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A preliminary experiment was performed on the

growth of juvenile coho salmon, Oncorhynchus kisutch

(Walbaum), subjected to 0.01, 0.02, O.O+, and 0.08 mg/i

of cyanide, expressed as HCN. After 21+ days, the growth

of the cyanide-exposed salmon, which were kept in large
glass bottles supplied with flowing water at 16°c. and
fed unrestricted rations of earthworms, appeared to be
significantly reduced at 0.08 mg/i HCN only. During the

second half of the 2)-F-day experiment, the salmon exposed

to cyanide concentrations of 0.02 to 0.08 mg/i HCN grew

faster than the controls. This suggested adaptation of
the fish to cyanide.

A more complete investigation was made using a

cichild fish, Cichiasoma biinaculatwn (Linnaeus). These

fish were held in rectangular troughs, in continuously
renewed water at 2OC., and on unrestricted rations of
tubificid worms. Four growth experiments were performed

in which these fish were subjected to various cyanide
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concentrations ranging from 0.008 to 0.10 mg/I as HCN.

Cyanide induced a higher rate of food consumption per

grain of fish but reduced the food conversion efficiency.

The growth rates of cyanide-exposed cichlids varied con-

siderably during the test periods, Initially, the growth

of cichlids held at low cyanide levels (0.008 to 0.02

mg/i HCN) was faster than that of controls; at 0.03 and

0.O-i- mg/i HCN, the growth rate was virtually unaffected;

and at higher levels (0.06 to 0.10 mg/i HCN) it was

markedly reduced. Later, the rates of growth at the low

concentrations dropped below that of the controls, whereas

the growth rates of cichlids tested at about 0.0+ mg/i

HCN and at higher concentrations nrked1y increased, in-

dicating adaptation of the fish to cyanide.

At the ends of the growth experiments with

cichlids, the swimming abilities of both control and poi-

soned fish were tested in a tubular chamber. The maximum

sustained swimming speed of cichlids, determined by grad-

ually increasing the water velocity in the chamber, was

reduced by previous exposure to cyanide concentrations as

low as 0,0+ mg/i as HCN. When the duration of swimming

at various constant velocities greater than the sustained

swimming speed was measured, cyanide was found to cause a

greater reduction of swimming time at the lower velocities

than at the higher ones. The duration of swimming at a

speed of 2.00 feet per second only of the fish previously



exposed to 0.10 mg/i HCN was affected, whereas a notice-

able reduction was observed of the duration of swimming

at a speed of 1.10 feet per second of cichlidspreviously

subjected to as little as 0.02 mg/i HCN.

Changes in body weight and composition of starv-

ing cichlids exposed to cyanide revealed that this chem-

ical caused, at least initially, an increase of the rate

of loss of energy reserves.

Determinations of enzyme activities in the

tissues of cyanide-exposed cichlids were made in an

attempt to correlate and explain physiological reactions

of cichlids to chronic, cyanide poisoning. Simultaneous

determinations of the activities of aldolase and cyto-

chrome oxidase in liver homogenates did not reveal any

simple relation between the activities of these enzymes

and the sublethal cyanide concentrations to which the

cichilds had been previously exposed. Determinations of

the activity of peroxidase, also in liver homogenates,

showed slightly increased activity in the liver tissue

of cyanide-exposed fish. Proteolytic activity of intes-

tinal homogenates was higher for cyanide-exposed fish

than for the controls.
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SOME PHYSIOLOGICAL AND BIOCHEMICAL RESPONSES
OF FISH TO CHRONIC POISONING BY CYANIDE

INTRODUCTION

Because of the Importance of cyanides as water

pollutants, numerous studies have been made of their le-

thal action on fish, but only a few investigations of

possible chronic, sublethal toxic effects have been re-

ported. To explore some effects on fish of chronic

cyanide poisoning that may have ecological significance,

experiments were performed on the growth of coho salmon,

Oncorhynchus kisutch (Walbaum), and of a cichlid fish,

Cichiasoma 'pj,paculatum (Linnaeus), continuously subjected

to low concentrations of sodium cyanide. The cichlId was

used to study the effects of cyanide on the utilization

of body reserves as a source of energy during starvation

and effects on swimming ability. The possibility of

obtaining meaningful evaluations of enzyme inhibition

j vivp after prolonged exposure of cièhlids to sublethal

levels of cyanide and of correlating this inhibition with

observed impairment of physiological functions of evident

ecological importance was also explored. This investiga-

tion was carried out at the Oak Creek Laboratory of the

Pacific Cooperative Water Pollution and Fisheries Research

Laboratories, Oregon State University.



The practical importance of studies of the ef-

fects of cyanides on fish arises largely from the frequent

fish-kills caused by these chemicals in waters receiving

industrial wastes, but persistent and harmful sublethal

concentrations also may occur in such waters. Water pol-

lution by cyanides originates from various sources (10)

but metal industries appear to be mainly responsible for

observed cyanide pollution of streams (51) (52). Rinse

waters released from electroplating plants and some other

industrial wastes often contain free cyanide and also

metallocyanide complex anions. Although these anions are

not themselves nearly as toxic as free cyanide, they can

be very dangerous even when present in low concentrations,

especially in slightly acidified waters, usually because

highly toxic free hydrocyanic acid (HCN) is formed through

their dissociation or their decomposition (17) (19).

Cyanide pollution of natural waters may result

not only from the direct discharge of cyanide-containing

industrial wastes, but also from decomposition of cyano-

genie wastes and substances naturally occurring in sur-

face waters. Some plant materials contain large amounts

of amygdalin, a cyanogenic glycoside, so named because

hydrocyanic acid is liberated on hydrolysis byp-gluco-

sidase, an enzyme widely occurring in molds and in bac-

teria (2+, p. 31+2). Cyanogenesis in plants and in molds



is a common phenomenon (1±2) (51+). Schaut (1+1) lists

several plants which are cyanogenic in character, and he

believes that some aquatic plants, particularly blue-green

algae, were responsible for the production of large amounts

of cyanide (1 to 5 mg/i as CN-) in back-waters of streams

during droughts. The potential HCN production by some

cyanogenic plants has been reported to be great by Finrie-

more and Cooper (22) who, according to Schaut (1+1), found

in some plants a yield of HCN as high as one percent of

the dry weight.

Because of the hazard to aquatic life created

by the introduction of cyanide into natural waters, work-

ers in the field of water pollution control have long

been interested in determining the lethal concentrations

of cyanide to various species of fish, as a basis for

regulatory measures. Data in Table 1, abstracted from

only a part of available literature on this subject,

reveal the high toxicity of cyanide to fish. The toxici-

ty of dilute cyanide solutions is ascribed chiefly to

molecular HCN and not to CN ions, whose concentrations

are much lower than those of HCN at the normal pH values

of most natural waters, and which may be relatively inef-

fective because of slow penetration through gill membra-

nes. Wuhrmann and Woker (59) have shown that the toxici-

ty of cyanide increases with decreasing pH of the solution



Table 1. Observed minimal lethal concentrations of cyanide for variousfresh-water fish species.

Common name Specific name Water temp. Minimal Reference
°C, lethal concentration

(mg/i as CN)
Brook trout Salvelinus fontinalis 9.5 0.05 - 0.08 (38)
Brook trout Salvelinus fontinalis 0.05 (32)
Rainbow trout Salmo gairdneri 17.5 0.07 (27)
Brown trout Salmo trutta 17.5 0.09 ( 9)
Small mouth bass Micropterus dolomieui 21.1 O.lO+ ( 9)
Bluegill sunfish Lepomis macrochirus 20.0 0.15 (19)
Two-spotted cichiid Cichlasoma bimaculatjim 25.0 0.12 ( 7)
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from 8.8+ to 7.72. Numerous investigations have been

undertaken to determine the relative susceptibility of

various fish species to cyanide (see Table 1) and to

ascertain the influence of chemical, physical, or other

factors such as pH (9) (59), water hardness (9), oxygen

concentration (9) (20), temperature (L.9), and size of

the fish (27) on the toxicity of cyanide. Of the known

studies of toxicity of cyanide to fish, all but two had

to do with lethal cyanide concentrations.

