multifilament subisolafles made from it and these are the
survivors. Lo '

TNT = non-toxic at-a dosage of 1,280 mg/kg



isolates had become non-toxic, only a few colony isolates remained in
the toxic condition to serve as parental material. Axenic féxic.clbnes
of A-52, A-70 and A-71 (Carmichae] and Gorham, 1974) were obtained
approximately 12 months (summer of 1973) after.the original colony
isolations. These clones have maintained a constant level df toxin
production (MLD = 60) with time (Table 7) Tike NRC-44-1. Other iso-
lates from.A—52 whith Qere not single filaments have_shown 1bsg in
toxicity w%th time (Table 7). o

Other colony isolates were then checkéd for this same trend,
choosing those colony isolates that still had some toxicity (A-48-3
and A-76) and compariﬁg them with colony isolates (A-48-2 and A-73)
that had lost their toxicity. Toxicity-tests of clonal isolates from
these colonies are aiso given in Table 7. A11 MLD's are. from cultures
having an 0D 750 of 0.4 to 0.8, unless othe;wise noted. A]]owfng Six
mice per test and Tqﬁ]uding the m@qy‘rep1icates and extras.hof given

in Table 7 there were about 1,000 micejused for this portion of the -

research.

From the régults in Tables 6 and 7 the following conciusions/J
can be drawn: :‘:' i? - .
1. Colony isolates from a toxic E}opm}show variable toxicity when
cu]tufed under the same phyS%caié%ondﬁtions.
2. Subcultures from colony isolates of a toxic bloom show aAdistiﬁct'
trend toward the non—toxi§ ;onditiOn (Table 6). ﬂ
3. Mu]tifilament isolates (A-52L4{m}é_A—52-6{m})'fkom a colony culture

show'an'initia] MLD that is higher than accountabie-by bacterial presence
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TABLE 7

Clonal and multifilament isolates from Disney Lake colony isolates
their toxicities with time. Except where noted these isolates are

‘non-axenic. ‘ i

L d
+

and

-
MLD mg/kg
Isolate Number*x

Months after iso]ation

0

1 3 4
A-52-2* (axenic) 60 .. 60 60
A-52-3* (axenic) _ o NTx*x e _NT
A-52-4{m}* 640 ., NT NT
A-52-6{m}* © . 480 NT CNT
A-52-4-a" o | NT - NT
A-52-4-b ‘ - /,---‘7‘ , NT
A-52-4-c G | .- NT
A-52-4-d S R NT
LA--52:4'-e S - NT
A-52-4-F - cos e NT
-~ A-52- 5* ’. | - 160 1240 ——-
A-52-5-a" = 240
A-52-5-b T . ——-y’/;/;,' e 240
A-52-5-c ¢ ' s - - - 160
A-52-5-d ; L o J— 120
A-70-10* (akenic) 60 T 60 60
A,_7.g§'1/1&?, (x mg) S - N
—71#2*«{’&)@51@)& o e 60 60
,,x.:% e f - L s'



Table 7

NT

(cont.)
" MLD mg/kg
Isolate Number
¢ Months after isolation
1 3 4
A-48-3:a" 240 --
A-48-3-b Y 320 —-- --
A-38-3-c 240 .-
- ABB-35 . 80 e
o “ ' - G
i 2207 L
4@35612 ‘kjggo‘; . _— -
A-76-3 s0 -
A-28-2-a" N L
A-88-2-b ) ST - -
A-48-2-c ¢ NT -
A-48.2-d NT - NT -
A-48-2-d-1 NT \ -
" A-48-2-d-2 NT -
A-48<2-d-3 | | NT - --
 A-48-2-d-4 e NT —-- ) --
A-73-3 - NT - NT
A-73-3- -

R
January 1974. . :

*Isolated between the four to ten menth period of Table 5.
These isolations were made during the period of October 1973 te

-

**Seé page 19 for isolate coding proC%gure.
***NT = non-toxic,at a dosage of 1,280"mg/kg.

9
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and if_tested over time the culture proceeds to the non-toxic condition.
4. Toxic clones which are axenic (A—52;2, A—?O—IO and A-71-2) have
. stable optimﬁm MLD's of approximately 60 (for an OD of 0.5 to 0.8).
5. Unialgal single filament isolates (clones) from a colony cu1tﬁre
(e.g., A-52) are toxic and ngn-toxic. If toxic (A-52-5 qlto d) their
toxicity is within the range”a;counted for b. baci=rial presence. It
also appears tha e initia]vbacteriaT flo: e qua]itgg;pe1y
different allowing for the toxicities of a unialgal clone (A—48-3—d)
- to approach that of an axenfc,c]oné.