Neil (38) was probably the first to investigate

chronic cyanide poisoning of fish. He found that brook

trout, Salveiinu fontinalis, that had been previously

exposed to sublethal cyanide concentrations of 0.01, 0.03

and 0.05 mg/i as CN survived longer than controls when

tested at lethal concentrations of potassium cyanide

equivalent to O.+ and 0.5 mg/i as CN. However, when

tested at 0.3 mg/i of cyanide as CN, brook trout previ-

ously exposed to 0.03 and 0.05 mg/i as CN died sooner

than the controls; those previously exposed to 0.01 mg/i

again lived longer than controls. This author also

showed that exposure to 0.05 mg/i of cyanide as CN had

an almost immediate effect (within 22 minutes) on the

swimming of the trout, and that exposure to 0.01, 0.03

and 0.05 mg/i of cyanide as CN f or periods of 1 to 29

days greatly reduced the length of time that the trout



would continue to swim in a rotating annular chamber at

a constant speed of 1.87 feet per second, a velocity

which was probably not far above the maximum sustained

swimming speed of which the controls were capable.

More recently, Brockway (7) studied the effects

of sublethal concentrations of sodium cyanide on various

stages of the life of a cichlid fish, Cichiasoma bimacu-

latum. No apparent effects on the reproductive capacity

of adults were detected at a cyanide concentration of

0.10 mg/i as HCN, but young fry died soon after hatching.

Juvenile cichlids previously exposed to 0.02, 0.06 and

0.10 mg/i of cyanide as HON showed evidence of acclima-

tization when exposed to a relatively low lethal concen-

tration of cyanide, their resistance being greater than

that of controls. 1hen tested at a relatively high lethal

level, cichilds previously exposed to 0.10 mg/i of cyanide

as HON showed less resistance than the controls. These

results differ notably from Neils observations on brook

trout (38). Brockway has also shown that the maximum

sustained swimming speed of cichlid fry that had been

exposed to cyanide (0.02 and 0.10 mg/i as HCN) was seri-

ously reduced, and that juvenile cichlids previously

subjected to cyanide (0.02, 0.056 and 0.10 mg/i as HCN)

had a reduced swimming time when forced to swim against

a current of constant velocity. The reduction of swimming



time became more pronounced as the tested velocity was

reduced. The observations of Neil and Brockway show that

at concentrations as low as about 1/6 to 1/12 the lethal

threshold, cyanide can have detrimental effects on brook

trout and cichlids that may well be of great ecological

significance.

Controlled dilution of a toxicant discharged

into natural waters is often resorted to as a water pol-

lution control measure. This can prevent immediate fish

kills, but it may not prevent chronic effects that toxic

pollutants can have on fish that are continually subjected

to sublethal concentrations. The possibility of occur-

rence of harmful chronic effects even at very low concen-

trations of a respiratory poison such as cyanide should

not be overlooked. It is known that reduction of oxygen

concentration in the water even to levels just below the

saturation level is sufficient to impair the embryonic

development, growth, and swimming ability of fish under

laboratory conditions (18).

In view of the frequent occurrence of stream

pollution with cyanides and the dearth of information

concerning the deleterious effect that these chemicals

can have on fish after prolonged exposure to very low

concentrations, it was decided to investigate the effects

of chronic cyanide poisoning on fish, and particularly
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such ecologically important effects as impairment of

growth and of swimming ability and increase of the rate

of depletion of energy resources during starvation.

In the voluminous literature on fish toxicology,

very little information is to be found on enzyme activ-

ities in fish previously exposed to toxicants. Weiss

(5) (6), who was probably the first to apply enzymo-

logical tests to fish toxicology studies, measured the

inhibition of acetylcholinesterase in fish brain after

exposure of the animals to organic phosphorus insecticides.

As to effects of cyanide, no information concerning the

enzymatic or biochemical reactions of fish to this chem-

ical could be found in available literature. Information

on the effects of cyanide on enzyme systems of other

animals was obtained mainly through vitro experiments

designed to study the nature of the enzyme systems (33)

and the kinetics of inhibition (11) (1+7), or to evaluate

the relative importance of cyanide-sensitive and cyanide-

resistant systems in various plant and animal tissues

(13) (1+0).

It has been reported that O. X M CN is

sufficient to reduce, j vitro, the respiration of var-

ious cells by 50 percent (21+, p. 31+7), and this effect

has been ascribed to the inhibition of cytochrome oxidase,

which catalyzes the electron transfer from reduced
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metabolites to molecular oxygen (21+, p. 38-362). A

ferric iron-porphyrin molecule responsible for the cata-

lytic action of cytochrome oxidase is the reactive site

where cyanide combines with Fe atoms to form a reversible

complex (2+, p. 178) (1+6). Other enzymes containing a

metallic-porphyrin molecule,.g., peroxidases and xan-

thine oxidase, are also strongly inhibited by cyanide

(21+, p. 363, 366) (ii).

It is important to note, however, that not all

the energy metabolism of cells is cyanide-sensitive (13).

Glycolysis is a cyanide-resistant metabolic pathway whose

rate of activity has been shown, vivo, to increase

during cyanide poisoning of the amoeba (39), the mouse

(21) and the dog (31+). Other enzymatic activity which

has been shown to be increased by cyanide is that of pro-

teinases (21+, p. 705-706).

In the present study, cytochrome oxidase, aldo-

lase (a glycolytic enzyme) and peroxidase activities were

measured in liver homogenates of cichlids continuously

exposed to sublethal levels of cyanide; proteolytic activ-

ity was measured in intestinal homogenates of poisoned

cichlids. An attempt to correlate changes in activity

of these enzymes with some physiological reactions of

cichlids subjected to sublethal levels of cyanide in the

various experiments on growth, starvation, and swimming

ability appeared to be a worth-while undertaking.
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MATERIAL, APPARATUS, AND THODS

Material

The water used In all the experiments was a

filtered but otherwise untreated water supplied to the

laboratory by polyethylene pipe from a small spring-fed

stream. A preliminary experiment on the effects of cyanide

on growth was performed in December 1961 using juvenile

coho salmon, Oncorhynchus kisutch (Walbaum), as test animals.

Underyearling salmon were seined from the Yaquina River in

Lincoln County, Oregon, in October and November 1961 and

were held In a pond near the laboratory. The pond was fed

by the same spring-fed stream that supplied water to the

laboratory. In the pond, the fish subsisted entirely on

natural food, For one week before the experiment, the fish

were held in a 50-gallon glass aquarium supplied with run-

ning water at temperatures averaging about l60C. The fish

were fed only earthworms during this period of their accli-

mation to laboratory conditions ax also throughout the

experiment.

For more detailed investigation of the chronic

effects of cyanide, a cichlid fish, Cichiasoma bimaculatum

(Llnnaeus), was used. A parent stock of cichlids (several

brood pairs) was obtained from the Biology Laboratory,

Hanford Laboratories, General Electric Company, RIchland,
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Washington. The experimental fish were reared in lab-

oratory aquaria.

As compared with available native fishes, the

cichilds offer several advantages for laboratory exper-

imentation. Because of their short reproductive cycle

and their adaptation to laboratory conditions, a stock

of these cichilds provides a constant supply of test

animals of known and uniform history. Thus, variables

such as diet, age and size, parentage, and thermal ac-

climation of the experimental animals can be controlled.

Also, these fish are remarkably resistant to diseases,

can be easily handled without anesthetics, and are large

enough to yield tissue samples suitable for biochemical.

studies.

Newly-hatched cichlids were fed live young brine

shrimp, Artemia sauna, for about three weeks. The young

fish were then removed from the breeding tank and fed

commercial tropical-fish food and Daphnia. When they

were about 25 millimeters long, the fish were transferred

to a 135-gallon wooden tank and fed tubificid worms and

pelleted, dry tropical-fish food. The fish were held in

continually renewed water at 25°C. until use in experiments.
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Apparatus

Coho salmon growth experiment

In the preliminary growth experiment, coho

salmon were held in five 1i-5-liter Pyrex glass solution

bottles, using a modification of the apparatus described

by Stewart (8). In this system, a constant-head heating

jar supplied exchange water at 16°c. to each experimental

bottle at the rate of +00 milliliters per minute. A

concentrated cyanide solution was introduced from a

Mariotte bottle (Figure 1) into one arm of a one-inch-'

diameter glass Y-tube attached to the inlet tube of each

experimental bottle, while the other arm received the

dilution water.

Cichlid experiments

In all experiments with cichilds, the fish were

held in rectangular, dark gray, porcelain-enameled steel

troughs 75 inches long, 10 inches wide, and 10 inches deep.

Figure 2 shows diagrammatically only one of 12 troughs used

as test chambers, whereas Figures 3 and 1i. (photographs)

each show a few troughs in use.

Porcelain-enameled steel partition plates were

used to separate several groups of fish in each trough.

These plates were 9 inches square and were bent at the
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Figure 1. Diagram of a Mariotte bottle used for intro-
ducing continuously snall amounts of cyanide
solution into experimental aquaria.
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cyanide on the growth and starvation of cichlids, showing the pattern
of water flow, the heat exchanger, one toxicant metering pui:.p, and
one experimental trough.



i5

Figure 3. Photograph of one uncovered porcelain-enameled
steel trough (with partition plates in place)
used in experiments on the effects of cyanide
on the growth and starvation of cichlids.



Figure 14 Photograph of the room where experiments on the effects of cyanide
on the growth and starvation of cichlids were conducted, showing in
the foreground a few experimental troughs with covers and in the
background the toxicant metering pumps operated by a variable-speed
transmission, the water recirculating pumps, and the water inlet
flowmeters.
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sides to form edges one half inch wide. A circular

opening inches In diameter in the center of each plate

was covered with 3/16-inch-mesh nylon netting attached

with paper clips. The partition plates were held in

position by forcing 9-inch lengths of i-inch Tygon plastic

tubing between the walls of the troughs and the edges of

the plates. To prevent the fish from jumping out of the

trough and to minimize their disturbance, each trough was

covered with a screen, half the width of which was, in

turn, covered with a strip of black plastic sheeting.

Strips of cardboard 6 inches wide were laid horizontally

over the partition plates beneath the screens to prevent

the fish from jumping from one compartment to another.

A glass standpipe at the lower end of each

trough maintained a depth of water of about 8 inches.

Filtered water, supplied from a small spring-fed stream

by polyethylene pipe at a rate controlled by valve no.1

(Figure 2), was initially preheated in a counterflow heat

exchanger before it reached a constant-head jar in which

It was additionally heated to attain the desired temper-

ature. The heat-exchanger consisted of a 200-foot length

or coil of block-tin tubing (5/8-inch outside diameter and

i-inch inside diameter) passing through narrow channels

inside a horizontally arid vertically partitioned wooden

tank. The warm waste-water collected from the several
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experimental chambers followed a circuitous path through

the channels from the top to the bottom of the tank, flow-

ing alongside the tin tubing, while fresh replacement

water flowed in the opposite direction inside the tubing.

A heat-transfer efficiency of about 90 percent was ob-

tained with this apparatus.

A 20-liter, cylindrical, constant-head jar,

equipped with a 1500-watt, stainless steel, coiled immer-

sion heater, supplied the experimental apparatus with water

at 25°C. The heater was thermostatically controlled by a

mercury thermoregulator inserted into an adjacent, stop-

pered distribution jar, from which the water flowed to the

troughs at rates controlled by glass stopcocks and measured

by flowmeters. When more water was needed than could pass

through the heat exchanger, valve no. 2 (Figure 2) could

be opened to supply the difference. The amount was, of

course, limited by the heating capacity of the immersion

heater and the temperature of the incoming water. The

experimental apparatus illustrated in Figures 2, 3, and +

was Installed in a 25°C. constant-temperature room used

for no other purpose. The troughs were illuminated from

7:00 A.M. to 10:00 P.M. each day throughout the experiments

with "warm white" fluorescent tubes giving an intensity of

about 100 foot-candles at the surface of the water under

the screens.



Toxicant metering apparatus

Either Mariotte bottles or metering pumps were

used for the introduction of cyanide solutions into the

test chambers. The Mariotte bottle used is illustrated

in Figure 1. The effective head is the vertical distance

between the lower end of the glass tube inside the bottle

and the tip of the plastic tube outside. Fine adjustment

of the flow of solutions was achieved by moving the glass

"Ui' tube up or down until the desired flow was obtained.

Constant delivery of as little as one milliliter per

minute was maintained for several weeks. Variations of

the flow may arise from the use of an air-supersaturated

solution from which air bubbles are released which accu-

mulate in the small plastic tube, and also from temper-

ature fluctuations. An abrupt rise in temperature of the

surrounding air will cause an increase of the effective

head because of expansion of the air inside the bottle,

which causes the solution to rise inside the glass tube.

This change can be great when there is a large volume of

air above the solution and will last until the air-liquid

interface inside the glass tube falls (returns) to the

lower end of the tube (i.e., until the tube fills with

air). During that period, the delivery rate can increase

to as much as three times the original value.



A Zenith, Type B, gear-driven, positive-displacement,

all-metal-seal, acetate metering pump was eventually in-

stalled at the head of each trough previously described.

A Graham, electric-motor-driven, variable-speed trans-

mission, Model l75 HNR-7, rotated a master shaft equipped

with fiber gears, which operated the pumps. The pumps

were connected with Tygon tubing to a bottle of the

cyanide solution being metered into the troughs.

Mariotte bottles were used in the experiment

with coho salmon and in experiments 1, 2 and 3 with

cichlids. In experiment + with cicblids, the pumps were

used to reduce the quantity of distilled water required

for delivery of the cyanide. The use of these pumps also

eliminated the possibility of errors attendant upon the

use of Marlotte bottles.

Because of the rapid decomposition of cyanide by

microorganisms in the troughs, it was necessary gradually

to increase the concentration of the solution metered into

the troughs by as much as 150 percent during the course of

an experiment in order to maintain the desired cyanide

concentrations as the microflora developed. To ensure

uniformity of cyanide concentration in each compartment,

the water in the trough was circulated by transferring it

from the lower end of the trough to the upper end with a

Gorman-Rupp model 210 centrifugal pump at a rate of about
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600 mi/mm (Figure 2). This recirculation was also nec-

essary to reduce supersaturation of the heated water with

air during the winter months.

Swimming performance experiments

The swimming ability of cichiids subjected to

various concentrations of cyanide was tested with the

apparatus described by Davis . (16), as modified

slightly by Dahiberg (i) to permit prompt removal of

failing fish. The test chamber of this apparatus is a

Pyrex glass tube 60 inches long and inches in diameter,

with screens at each end. Through this chamber, water can

be circulated with a centrifugal pump at any desired rate,

controlled by means of a calibrated gate valve. The water

in the chamber was continually renewed at a rate of 700

mi/mm and its temperature was kept constant by circula-

tion through a heat exchanger. Cyanide could be intro-

duced continuously from a Mariotte bottle into an opening

at the lower end of the tubular chamber, so as to maintain

a constant cyanide concentration.
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Methods

Preparation of the cyanide solutions

A cyanide stock solution was prepared from

reagent grade sodium cyanide by dissolving about 0 grams

of the salt per liter of distilled water. This solution

was standardized against a 0.10 N silver nitrate solution

by the Liebig method as modified by Vogel (53). The

solutions to be metered into the experimental chambers

were prepared by diluting a computed amount of the concen-

trated, stock solution with distilled water. When this

solution was to stand longer than 2+ hours before renewal,

its p11 was brought up to about 9,5 by adding one milliliter

of 2 percent sodium hydroxyde solution per liter.