| To further verify the observations that colonies of An.
flos-aquae from a toxic bloom afe not ‘as homogenebus as formerly
supposed but frequent]& consist of mixtureé of toxic and non-toxic
filaments, mixés of axenic toxic and non-toxic clones in known
proportions were made and tested for toxicity. Within the limits imposed
by the precision of the bioassay,’@%ese mixes were expected to have
an MLD in proporiion to the ratio of toxic and non-toxic filaments
present; These reéu]ts (Table 8) for mixes of axenic_NRC—44—1 (toxic),
with A-52-3 (non-toxic) and A-70-11 (non—toxic) indicate, as expected,.
that mixtures of to ' and non-toxic filaments give MLD's in pgoportion

N
to their respective .at1os

The MLD's r@ported for 14 co]ony isolates from Burton Lake.
(Gorﬁam, et al., 1964) can also be 1nterpreted on the same basis. \They
| f@qnd eight colony iso]ateé‘%b{be toxic and six non—toxig. The toxic |
strgins had low toxicities (MLD's 640 to 1,280) which would indicate

that a 1arge proport1on of the f11aments in the cultures were non- -toxic

at the time of bioassay. These stud1es ‘help to explain a good deal

0 N



TABLE 8

Mixtures of axenic toxic and non-toxic clones of Anabaena flos-aquae

and their toxicity.

v

Clonal mix - Filament ratio at 0D MLD
time of bioassay

NRC-44-1; 9:1 0.54 60

A-52-3 NT* ‘ ‘

NRC-44-1: = 4:1 0.60 60

A-52-3 NT s > :

NRC-44-1: 1:1 0.70 120

A-70-11, NT

NRG-44-1: 1:2 0.70 240

A-70-11 NT

*NT = non-toxic at a dosage of 1,280 mg/kg.
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of the variable toxicity of laboratory-grown colony isolates and
clones derived from them but the results should only be applied to
the interpretation of the field situation with caution until more
direct observations have been made. It woq]d appear that the
variable toxicity of a b]ooﬁ js primarily determined by the relative
proportions of toxic to non-toxic colonies and of toxic to noﬁ—toxic
filaments within the co]onies: The role of 1ytfc énd toxin-degrading
bacteria which may be present in b}ooms is probably secondary. This

impTies that a toxic component exists in many if not all Anabaena

blooms which, in most, but not all instances, remains below the

a N
iy o

th:esho]d that is harmful’ to animals. The two imaéﬁfant‘questions that

‘remain unanswered include; what factor or factors select for predomi-

) .

nant growth of toxic or non-toxic. filaments with time in a bloom, and
the factor or factors that select for non-toxic,filaments to become

dominant “in time with mixed cultures in the laboratory.

D.. Toxicology of Anabaena flos-aquae

-
1. General. Symptoms of poisonings by An. flos-aquae have

1

been mainly from field observations. Descriptions tend to vary

somewhat among observers, however there are certain effects which

“have been reported fair]y consistently. onsonings of mammals, which
-include mainly dogs, cows, horses and, 1n'the-1i3pratory,‘mice and

rats, generally involve twitching, staggers, convulsions and gasping
: L) x »

breath, with degth”qccurking in a few minutes for smaller animals and
in one to three hour's for larger animals, depending on dose. In
S w2 )
N g

e
o



.birds, which include mainly geese, ducks, gulls and pigeons, the usual
symptoms.a?e ektension of legs. contracture, f]opp%ng and extension of (”“
the neck back over the wings. Cértain of these same symptoms have

(been observed in piéeons dosed in the laboratory. " In one case these
symptoms have been described by the é]inica] term of opféthotonos
(Fftch, Bishop and Boyd, 1934). Symptoms of poisonings in selected

/ ~cases where Anabaena»has formed at least. part of the bloom are
summarized in Table 9; Information on the amounts of toxic An. R
flos-aquae bloom that were ingested to cause sickness or death 1is,
unfortunately, less abundant than observations ‘on 'the symptoms
preéeding death.

Animals selected ﬁor toxicology studies were mainly those “.
whose loss was of economic concern. .This included cé]ves, ducks ana
goldfish, represehting 1ivestock, waterfowl and fish, respectively.

“ Fish losses have not been directly attributed to Anabaena toxin
although losses caused by anoxia created by decomposing blooms are
‘wéllbknown. It wés thought important to check the fesponse of fish

to certain levels of Anabaena toxin because Aphanizomenon ﬁ%&seaquae
toxin has been reported to kill fish in a natural bloom (S;w§Zr,l
Genti]e and Sasner, 1968). Other animals were chosen for toxico-
logical tests'based on their Y91Qe in de{erminind basic MLD Tevels

(mice and rats).

[

As mentioned earlier, material used in the assays was either
1yophilized cells or toxin extract. The lyophilized eell material/”

used in most cases had an MLD of 60 (IP mice). The toxin extracts

4
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used wehq\those obtained from 40 g of MLD 60 ceyj material (Figure 3).
The amounts-and MLD's of the three extracts wéreé, (A) 143.5 mg of

MLD = 0.3; (B) 63.5 mg of MLD ,=.1.0; (C) 30.9 mg of MLD = 2.5. The
extract used for most of the:studfes was (A). For assays the cell
material was made up to a known concentration with distilled ;ater

and the extract was made up in either dfsti]]ed water or appropriate

animal sa]iﬁe (Appendix 4).

2. Béﬁﬁ: Ihitial experiments dn general toxicological
responses were doﬁe with rats because their symptoms could be compared
. to micé and they were also readily available. MLD, IP ana oral, was
determined using dup11cate animals. The dose levels used were the
~ same as those used for mice. The dose level was determined in the
following manner: .
>1. An aqueous suspension conta1n1ng 32 mg/m] of 1yophilized ce]]s was
prepared.
2. A 300 g rat wou]g then réceive fhree ml to test a response for a.
320 mg/kg dose level.
é. If both rats died the dose wdu]d be halved and response tested’for
160 mg/kg. ;&3
In this way the MLD for rats was found to be 6OA(IP) and 25 times this,
or 1,500, orally. Rats were given‘Oral dosés of thé cell suspenéion
by means of a metal tube f1tted to a syringe. 'The tube was inserted
down the esophagus and the ce]] suspension 1nJected 1nto the stomach.

Survival -times were 10 tq*12 m1nutes IP and 12 -to 15 minutes orally.

) "a
.
;



Symptoms of death were similar to those of mice .except that the
survival timesvwere about twice as long. These included a latent
period of two to four minutes followed by a period of little active
movement with tremors or stretcﬁing of hind 1imbs._  Then came periods
of gasping, twitchings and convulsions. It appeared that death was
due to respiratory arrest. Autopsy would revea1; as in the mice, the
heart still beating with arrhythmia of the atria and contraction
mostly confined to the véntric]es. Interna]fbrgans were normal

Tooking but blood seemed to be concentrated in the area ‘of the

visceral organs leaving the peribhera1 regions'pale.

-3. Calves. Since calves and livestock represent a consid-
erable economic Toss when killed by Anabaen& toxin, it was important
to get some idea of the. oral MLD and the accompany1ng symptoms Since
exper1ments on rats had been done which showed the toxin to be neuro-
muscular and that artificial resp1rat1on could maintain normal heart
rate and blood pressure (see section under Phennacoiogy, Rats)eit
was decided to check the same response with calves to see if it er
possible w1th art1f1c1a1 resp1rat1on to maintain the animal and pe
det0x1f1cat10n and return of muscle control to occur. The orat dode
neegssary for death had to be guessed at on the,basis of data/for the
rat. If it was the same amount on\a weight Bés}s as for_the rat, Z.e.
1;360 mg/kg, the oral MLD for a 60 kg calf woul. about 90 g.

Two weaned calves, whose rumen flora would be representat1ve

of older an1ma1s on a grain "and hay diet, were used in the tests with

o
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the proce}bres and resu]ts as follows: \

A
.

V- .
Ca]f ndhber one was a male Black Angus weighing 73 kg (16574

ID number 7406. He was about six weeks old and had béen weane% at
four weeks. The calf was starved overnight and dosed withlGO\g of
lyophilized NRC-44-1 (MLD = 80), according to th® protocol and with
the results described in Table 10.

Results from the first ca]fhexperiment indicated that the
algae dose was in excess of an MLD Due toiéhort survival time it
was estimated that it was probab]y about tw1ce the MLD. This would
make calves about twice as sensitive by‘the oral route as rats. The
yresu]ts also .owed that an anticholinesterase had no apparent effect
on neuromuscular response. Finally, over the time period of the
: experiment, detoxificdtign by ihe animal had occurred very little, if
'atla11. To better estim;%e the oral MLD for calves and to check the v
bqssibi]ity that at, or Jjust a bit more than, an MLD, artificial
respiratiog'wou]d permit the anima‘%fo-regéin muscle control, a second
- calf was tested on May 2. This second calf was a male (ID number
7411), five weeks and four days old, weighing»42.5 kg.  He had been
weaned to a grain and hay dief*at four weeks of age Fbr th1s exper1\\\
ment it was decided to g1ve the an1mal what were cons1dered to be
sub]etha] oral doses of the aqueous cell suspens1on at different t1me
intervals. Since it was est1mated that the calf oral MLD was ten times
‘the mouse IP MLD/kg, the dose levels chosen were 2.5, 2.5, 1.25 and
2.5 times. These dosages were to be given at about ten-minute’intervalé;' e

@ . it

until the ca]f collapsed with'respiratory arrest. This should then be



TABLE 10

Experimental procedure.and results for oral dosfﬁg of a 73 kg calf
(ID number 7406) with a susgension of lyophilized Anabaena flos-uquac

NRC-44-1 (MLD IP mouse = 80

Time

Event or Observation -

0 min (1015)

¢

18 min (1033)

» 22 min (1037)

~

28 min (1043)

31 min (1046) -

42 min (1057)

47 min (1102) -

-

Cannu]ationvof'jugu1ar vein and insertibn of a two-
way valve and syringe with saline for taking blood
samples to monitor gakes and pH. This was.tb '
enab]e“mohitoring and regulation of artificial
respiration so that)hyper— or hypoventilation did
not occur. _ . '

Dosed, by a rubber tube inserted into the reticulo-
rumen, with 160'g of Tyophilized cells. Material
was suspended in 700 ml water and washed into -
reticulorumen by 300 mT'water. This material was
injected through the stomach tube with a 100 ml

\
. syringe. First blood sample.was taken to get

normal level of blood gases and pH. The first
sample was wasted but control levels of blood
gases were eslimated to be about PO2 20 mm Hg; .
PCO, 40 mm Hg; pH 7.2.