The cyanide concentrations in the experimental

chambers were regularly determined by the pyridine-

pyrazolone method (2, p. 36) using a 15'-milliliter sample

of water. The water to be analyzed for cyanide was taken

directly from the experimental chamber and introduced into

the reaction tubes containing the reagents. The optical

density of the solution was read about 30 minutes later at

a wave-length of 615 m with a Beckman Model DU spectro-

photometer. All concentrations of cyanide mentioned in

this study were computed and expressed as the hydrocyanic

acid equivalents (mg/i HCN).
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Coho salmon growth experiment

The effect of cyanide on the growth of coho

salmon at i6°c. was studied for 2 days, subjecting five

groups of fish continually to 0.00, 0.01, 0.02, 0.0+ and

0.08 mg/i HCN. The fish were fed earthworms, which had

been submerged in aerated water for 2 hours before being

weighed and placed in the test bottles. The daily food

consumption of each group of fish was determined by sub-

tracting the weight of worms recovered from the test

bottle at the end of each day from the weight of worms

introduced 2 hours earlier.

Before the start of the growth experiment, ten

fish were introduced into each of the test bottles and

held there for four days under the conditions of the

experiment, except that no cyanide was added to the water.

The fish were then anesthetized with tricane methyl

sulfonate (MS 222), weighed individually, and redistrib-

uted among the five bottles so that the weights of the

five groups of ten fish were approximately equal. Each

fish was distinctively marked by clipping the caudal, the

right or left pelvic, or the adipose fin, or two of these

fins. Feeding of the fish was resumed immediately, and

introduction of cyanide into the water was begun two days

later.
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Several fish died during the four days following

the beginning of introduction of cyanide and were replaced

with fish of like weight. Fish that died later were not

replaced. After 12 days of feeding (10 days of exposure

to cyanide), the fish were weighed again, in groups, and

returned to the test vessels. After a second 12-day

period the experiment was terminated and the fish were

individually weighed and dried in an oven at 70°C. for

determination of the dry weight. Because the number of

fish available at the beginning of the experiment was

limited, no sample was taken for determination of the

initial ratio of dry weight to wet weight; the final ratio

of dry weight to wet weight of the control group had to

be used in estimating the initial dry weights of all

groups of fish tested. It is realized that these estimates

may be too low, inasmuch as Fisher (23) observed a marked

increase of the ratio of dry weight to wet weight of

growing coho salmon kept under similar experimental con-

ditions on unrestricted rations of tubificid
worms0

Cichlid growth experiments

The effect of cyanide on the growth of cichlids

was studied by performing four separate experiments of

duration up to 36 days. Control and cyanide-exposed fish

were held in troughs at 25°C; the tested cyanide
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concentrations ranged from 0.008 to 0.10 mg/i HCN. The

daily food consumption, the increase in weight, and the

final body composition of the fish were determined for

each group of experimental fish and for controls. The

swimming ability of the fish and some enzyme activity

levels also were determined at the ends and during the

course of some of the experiments.

Throughout this study, the fish were fed

tubificid worms collected from an experimental sewage-

oxidation pond operated by Oregon State University in

connection with the City of Corvallis sewage treatment

plant, or from rearing ponds of the Roaring River Trout

Hatchery of the Oregon State Game Commission in Linn

County, Oregon. At the laboratory, the worms were kept

in an outdoor trough supplied with running water, and they

were fed pelleted fish food. The worms were separated

from sand, mud, aria detritus by driving them through a

screen and into a pan of water with the heat from a light

bulb. The worms were then placed in clean, aerated water

for 2+ hours before being fed to the fish.

fed each morning throughout the experiment,

left from the previous day's feeding were q

recovered to measure the food consumption.

blotted,before weighing, on paper towels and

nearest tenth of a gram. The water content

The fish were

and the worms

liantitatively

The worms were

weighed to the

of the worms
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was periodically checked by determining the wet and dry

weights of samples of worms prepared in the same way as

were the worms used for feeding the fish.

One week before an experiment, the fish were

removed from a holding tank and transferred to several

troughs. They were held there for a week under the con-

ditions at which they would be tested, except that no

cyanide was present. The fish were fed only tubificid

worms during this period. All the worms were removed from

the troughs 211. hours before the initial weighing of the

fish, so that there would be no food in the stomachs of

the fish at the time of weighing. After the fish had been

blotted with a damp cotton towel and weighed, they were

distributed in equal numbers among the test troughs so

that the total weights of the fish in the separate groups

would be approximatively equal. Feeding was resumed

immediately thereafter. At that time, cyanide was already

at the desired concentrations in the water, whose volume

in each trough was about 90 liters and. which was renewed

at the rate of about 300 milliliters per minute. From the

original group of fish, a sample was taken to determine the

initial wet and dry weights, and the fat content.

One day before an intermediary weighing or the

final weighing of the fish, all the worms were removed

from the troughs. The fish were then prepared for weighing
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in the same way as for the initial weighing. Lt the

completion of an experiment, all the fish were killed and

dried in an oven at 7°C. The dried fish were than weighed

to the nearest 0.03 gram and analyzed as soon as possible

for their fat content.

These general procedures apply to all experi-

ments. Detailed Information On the numbers of fish used,

their size, the numbers of groups tested, and the lengths

of the feeding periods will be presented later.

Clchlid starvation experiment

The effects of cyanide on starving fish were

studied in one experiment, In which four groups of cichlids

were exposed to 0.00, 0.0l, O.0i- and 0.09 mg/i HCN. Two

weeks before the beginning of the experiment, a group of

about 200 cichilds was transferred into a trough in the

experimental room and kept on unrestricted rations of

tubificid worms; i-8 hours before the fish were initially

weighed for the experiment, all the food was removed.

From this stock of fish, three different samples

of five fish. each were taken to determine the initial

values of dry weight, fat content, and ash weight, as

percentages of the wet weight. Sixty cichilds which were

separately weighed to the nearest 003 gram were placed

in four troughs that were subdivided into three sections,



each section receiving a group of five fish. The fish

thereafter were not fed, and groups of five were succes-

sively removed from the different sections of the troughs

after periods of 6, 12, and 2 days. At the end of each

period of starvation, the wet and dry weights of the fish

removed were determined to the nearest 0.1 milligram. The

reason for the difference in weighing accuracy between the

initial and final wet weights is that live and not anes-

thetized cichlids could obviously not be weighed as accu-

rately as they could be after being killed at the ends of

the various test periods. The dry samples were then

analyzed for their fat content and ash weight.

Determination of fat and ash weights

The fat content of the fish was determined by

ether extraction of the dry samples, which had been

ground in a mortar. Samples of about two grams of the

dry material in the growth experiments and about one gram

in the starvation experiment were weighed to the nearest

0.1 milligram. The fat was then extracted with a Goldfisch

continuous extraction apparatus, continuing the reflux

distillation of the solvent for a period of seven hours.

For all ash weight determinations, a sample of

about 0.5 gram of the dry material was weighed to the

nearest 0.1 millIgram and incinerated in a muffle furnace
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at 800°c. until a constant ash weight was attained.

Evaluation of swimming performance of cichlids

Both the maximum sustained swimming speed of

cichlids and their swimming time (prior to failure due

to fatigue) at higher speeds were determined as measures

of the swimming ability of these fish in investigating

the effects of chronic poisoning by cyanide. Cichlids

that had been used in the different growth experiments

were removed from the troughs at the ends of these expex'-

iments and were tested either for maximum sustained

swimming speed or for swimming time at one of several

different velocities.