Staggers, convulsions. Animal collapsed. Breath-
ing was abdominal. Intubation of trachea for
artificial respiration was- started.

Heart rate approximately two times faster with
respirator. ’

Second b]ﬁod.sample: PO, 19.55 PCO, 72; pH 6.91.
Third blood sample: - PO, 25.5; PCO, 50; pH 7.03.

Heart rate 200/min., some arrhythmia.

Wi



Table 10 (cont.)

Time

Event or Observation

50 min (1105) -

75 min (1130)

N

Y D amin (1138)

110 min (1205)

125 min (1220)

130 min (1225)

190 min (1325)

233 min (1408)

g39 min (1414)

260 min™(1435)

. and blood gases. ' o

- graph. Femora] artery used fg ‘
ment. Poor-electrode contack-aphehred responsibde for

A

7

Fourth blood sample: PO, 25; PCO, 35; pH 7.13.
Fifth blood sample: PO, 25; PCO, 37; pH-7.18.

1 ml (10 mg) of an anticholinesterase, edrophonium
chloride, was injected IV (jugular) with no effect.

Respirator changed to get a more even respiration

Sixth blood sample: PO, 52. 55 PCO, /475 Pl 7).23

Electrocardicgram (ECG) and b]v- esglre were
measured using Hewlett Packard A 2] physio-

erratic PQRST complex bt gppeared essentially

normal. Blood pressuré\was avéraging about 100 mm
Hg. A )
"hEthloodAsamp1g: PO, 42; PCO, 64; pH 7.13.

De&ided to terminate experiment because of sus-
pected high dose of algae given to the animal and .
no indication of any return of muscle coordination.

Respirator turned off.

P-wavé of ECG gone. (See Pharmacoldﬁy séction,}
Rats) - ‘ AN R

\\

- .:Autopsy done to check cond1t1on of organs and to

trace how far algae filaments had been distributed
through digestive system. Autopsy showed all

organs appear1ng normal. Reticulorumen contents
were green- L1nqed M1croscop1c exam1nat1on showed

" filaments present in a]l stomachs retlculorumen,

omassum and abomassum I
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very cloﬁe to %he MLD of the tox1n At thisiTE;el of ‘toxicity,
artificial resp1rat1on m1ght allow detoxification to occur. The
experimental procedure and results are outlined in Tab]e 11. .
The results of the calf exper1ments indicate the fo1low{ng
1. The ora1 MLD:for calves is b?thsen six and e1ght ttmes the MLD
"(IP mouse)/kg. This was concluded on the pasinQf the second calf
ich collapsed with réspiratory arrest after an_§t75 times doéage.
This dosage administered in sequential sublethal amounts resulted in
tachyphy]axis so that it was Tikely that the acute ‘MLD had been
ex3eeded This MLD is within the ranqe that animals in the field
cou]d be' expected to consume in one dr1nk1ng (360 to 48D mg/kg at a _
b]oom concentration of about 10 mg/ml which would be equ1va]ent to
2.5 liters for a 60 kg calf). This is compared with nine liters of
waterbloom had ‘the Gtal\hLD‘been the ;ame as éfrat, i.e. 1,560 mg/ké.
2. Artificia] respihation could restore normal heart rate, blood
| pressure, b]ood ‘gases. and pH after resp1ratory co]]apse due to the

o

: tox1n. Suff1c1ent detox1f1cat1on did not occur during approximately

. —

30 hours of artificia] respiration to allow return of peripheral -

o

muscle control. Since artificial respiration could maintain certain’

vital -body functiOnszt_was taken as more evidence for the toxin
having a neuromuscular Blocking mechanism of action.

j& The'anticho1inesterases*edrophoniuﬁ and neostigmine which are

effect1ve in prevent1ng curare or curare-like compet1t1ve post-

synaptic b]ock were. 1neffect1ve aga1nst the toxin: - While some musc]e”

w1tches were seen after administration of .these drugs it Was not ;

N 2 e - - N
N~ - N
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N Vgl TABLE 11
Experimentalkgprocedure and resu]ts for sequentidl sub]etha] oral dosing
of .a42.5 kg" a]f (ID number 7411) with a suspension of ]yoph111zed
Anabaena ‘flos-aquac NRC-44-1 (MLD IP mouse = 60) s

: Time ) Event or Observation
0 min (1043) ~Jugular vein cannulated. for b]ood samp]es .' oy
7 min. (1050) First blood sample: PO, 31.8 mm Hg; PCO? < 10 mm Hg,
' pH (?) (bt enough samp]e)
S0 17 .min (1100)°  “Dose #1: 6.3 g (2.5 X MLD/kg IP mouse) Given
¢ W S s .

orally. by stomach.tube. S : e

32 min (1115) Jugular canntla p]ugéed, removed.

Sy

44 min (3127) Second b1ood sample taken directly bv syringe into
Jugular vein: PO, 31.5; PCOQIBO.S; pH 7.43.

:E%-, 47 min (1130) 7 Dose #2: 6.3 g'ZTotal = 5;X‘MLD/kg-IP mouse) .
- '50 min (1133) ﬁuscle fasicufations:(tremors) in shoulder.
= 57 min ( (1140)  Fasiculation in limbs™ R
| 60 min. (1143) Animal prostraie but still breathing,u'
& 65 m1n 23148)‘ Some para]ysis (ptosis) of upper eye11d : ﬂf

70 min (1153) Th1rd b]ood samp1e P02 27 PCOZ 32. 53 pH 7 38

“ &) + Y]
75 min (1158) - Dose #3 3. 15’g (Tota1 6 25 X MLD/kg IP mouse)
' ’_,Resp1rat10n 14/min.” N o R

i “.\ ‘,
90 min (1243) = Fourth b]ood,samp]e' IX2527 PCOQ 31, pH 7. 40

&

107 min/(1230) Dose #4:. 6.3 g (Tota1 8.75 X MLB/kg IP mouse)

112 min (1235) Heart rate 78/m1n . resp1rat1on 14[m1n ,@bsence of
e ‘ definite response to tic last two doses 1nd1cated
ktachyphy1ax1s (res1stance to 1ncreased sub]etha]
“doses of the tox1n) ' ‘

Y
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Table 11 (cont.) &~

.‘ ‘
N Event or Observation
£1 M :

122 hin (1245)

152 min (1315)

227 min (1430)

R L

290" min (1538)
292 min (1540) -

500 min- (1910)

.

502 min (1912)°

wl

Ear, eye and,path reflex are still present (manual
st1mu1at1on) Fifth blood sample: PO, 31:2;

6o

PC02 30 5; 'pH 7.38%

M
Animal m pts to r:ge over per1od of next

g

~*Irreguiar breathing ‘with convu]s1ons

60 mlnutes

Respézgsgry co]]apse, animal p]aced on rospwrator

. Animal bégan u nat1on wh1ch cont1nued 1n§erm1t ?

tent]y unt11 sa] dr1p was stopped .

F1ve per cent dextrose sa11ne dr1p started (IV).
- , - ¥

RS

-

. Sixth b]ogQHSQ%p]e 0, 33.5; PCO, -28.5; pH 7.35.

PR
o

301 min (1551) IV injection of 10 mg edrophqn1um chlohide with no =
' _effect. Seventp btood samplé: POy’ L;% 55 ‘
« PCO, 49.5% pH 6. 92 Hypervent11at10n Re§p1rator
rate dec¥eased. R ﬁﬁ;;?llf~p5:ﬁ
325 min (1615) . Recta] temperature 98 F . ) % T ™M
- . . (.
370 min~ (1700)3 Heart rate 60/m1n B ﬁ*f N
387 hﬁrﬂglglz) IV sa11ne dr1p started to prevent dehydrat1on of s
i the an1ma1 Coe ‘ s .t AR~
L ' ‘ s o -
460 min - (1830) ‘ "Heart rate 90/m1n and steady. ‘>ﬁj:? -
R 5, . ; ,"".V o .o e
484 m1n£ 1854 N 10 mg. edrophon1um ch1or1de (IV) q§a some con-
‘4“~"fvu1s1ve breath1ng S a’?féffff' -
y ‘ ' therdl . oo
487 min 185@?§ Respirator removed and breath1ng cont1nued for a )
 short time”but was not steady. i
490 min (1900)f Resp1rat0r reetored Heart 1rregu]ar and 60/m»n
AN

) .
.
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Table 11 (cont.)

o

Time. '

by

. Event or Observation

508 min (1918)

655 min (2145)

‘880 min (0130)

902 min (0152

~ 925 min (0215)

&

v
s

LS

/
i
.

1345 min (0915)
1392 min (1002)

2?/{3éb‘min (085D

'895 min (0145)

. Animal was'put under heat }amp

i/next se%gral hours

" Nintheblood sample: _POZ 254 PC02-41; pH'7.28.

0.25 m@ Neostigmine (IV) (an apticholinesterase
higher in.activity and longer acting than ‘edro-~
phonium). Over approximately the next _two-hour. .

: period there was gccasional convu]sive breathing.’

ECG was cont1nua]1y mon1tored from this time on.
Heart wave pattern was norma] with average heart
rate under art1f1c1a1 resp1rat1on at 90/min:

Animal secured to ope5at1ng table and 1eft for next
three hours and 45 m1nute§” Sa11he drip stopped
(approx1mate1y twb ]1ters used) I-

No ear oréeye reffex Some pa1n’"§f]ex Anima]

Ashows gen ral pro]apsev(ptos1s

Resp1rator*removed w1th some sha110w abdo$1na]
breath1ng ev1dentrfbr about three. mindtes.