The fish were not fed for 21+ hours before being

used in the swimming speed tests. A period of one hour

was allowed for acclimation and training of the fish in

the test chamber, during which period they were subjected

to a water velocity of 0.50 feet per second. Then the

velocity was progressively increased by increments of

0.075 feet per second at 10-minute intervals until all

the fish had failed to continue swimming.

The acclimatization and training period in

swimming-time tests was only 15 minutes0 During this

period a water velocity of 0.50 feet per second was main-

tained. Then the velocity was increased in a few seconds
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to the desired level, and the duration of swimming of

each fish was measured with the aid of a stopwatch.

In each of these swimming tests, the water

velocity or the time was recorded at which each fish was

swept down against the screen at the downstream end of

the test chamber and failed to resume swimming even after

mechanical stimulation effected by rotation of this

movable screen. Immediately after a fish failed, it was

removed, measured, and weighed.

Preparation of tissue homogenates

Four enzymes systems were investigated in

cichlids chronically exposed to cyanide. Determinations

of cytochrome oxidase, aldolase, arid peroxidase activities

were made on liver homogenate, whereas proteolytic enzyme

activity was assayed using intestinal homogenate.

Immediately before an enzyme activity determi-

nation, five fish were killed by cutting their spinal

cords. Their livers were removed, and the gall bladders

were carefully excised and discarded. The livers from

the five fish were weighed together to the nearest 0.1

milligram and hoxaogeoized in ice-cold phosphate buffer at

pH 7.38 (8.0 parts M/15 Na2HPOI and 2.0 parts M/15 1H2P0)

with a Teflon pestle tissue-grinder.
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The liver homogenate was then diluted in a 10-

or 25-milliliter volumetric flask, so as to reduce the

concentration to about 10 milligrams of tissue per milli-

liter, and used for the determination of cytochrome

oxidase, aldolase, and peroxidase activities. For the

assay of proteolytic enzyme activity, the portion of the

digestive tract between the stomach and the anus (i.e.,

the entire intestine) was used after removal of all ad-

hering tissue. Each excised intestine was laid out on a

plate of' paraffin and was cleared of its contents by

gentle pressure with the round tip of a forceps. The

intestines from five fish were then weighed and homogenized

in the same manner as were the liver
samples0

£nzyme activity determinations

a) Cytochrome oxidase

The determinations of cytochrome oxidase activ-

ity in liver homogenates were carried out manometrically

following the method of Umbreit, Burns and Stauffer (50,

page 139). One milliliter of a 1.2 x l0 H solution

(in phosphate buffer at pH of 73B) of cytochrome c

(Sigma Chemicals, M.W. 12,270) was used as the substrate

for all determinations. One to six milligrams of tissue

were used. Buffer was added as necessary to the reaction
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vessels to give a final volume of 3 milliliters.

The oxygen uptake was measured at 25°C. with a

Bronwill Warburg Apparatus, Model V, at l+0 oscillations

per nilnute. After a 15-minute period of thermal equi-

libration, six readings were recorded at 10-minute inter-

vals.

b) Aldolase

Liver homogenates were tested for aldolase

activity using the Sigma Aldolase Kit no. 750. This test

(+) involves colorimetric measurement at a wavelength of

5+0 m}.lof the amount of triose phosphate liberated by the

aldolase from a fructose, 1-6 diphosphate substrate. One

milligram of tissue was used for each of these determin-

ations.

c) Peroxidase

Peroxidase activity in a liver homogenate was

determined by measuring the evolution of oxygen from a

solution of hydrogen peroxide with the s pedal manometer

Illustrated in Figure 5. The reaction medium was com-

posed of 6 milliliters of phosphate buffer (pH 7.38) and

10 milliliters of a 0.6-percent solution of hydrogen

peroxide, which were mixed in a 50-milliliter Erlenmeyer

flask and cooled to 5°c. in a refrigerator.
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Immediately before the activity determination,

the Erlenmeyer flask was attached by means of a clamp to

the manometer platform of a Bronwill Warburg apparatus

placed beside the apparatus shown in Figure 5, and the

three-way stopcock (Figure 5) was turned to bypass the

graduated pipette. A volume of homogenate containing 2,

or 8 milligrams of tissue was introduced into the

Erlenineyer flask and the ground glass stopper was imme-

diately fitted to the reaction vessel. Shaking at lI+O

oscillations per minute was then started with the stopcock

open to the manometer.

The evolution of oxygen from the hydrogen

peroxide in the Erlenmeyer flask displaced the water in

the graduated pipette, and the time required for the

displacement of 2 milliliters of water was chosen as a

measure of the enzyme activity.

d) Proteolytic enzymes

The activity of proteolytic enzymes in an

intestinal homogenate was determined by the method of

Kunitz (12, p. 33). In this method, the amount of amino

acids liberated from a casein substrate are determined

from the optical density of the test solution at 280

after the reaction medium has been treated with trichlo-

roacetic acid and centrifuged. In the present
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determinations, 10 millIgrams of tissue were used and

an incubation period of 20 minutes at 30°C. was adopted.
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RESULTS

Coho Salmon Growth Experiment

Because of the occurrence of disease and death

of some of the fish and for other reasons, the results of

the single experiment on the growth of coho salmon are

not deemed conclusive, and only the most interesting as-

pects will be presented. As shown in Figure 6 and in

Table 2, during the first half of the experiment the wet

weight gains of the groups of salmon exposed to cyanide

were somewhat less than that of the controls, but there

was no clear relation between cyanide concentration and

the reduction of growth rates. During the second half

of the experiment the fish tested at cyanide concentra-

tions above 0.01 mg/i HCN grew faster, on the average,

than the controls. The reason for the relatively poor

growth throughout the experiment of the salmon exposed to

0.01 mg/i HCN is not clear. An unusually aggressive in-

dividual may have adversely affected the growth of the

entire group. The weight gain for the entire experimental

period (0 to 2-i- days) probably was depressed by 0.08 mg/i

HCN, the highest cyanide concentration tested, but it is

remarkable that even at this concentration the fish could

grow as well as they did. At this concentration, not far

below the lethal level (approximately 0.10 mg/i HCN), the
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Tabi. Grovth of coho seleon in vet sxsI dry weight during exposure to various cyanide concentrations at 16°C.

Cyanide Initial tots). Fish alive Total wet weight Percent gain Fish alive Total weight Percent gain in Percent gain ineouo. weight of s.ft.r ster 12 days in wet weight after after 21+ day wet weight dry weight(ag/i N) surviving fish 12 days / (grams) In 12 days 21. days J (grams) In 21. days(grams)

Wet Dry Wet ry List 12 days ill 21+ dave

o.00 1.1+.I.0 11.30 10 61.1.0 38.29 10 88.50 23.0'+ Y+.11+ 99.32 107.57
0.03. 1+1.20 10.30 9 51.80 25.72 8 66.00 16.93 1.2.55 76.1+7 81.07(37.38)3/ (1+6.30)3/

0.02 1.0.30 10.10 9 55.00 36.1.8 9 81+.60 21.57 53.82 109.93 313.99
0.01. 1.5.30 11.33 10 58.90 30.02 30 92.00 22.72 56.20 103.09 100.53
0.08 39.00 9.75 9 1.9.20 26.15 6 1+7.30 11.61+ 1.8.71. 78.1.9 75.57(26.50)3/ (31.80)3/

/ umber of fish alive at the ends of the experimental periods.
/ l.tiaat.d (computed) dry weight, bssed on vet weight.

3/ Figures in parentheses ire the initial or intermediary wet weights of the fish surviving to the
21+th day when some mortality occurred between the 13th and 21+th days.
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fish turned dark and their activity was very much reduced,

yet they showed a weight gain of about 75 percent in 21+

days. A comparison of the food consumption rates, food

conversion ratios, and growth rates for the first and

second halves or test periods of the experiment is most

interesting.

For computing the amount of food consumed per

day per gram of fish of each group in the course of each

test period, the amounts of food consumed by the group

each day in successive two-day intervals first were av-

eraged to minimize the effects of the day-to-day fluctu-

ations. The weights of the fish at the midpoints of

these two-day intervals were estimated by interpolation.

For this purpose, the wet weights of the fish at the

beginning and end of a test period were plotted against

time on semilogarithmic coordinate paper, with time on

the arithmetic scale, and a straight line was drawn be-

tween the two points. From this line, the estimated wet

weights at different times between the initial and last

days of the test period were obtained. The mean daily

food consumption values for the two-day intervals then

were divided by the corresponding estimated weights of

the fish, and the values so obtained were averaged.

The food conversion efficiency is expressed as

a ratio representing the wet weight gain in grams per



gram of food consumed. It was computed, for each group

of fish and each test period, by dividing the weight

gain of the group by the total weight of food consumed

by the group during the period.

Specific growth rates (wet weight) were computed

according to the equation given by Brown (8, p. 36).

G 100.
loge T - loge Y

T- t

where G is the specific growth rate expressed as percent

per unit of time; t and t are the recorded wet weights

at times T and t,. T being later than t.

The above-stated procedures were used in corn-

puting all of the values for daily food consumption per

gram of fish, food conversion efficiency, and specific

growth rates reported in this thesis in connection with

studies of fish growth.

Results presented in Table 3 show that during

the second half of the experiment, or the second test

period, all the fish that were exposed to cyanide showed

much larger increases of their daily food consumption per

gram of fish, their gross food conversion efficiency, and

their growth rate than did the control group, which showed

some decline of daily food consumption per gram of fish.

It must be noted that during the first half of the first

test period (I.e., the first 6 days of the experiment)



Table 3. Food consumption, food conversion efficiency, and growth rates of coho
salmon during exposure to various cyanide concentrations at 16°c.

Test periods Cyanide concentration (mg/i HCN)

0.00 0.01 0.02 0.0+ 0.08

Total weight of First 12 days 109.8 8.o 91,1+ 81+.2 77,L.

food consumed
(grams) Last 12 days 11+9.9 109.1+ 11+6.5 11+8,1 68.7

Average daily First 12 days 0.196 0.177 0.188 0.167 0.161
food consump-
tion per gram Last 12 days 0.185 0.182 0.197 0.185 0.171+
of fish (grams)

Percent change in
food consumption 1st to 2nd
per gram of fish growth period -5.61 +2.82 -14.79 +10,79 +8.07

Wet weight gain First 12 days 17.0 10.6 11+.7 13.6 10.2
(grams)

Last 12 days 27.1 19.7 29.6 33.1 15.5

Food conversion First 12 days 0.155 0.128 0.156 0.162 0.132
ratio

Last 12 days 0.181 0.180 0.202 0.231+ 0.226

Percent change in
food conversion 1st to 2nd
ratio growth period +16.79 -4J+O.96 +20.71+ +38.39 +71.30

Specific First 12 days 2.70 1.91 2.59 2.19 1.91+
growth rate
(percent per day) Last 12 days 3.05 2.95 3.59 3.72 3.31

Percent change 1st to 2nd
in growth rate growth period +12.96 5'1+1+5 -138.61 -4-69.86 +70.62

-rH
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manure worms, Eisenia foetida, were fed to all fish;

earthworms (Helodrilus . and young Lumbricu. terrestris)

were used thereafter, because it was observed that the

daily consumption of the manure worms by the fish was

decreasing. The increase of growth rates of all the

groups of fish in the second half of the experiment, il-

lustrated in Figure 7, may have been partly a result of

better diet, but the dietary change cannot fully explain

the great improvement of the growth of cyanide-exposed

fish. The results strongly suggest an adaptation to cy-

anide.

Since the increase of growth rate was most

noticeable at the highest cyanide concentration, it ap-

pears that the stronger the inhibitory effect of cyanide

was during the first test period the greater was the ef-

fect of adaptation on the growth rate. This apparent

adaptation of coho salmon to cyanide poisoning could have

resulted from a biochemical compensatory reaction, but a

change in the behaviour of the fish could also have been

a contributing factor. A pronounced depression of the

activity of the fish of the group tested at 0.08 mg/i HCN

was noticed, and it certainly contributed to their high

food conversion ratio (as compared to that of the control

fish, which were always actively swiiiiming in the test jar)

during the second half of the experiment.
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Cichild Growth Experiments

Comparative description of experiments

The effects of cyanide on the growth of cichilds

were studied in a series of four experiments, the condi-

tions of which are detailed in Table +. All experiments

were comparable, even though some modifications of the

experimental apparatus and of the techniques were deemed

necessary from time to time to improve the investigation.

The main differences between the experiments were in the

number of concentrations tested, the number of groups of

fish tested in each trough, the source of the tubificid

worms, and the duration of the experiments, all shown in

Table +.

In experiments 1, 2, and 3, the growth of the

fish was evaluated by measuring changes in wet weight

after different time intervals until the ends of the ex-

periments; the dry weights were determined only of an

initial sample and of the fish removed from the troughs

at the completion of each experiment. In experiment +,

the wet and dry weights were measured of sample groups,

of ten cichlids each, taken after 3, 7, 13, and 36 days

of growth from the troughs, where they had been separated

from other groups by means of partitions. In each exper-

iment, the initial dry weight of the fish was derived



Table . Experimental conditions during various experirsents on the effects of cyanide on the growth of cieblids at 2500.

Experiment Trough HC Water Fish Groups Fish Mean initial Source ofnumber and number conc. recirculation tested / per trough per group .3/ wet weight tubificidtests period (mg/i) in troughs (grams) worms fed

Experiment 1 7 0.00 none 15 1 15 1.86 Sewage lagoon7/27-8/20/62 3 0.01 " 15 1 15 1.852 days 0.02 15 1 15 1.835 0.05 15 1 15 1.85 1

6 0.o5 15 1 15 1.86

Experiment 2 7 0.00 none 15 3 5 1.12 Sewage lagoon8/25-9/30/62 8 0.00 " 15 3 5 1.1236 days 1 0.008 II 15 3 5 1.13 U
2 0.01 15 3 5 1 l It

0.02 1

15 3 5 1 13 II
15 3 5 1 13 U

S 0.0 15 3 5 1 136 0.09 15 3 5 1.12 1

Experiment 3 1 0.00 600 mi/mm. 15 3 5 0.88 Trout hatchery10/20-11/25/62 7 0.00 II 15 3 5 0.87 U36 days 5 0.008 15 (11+) 3 5 (5-+-5) 0.88 11

11 0.008 15 3 5 0 880.015 15 3 5 0886 0.03 II
15 3 5 0 8710 0.03 15 3 5 o.888 0.0L5 15 3 5 0.87 II

12 0.09 15 (11) 3 5 (3J+) 0.88 II

Experiment + 3 0.00 600 mi/mm. 50 5 10 1.10 Trout hatchery2/7-3/16/63 1 0.02 50 5 10 1.10 U
36 days 2 0.0k 50 5 10 1.10 ii

0.10 11 50 (6) 5 10 (9-10- 1.10 II

9-9-9)
j/ Figures in parentheses indicate the numbers of surviving fish at the completion of the experiments in troughs in whichsome fish died from cyanide poisoning or in the course of handling.

2/ The area of the troughs where the fish were confined was 3871cm2; this area was subdivided into equal segments whenseveral groups of fish were held in a trough.

3/ Figures in parentheses indicate the numbers of surviving fish in the separate groups at the completion of an experimentin each trough in which some mortality occared.