;feResplrator restored This oﬁuofF%procedure was '
‘f?é%eated over a 20- m1nute per1od unt11 }he,an1ma1 p

voa T

‘ began norma] resp1rat1on

-

1f~ = ' N ’ LV"' L

o An1ma1 rega1n§d normal resp1rat1on w1th a rate of

33/m1n and a heart rate of about 100/m1n Tntuj
bator wa's removéd %An1ma] ma1nta1ned normal” -
ﬂature for

g,

resp1rat1on, heart rate and body L

oy Fa

Qd samp]e P02 22. 8 PC02 39. 5 pH 7 35

(iv)ﬁ

Animal was put back on g]ucose sa]1ne dr1

'1; C



Table 11 (cont.)

art
to
A

Event or Observation

1500 min $1150)

»
CR )

1565 min (123%)
1700 min (1500)

placed.on respirator.

‘Respiratory coll .pse. ~Animal ‘was intubated and

. o
by

IV drip was s apped.

No reflexe rom the animal. Experimentyg ed by
shutting . respirator. Autopsy Shdwes organs

’ VR L O
apparent normal. Microscopic examination of

contents of recitulorumen, omassum.and.Bbomassum
chowed small amounts of fragmented algal filaments
in all toée. Filaments were longer and more

.common in the reticulorumen.




."N “ ¥

s

permanent and.indicated on]y'temporary potentiation of acetylcholine
present in the nerve muscle Juhg&;?n ’ ‘

4. Autopsy showed that algae filaments had been {istributed throughout
the digestive tract of the calves. The varjous‘eompartments of the
ruminant system and the papillae of the digestive system were indica-
tive of animals who are on a hay and grain diet (Church, 196?).

Because of this it was fe]t:that the oral MLD values and symptoms of

the toXin cou]d be related to a-iry or beef livestock who are poisoned

) by toxic blooms in the f1e1d

_An indication of the experimenta1 arrangements fd? the calf experiments

- }
is given in Plate 4. -v%?

7 . P

* 4. . Ducks.* Male mallard ducks were used to ‘Obtain symptoms and
. ucks ‘ A

IPQand oral MLD's for'a typical waterfok] species; The ducks were,

1

approx1mate1y two. years old and we1ghed about orie k11ogram ‘They were .-

L

g1ven water/bu dgg\food for 24 hours prior to the téﬂ%‘ Lyoph1¥ﬁzed cells
T A

K]
(MLD 1P mouse =68 were made up to concq&tﬁﬁt1onﬁ%fvels in the range -
Wy . .

s1m1]ar to those of m1ge and rafs Animals were g1ven ora] dosages

" of the ce11 suspens1ons through a O 317 cm inside d1ameter 0. 635 cm

’ L
outside d1ameter 23-cm piece of Tygon tubing. The t1p of the tub1ng

e .

was flame- smoothed to minimiZe 1nJury to the esophagus. The dosages,f

_symptoms and death times for both IP and oral route aré given in .

- -

Table 12. grE o N o
B The resu]ts of. Table 12 revea] severa] po1nts about the tox1-

° R N 'ﬂ -

cology of An. flos agiae in ducks and with 1nfetence to other b1rds |

B

J



PLATE 4. General facilities for-the calf experiment showing artificial.
respiration and ECG monitoring. (Surgical Medical Research
Institut&y. : ' '

) ) ]

/\_/' ,'i ) . R N :,lw
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TABLE 12

Results of oral and IP doses on male mallard ducks with a suspension
of lyophilized Anabaena flos-aquae - NRC-44-1 (MLD IP mouse = 60).

Time, “EJDose;»‘ * Animal - Event or Observation
min. Route Weight,
. S ¢ | ‘

0 ril 35 mg/kg; = 980 ~ Injection just below sternum.
A o |

. . . ° \
: ’ ! . ¥ )
6 - L ‘Legs stiff and projected behind
o ) - " body, neck straight out.
9 ‘ g : A ‘Somb loss .of coordination.
11 - B Some gaspjn&‘ﬁésﬁﬁnaéipn.; R
N . A
8 ] L Neck control. regained.
. 3 . ”f‘l : Lo '-.. ' c
22 s _ " ‘ Trying tOmregain:standing ’ -
" . position. e e
30y f . "‘f. l 1ﬁé§§3sti1j'00tstretchéd butsnbrmal

breétﬁ%ﬁgﬁahd5ne%k.C6ntr01,

A S Y g AR
.gf_ReCOmegydaiggst complete, normal

160

A

posture, - > s

o R
)

0 53 mg/kg; 760 1Mﬁ11njétt16n,ju§tjbe]ow sternum
1P EE I . .
: ) . P a L o . .
2 - ' Legs stiff and projected behind -
' body. .. - |