-r



from the wet weight by using the ratio of dry weight to

wet weight obtained from a sample of ten fish taken from

the stock of fish to be used in the experiment when it

was started.

The experimental periods were limited to about

five weeks. Thereafter, the larger fish developed ter-

ritorial behavior and they would soon have been sexually

mature, and because of the resulting variation of indi-

vidual growth rates, new procedures would have been needed

to derive instructive data from further prolonged exper-

iments.

Methods of comiutation and tresentation of results

For reasons not fully understood, control cich-

lids yielded widely varying results in similar experiments

performed at different times. To facilitate the analysis

and the graphical presentation of results obtained in the

various growth experiments with the cichlids, the exper-

imental data on food consumption, food conversion ratio,

and wet weight gain were normalized according to control

data. This was done by dividing each experimental result

obtained with cyanide-exposed fish by the corresponding

value obtained with the controls in the same experiment.

The ratios so obtained were then presented graphically by

plotting them against cyanide concentrations, uniformly



assigning the value of 1.00 to each of the results ob-

tained with the controls, whenever two control troughs

had been used simultaneously in a single experiment, the

mean value of food consumption, food conversion ratio, or

weight gain for the two control groups of fish was used

in computing the normalized values (ratios) for the groups

tested in cyanide solutions in the same experiment, and

the normalized value of 1.00 was assigned to the control

mean.

This method of presentation of the results does

not show the wide variation of the data obtained with the

controls in different, comparable experiments, but for

this reason the effects of cyanide in the different ex-

periments and experimental periods could be more readily

compared after the normalization of results. Curves have

been fitted by eye to the plotted, normalized data to

indicate apparent or suggested trends.

The normalization method of analysis of the

results was used to evaluate the effects of cyanide on

food consumption, on food conversion efficiency, and on

gain in wet weight of the cichlids. The initially re-

corded absolute values of some other data obtained for

controls and for cyanide-exposed fish were used directly

for comparative purposes.



Food consumption

The food consumption data obtained during the

various growth experiments with eichlids pertain to all

the fish present in a trough, because the worms could

crawl under the partition plates from one compartment to

another, and therefore it was not possible to measure the

food consumed in individual compartments.

The influence of cyanide on the normalized

average daily food consumption per gram of fish is illus-

trated in Figure 8. The absolute and normalized values

are given in Table 5. The results of the various exper-

iments show, with but one exception, higher food consump-

tion per gram of fish during the first 12 days in the

experimental troughs with all concentrations of cyanide

tested than in the control troughs. Thereafter, the food

consumption remained high, at the high concentrations of

cyanide) whereas. at the lower concentrations (0.008 to 0.03

mg/i HCN) food consumed during the last 12 days of the

36-day tests was less than that consumed by the controls.

Having been initially higher and subsequently lower, the

amounts of food consumed per day per gram of fish by the

fish at the low concentrations during the entire experi-

ments of 36-day duration did not differ materially from

the amounts consumed by the controls. At concentrations
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Table 5. Average weights or food consumed by cihlids per day per gram of fish during successive periods of exposureto various cyanide concentration at 25'0C.

Cyanide 1st to 12th day 13th to 214th day 25th to 36th day 1st to 214th day 1st to 36th daycone. Wet weight Normalized Wet weight Normalized Wet weight orma1ized Wet weight Normalized Wet weight Normalized(mg/i BcN) (grams) weight (grams) weight (grams) weight (grams) weight (grams) weight
Nxpertment 1 0.00 0.133 1.00 0.113 1.00 - - 0.123 1.00 -0.01 0.136 1.03 0.1140 1.214 - - 0.138 1.12 - -0.02 0.135 1.02 0.113 1.00 - - 0.1214 1.010.035 0.136 1.03 0.121 1.0? - - 0.129 1.05 - -0.065 0.112 0.814 0.115 1.02 - - 0.113 0.92 - -
Experiment 2 i.00 1.00 1.00 i.00 1.000.008 0.182 1.014 0.135 0.95 0.121 0.93 0.158 1.00 0.11+6 0.980.01 0.195 1.11 0.1'*3 1.01 0.110 0.85 0.168 0.06 0.11+9 1.000.02 0.191+ 1.11 0.11+2 1.00 0.128 0.99 0.168 1.06 0.155 1.01+0.035 0.198 1.13 0.169 1.19 0.1143 1.10 0.181+ 1.12 0.170 1.1140.06 0.20'+ 1.17 0.192 1.36 0.167 1.29 0.198 1.25 0.188 1.260.09 0.193 1.10 0.183 1.29 0.203 1.57 0.188 1.19 0.193 1.30
Experiment i.00 1.00 1.00 1.00 1.000.008 0.21414 1.07 0.235 1.13 0.176 0.96 0.21+0 1.10 0.215 1.060.008 0.2140 1.05 0.223 1.07 0.181 0.98 0.231 1.06 0.215 1.01+0.015 0.270 1.18 0.251 1.20 0.168 0.91 0.251 1.15 0.223 1.080.03 0.280 1.22 0.238 1.114 0.156 0.85 0.260 1.18 0.225 1.090.03 0.2714 1.20 0.196 0.914 0.163 0.88 0.235 1.08 0.215 1.020.0145 0.286 1.25 0.263 1.26 0.228 1.214 0.275 1.26 0.259 1.250.09 0.321 1.1+1 0.2714 1.31 0.210 1.114 0.298 1.36 0.268 1.30
Experiment 14 / 0.00 0.209 1.00 - - - - - - -0.02 0.2143 1.16 - - - - - - - -0.01+ 0.225 1.07 - - - - - -0.10 0.2149 1.19 - - - - - - -

/ In this experiment the food consumption was not measured after the 12th day.
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of 0.01+5 to 0.09 mg/i HCN, the daily food consumption per

gram of fish during the 36-day tests averaged higher than

that of the controls by about 29 percent.

When considering all curves in Figure 8, it

should be remembered that these curves are fitted to data

that are all relative, each having been normalized ac-

cording to the control data for the particular period to

which they apply. The daily food consumption per gram of

fish at the high cyanide concentrations did not actually

increase with time in absolute amount, but rather decreased

less than did that of the controls.

Wet weight gain

The influence of cyanide on the normalized

percent gains in wet weight of cichlids after different

periods of exposure also is illustrated in Figure 8. The

plotted values and other pertinent data are given in

Table 6. Fish exposed to the lowest concentrations of

cyanide, 0.008 to 0.02 mg/i HCN, tended to grow faster

than the controls during the first 12-day period. However,

this apparent advantage gradually disappeared with time,

and during the last 12 days of the 36-day experiments,

the weight gains at these concentrations were all less

than those of the controls. It is obvious that the re-

duction of relative growth rates did not happen at the
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same time in all experiments and this may partly explain

the poor fit of the curve to the data for the l2-to-2+-

day period. The shape of the broken-line portion of the

curve fitted to the data is admittedly highly questionable

(i.e., not well established), but it is deemed reasonable

in view of the other related and better defined curves

in Figure 8.

During the first 12 days, cyanide at concen-

trations above 0.035 mg/i HCN depressed the growth of

cichlids, the depression increasing with increasing cya-

nide concentration. This reduction of growth was no

longer demonstrable or was less pronounced in the second

12-day period; and finally, between the 2+th and the 36th

days, the fish even at the highest cyanide concentrations

grew faster than controls and faster than fish exposed to

low cyanide concentrations.

The change in specific growth rates from the

first to the last 12-day periods is illustrated in Figure

9. Table 7 gives the actual specific growth rates for

all the three different periods and the differences between

them expressed as percentages. The reduction of the growth

rates of the control groups with time was probably due to

the increased size of the fish. To the groups of fish

subjected to low cyanide concentrations (0.008 to 0.03

mg/i HCN) and showing an even greater depression of growth
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Figure 9. Difference in specific growth rates (rates of
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and the last 12-day periods or portions of the
36-day experiments (Nos. 2, 3, and +), in re-
lation to the concentration of cyanide. The
differences of growth rates are expressed as
percent increases of decreases (positive or
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Table 7. Specific daily growth rates (based on wet weight gains) of cichlids during successive periods of exposureto various cyanide concentrations at 25°C.