3\ E o , Rigid body’ contracture, neck stiff™=< "

., and thrown back over body.e’Gqsping

respiration.
- _ . R & :
g * . - Respiration intermittent and
R P ' g ga§pingf"Heartbeat strong and
1 . steady.. e >
- T ' ‘ ) s D)
N



Taple 12 (cont.)

ag;gale Event or Obgervation -
.9 vt iy
~ Convulsive wing beat. Dead. '
}Nictg%ating membrane not paralyzed.
)} Autopsy showed liver, intestines,
gp\ T pancreas, ete. to be normal in
NS - - appearance. There was no hemor -
'4 s rhage or inflamation of tisdlie.
-0 155 mg/kg; 970 Dosed. Cell suspensioh washed
b . , .
' oral i ‘through tube with 5 ml of water.
o - - - wn ‘ ‘ . .
4 : ‘ : , Feet extended out behind.
7 ¥ IrregU]ar'bfeathing.>
12 S Head normal, feet still extended.
46 ! Almbst.-normal feet and neck move-.
. ’/’“\
59 | ‘ :cage, normal. v
0 - 250 mg/kg; 890 W suspension washed
b ‘oralb i through tube with 5 mil of water.
. . .
4 e “  Feet extended.
6 S  Feet normal, flapping wings.
11 - Head thib@n‘back over shoulder with
i sl4ght wobbling of head from side
| | . | to side. o j%g%? :
ki, ' o o Head back, Tegs. extendgd, gasping _
b respiration. B
22 : T D 2d) Heart beat still streng but
‘ . . ﬁiregu}ar. g L .
) . : J .
i y

<7 .
» ‘“ . B



| Table 12 (cont.)

e
-

[y b ) '\
. . Y

L

Doy e

Time, Dose; Animal | .
nin Route Weight, ,E{Snt or Observation
o . g .
|
0 300 mg/kg; 1,000 Dosed. Washed through tube with
' oral ‘ 5 ml of water.
3 _ Legs -extended.
7 ) Gasbing'ﬁesbiration, neck not con-
tracted back over shoulder.
24 " Head flopped over on\@ideu
A S
32 Leg contracture decreasing.
62 Normal.
0 385 mg/kg; 905 Dosed. MWashed through tube with
' oral 5 ml of water. '
2 . Legs expsnded. o -
3 - Head wobb]e}%nd back s]ight]y over
Yoy i shoylder. :
.4 ’ ) N Neck contracted back.
14 - QSL‘ ) Dead.' Convulsions, wings f]appigg
‘ and gasping respiration{- ki
0 ' 370 mg/kg; 940/‘ First of four doses given. Washéd
ora]l ’ through tube with 5 ml -of water.
-9 . Legs extended.
.273 160 mg/kg; Second dose given. - .
oral -
' Total: .
530 mg/kg D
A8 o ’ t 5 a - .I‘ [ V-’
- 37 See T Legs extend%dv breathing normal. =

1y

4



Table 12 (cont.)

‘L\y uj

‘death time andﬂgﬁgh total

- Time, Dose; Animal ' .
SO min Route Weight~ . . (,Event or Observation
g FEEINEENIR iy
40 210 mg/kﬁﬁv Third dose g?VenwA No chahggfiﬁ
oral =, - . Mg
Total: \p&* o
* 740 mg/kg ,
' . \-‘ ]
57 530 mg/kg; . - Fourth dose given. T
oral T T
Total:
1,270 mg/kg ( °
65 ° A Unable to move, legs extended but
' o ‘not rigid contracture. Head
flopped to side, not contracted
- back. R T
75 o ‘Breathing shallow but steady.
. 105, No pain reflexes. Heartbeat s%eady,
110 Heartbeat slowing. > :
“P5

Dead. Heart %{111 beatm&S]ow

VJx

indicate tachﬁ?@?] AutopS1ed
algal f11aments-a10ng ent1re

" intestinal tract.

4

Y. cal
y

Y



owl. The extens1on of the 1egs out and behind the body fol-
' J

1owed by co tracture of the neck back over the shou]der in an "S"-shaped

I

curve (Tab e 9 and Plate 5)v1s s1m11ar to that'reported by others It

also resembles op]sthotogus&yh\ch was first described in chicks by
Buttle and Zaimis f§4§7 whah decamethonium was injected (Plate 9) S o
Decamethontum is a synthet1c compound that is used to demonstrate . |
postsynaptlc depolarization of the nerve—musc]e_qunct1on The IP MLD
for ma11ahd ducks wasfestimated to he about 50.mg/kg: The’oral MLD

" based on these testsvjs.estimated to be about seven times the IP MLD
for ducks or six t#s the IP MLD = 359;mg/kgvfor mice. - This was

0 conc]ud;d'on the basis that the duck givenb385 mg/kg was nearer to.the

'h‘MLD than the duck that died at 250 mg/kg. On the basis of lb mg/ml of
b1omassﬁ?or a heavy waterb]oom 35 ml wou1d be adequate for death to
occur 1n a 1 kg duck. Tachyphylaxis whach is characteristic_of depo-

'1ar1z1ng drugs, was observed in the dos1ng of one of the ducks. ‘Tataf

Autopsy of the ducks g1ven ora] dose 1nd1cated that the a]ga] suspensqen

—

- was distributed througbout the ent1re d1gest1ve sysqﬁy In ducks, thisﬂﬁ{54‘

would be described as follows: An esophagus Tong ;and " 1arge in d1ameterﬁ3*€é*§

‘ 3

-with a é&op'not differentiated as in other b]rds such as ch1ckens or -

L4

‘ d\geon%“*'Th1s leads into’ the anter1or g]andu]ar stomach (proventr1c—
-ulys} and a poster1or muscu]ar stomach (ventrlculus or g1zzard) Ducks‘g. 1,ﬁ§§
~also have a py]or1c chamber between the g1zzard and 1ntest1ne " This tg o

.___/fo{lowed by the sma]] and large intestine( qr er, 1960)¢

- . e ~ o

! (;J; 8. Goldfish. While fish kllls ‘have’not been reported wh1ch Co
. \, Y 4 s rS —y
° vareL :{weﬁ}]y Titiked with “toxw waterb]ooms of An. ons—aquae there was /‘{/-’
PO . o R Y

oy : - L]

.n



PLATE 5. Male mallard duck given an oral MLD (mg/kgJ of ]yophih‘zedq
cells of Anabaena flos-aquae NRC-44-1.- Death occurred in
15 minutes. Note opisthotonus.
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;o
no reason to suspect that fish would be unresponsive to'the toxin. .

Dup11cate goldf1sh we1gh1ng abouL 20 to 30 g were used for each dosage :

tested. The effects of ora] doses of cell suspension (MLD IP mouse = 60)‘

-

and- IP doses of both ce]i_suspension and extract Lfract]on B, MLD IP

" mouse = 1.0) were examined. - For ora] doses the syr1nge wmth a meta]
tube used for the rats was employed. The f1sh\were kept in aerated

’dech10rinated water during the test per1od. The resu]ts of the tests
are summarized in Table 13. o

-

; These resu]ts indicate several 1mportant points about the

“:potent1a1 for f1sh po1son1ng by.An jZos aquae . The ora] and IP MLD
" for the ce]] suspens1on was the same¢1160) 1nd1cat1ng equal absorpt1on
of the toxm by both routes By the 1ntraper1tone'vroute go]dflsh

are, about one4ha1f“a$“sens1t1vé4ai rats, m1ce ahd.: ducks By the oral
route however the1?;ens1t1v1ty is much: greater than rats mlce,
ducks and calves- u;ﬁhe IP MLD. for the‘extract also 1nd1cates that they
are about one- ha%%?as sens1t1ve as rats and mice. The genera] symptoms

of death 1n f1sh, such as\they can be deduced from v1suaT observat1on,
Vi 1 (\J

ntractune\\hlch causes’ d1ff1cu1ty but not

[

_‘1nd1cate a type of musc]

3 "

comp]ete loss of the ab1]1ty 0 maintain equ11]br1um in the watert Thev

.L’o

cause of death appears to be- 1naﬁb]1ty'to operate thé‘resp1ratory pump..

‘,n

the movement of the butca] and\Bronch1aﬂ cav1t1es for: 1ntake of

© .water (Prog e 1973) (P]ate 6) ,In some cases, part1cu1ar]y w1th/ o

%the MLD, the mouth contracts in the open posat1on

\r

"f; D 1mp11es actua] 1nges£;bn of the a]gae‘*or death to‘

occur. N1th a tox1c waterb]pom of An. ons aquae there is a]so the

\\, . \-- e

A A
i

s

253
s
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TABLE ]3

)

Results of ora] and IP doses on.goldfish of Anabaena onu~aquae NRC-44=-1.

Time,
min

Dose;
Route

An]ma1
We1ght

g

o

320 ‘mg/kg;
IP - cells

28

R

13

) 3ZDng/kg;
-IB - cells

»

.30

13

e

160 mg/kg;
JIP - cells

20

50

80_mg/kg;

P - cells.

. “équ1]1br1um
;i

| o
B 7
Event or Observation
' -
Dosed. .
A'Inactiye, rigid, can not maintain
o ;Lfequilibrium B
Only slight. movement of - g11]s, floats‘
on §ide or back. Mouth contraq&g\
open. _._ — 3 S
X R N ' NG
.. Dead. S '
Dosed. - - . ,
5 P o : -4
&
and;- Symptoms same as above. .
o T
OS'éd'.’ . ‘, o ‘ ) . \,;‘I
. S EE | vt )
Dead. .
: Cp' Dosed. . S S
L. \ . : 1o . T - IE

Slight d1ff1cu1ty ma&nta1n1ng

Normal, On]y s]1ght effects > N ;f

50°

éo‘mg/k?;
IP f ce] S

26

l.bééed. \#?\\\>

T Ll e N
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