Cyanide 1st period 2nd period Percent change 3rd period Percent change Percent changeconc. 1st to 12th day 12th to 21+th day 1st to 2nd period 21+th to 36th day 2nd to 3rd period 1st to 3rd period(mg/i HCN)

Pxperiment 1 0.00 2.68 2.01+ -2'.88 - - -0.01 3.23 2.69 -l.72 - - -0.02 2.#9 1.78 -28.51 - -O.05 2.71+ 2.1+0 -12.1+0 - - -O.O5 1.59 1.57 - 3.11+ - - -

xperiment 2 0.00 3.91+ 2.55 -35.28 2.39 6.270.00 3.1+1+ 2.20 -'6.05 2.55 +15.91 -25.70.008 3.75
143

2.31 -8.1+0 '.08 .33.13 -17.870.01 2.50 j8.o8 1.61 -35.0 -6'.650.02 3.90 2.08 -1+6.67 2.00 - 2.850.015 3.63 2.67 -26.1+5 2.81 + 5.21+ -22.590.0 .55 2.95 -16.90 2.77 - 6.10 -21.970.09 .t+o 1.98 -17.50 2.91 .1+6.97 21.25
experiment 3 0.00 6.18 I+.5 -29.61 '.87 -11.03 -37.380.00 14.97 l#9 - 5.63 .55 -21+.'l -28.570.008 6.56 14.86 -25.91 '.33 -31.d0.008 5.02 14.66 - 7.17 .33 - 7.08 -13.750.015 6.81 5.22 -2'.35 3.22 -'8.1 -52.720.03 6.1+3 14.67 -2.'7 '.1+ -26.55 +6.660.01 5.73 .78 L453 -15.87 -1414.500.05 .00 '+.76 _14.3o .61 - 3.15 - 7.800.09 4.37 14.25 - 2.75 14.32 1.65 - 1.11+

E,periment 1+ 0.00 14.90 - - / 3.67 - )/ .25.10 2/0.02 - '.20 - -1+2.0' 2/0.01+ 4.57 - : .1+7 - -214.07 2/0.10 3.51+ - - 6.20 - .18.73 2/

/ The 2 groups of fish kept alive for 36 days were not weighed at 12 days.

2/ The initial growth rate (1st period) of the fiah which were removed from the troughs at 12 days was used to compute
the difference in growth rate (percent change) between the 1st and the 3rd periods.



5'6

rate than did the control groups, the same explanation

applies, since they grew Caster than the controls during

the initial 12-day period.

The growth rates of the groups tested at cya-

nide concentrations near and above 0.0+ mg/i HCN were not

greatly reduced in the third 12-day experimental period

as compared with growth rates in the first 12-day period,

and at concentrations of 0.09 and 0.10 mg/i HCN the growth

rates were even greater in the third period than during

the initial 12-day period. This result, namely the im-

proved growth at high cyanide concentrations during the

last 12-day periods of the experiments, as compared with

the initial growth, is interpreted as evidence of an

adaptation of the cichlids to cyanide. The noted large

difference in this respect between the fish held at the

high cyanide concentrations and the controls apparently

is a result of a combined effect of adaptation and of

difference in size of the fish. The fish exposed to high

cyanide concentrations were smaller than the controls at

the beginning of the last 12-day test periods because of

the initial adverse effect of cyanide on growth, and con-

sequently they had a relatively high potential growth

rate, which could be increasingly realized as the adap-

tation proceeded.



Food conversion efficiency

The influence of cyanide on the gross food

conversion efficiency (normalized wet weight gains in

grams of food consumed) of the cichlids is also illustra-

ted in Figure 8. The absolute and normalized food con-

version ratios are given in Table 8.

During the first 12-day experimental periods,

the food conversion ratios were noticeably reduced at

concentrations above 0.02 mg/i HCN, the reduction becoming

greater with increasing cyanide concentration. During

the following periods (12 to 2+, and 2 to 36 days), the

relation between the normalized food conversion ratios

became less regular. From Table 8 it can be seen that

the food conversion ratios of control cichlids, as well

as those of cichlids exposed to cyanide, tended to de-

crease (in absolute value) with time, excepting the third

period in experiment 2. This reduction of food conversion

ratios with time varied somewhat in magnitude among the

various groups of cichlids tested. The normalized con-

version ratios in Table 8 and in Figure 8 indicate that

the food conversion efficiency of the fish held at low

cyanide concentrations usually decreased more than did

that of the controls. On the other hand, the efficiency

of the fish tested at higher cyanide concentrations,



ab1e 8. ?otal wet we'tghts of food consumed and wet weight food conversion ratios of cichlids durine successive periods of exposure to various cyanide concentrations at 2500

1st to 12th day 12th to 2'.th day 2'+th to 36th day 1st to 36th day
Cyanide Food Food conversion Food Food conversion Food Food conversion Food Food conversionconc. consumed ratios consumed ratios consumed ratios consumed ratios(mg/I 808) (grans) ortual normaifzed (grams) actual normalized (!rCms) ectual normalized (raxns) actual normalized

Exoeriment 1 0.00 146.8 0.226 1.00 ,56.o 0.191 1.00 - -0.01 51.0 0.255 1.1'. 75.2 0.208 1.09 - - - - -0.02 '+7.6 0.201 0.89 5+.2 0.166 0.87 - - - - -0.005 '.9.0 0.219 0.97 61.8 0.209 1.09 - - - - -0.05 38.6 0.153 0.68 50.6 0.131 0.72 - - - -
Experiment 2 0.00 09.67 0.215 00 0.175 55.08 0.216 1 00 130.10 0.203 1.000.00 42.10 0.2140 51.56 0.179 5957 0.203 155.26 0.2050.008 1.2.1 0.230 1.01 1.9.19 0.1?'+ 0.98 56.89 0.191 0.91 1148.26 0.196 0.960.01 '+7.89 0.251 1.10 55.'+8 0.188 1.06 52.69 0.160 0.76 156.06 0.198 0.970.02 '+5.68

'+5.57
0.221 0.97 '+9.63 0.153 0.87 56.23 0.166 0.79 151.6'. 0.178 0.85

'+6.71
0.206
0.192

0.91
0.85

58.70
66.140

0.168
0.166

0.95
0.91. 69.6? 0.209 0.99 173.9'. 0.195 0.96

0.09 40.97 0.136 0.60 '.9.56 0.121 0.68 79.60
73,3

0.18'.
0.163

0.87
0.77

192.76
163.89

0.180
0.11.3

0.88
0.70

Experiment 3 0.00 60.3° 0.271 1 00 8.97 0.235 1.00 129.50 0.232 1 00 255.80 0.258 1.000.00 145.7 0.263 81.60 0.232 1114.52 0.200 21.1.88 0.22'.0.008 66.82 0.266 1.00 107.31 0.229 0.98 136.91. 0.19 0.90 311.07 0.221. 0.930.008 50.99 0.228 0.86 76.12 0.232 0.99 103.29 0.196 0.90 230.50 0.211. 0.890.015 70.35 0.268 1.01 122.35 0.227 1.02 139.78 0.208 0.91 322.148 0.232 0.96o.o3 68.'+S 0.252 0.95 106.77 0.21'. 0.92 128.70 0.211 0.9 103.92 9.221 0.920.03 62.98 0.233 0.88 7.92 0.208 0.89 96.65 0.210 0.97 236.55 0.215 0.89O.0'.S 60.67 0.198 0.71. 8'+.53 0.228 0.98 138.11. 0.238 1.09 283.31. 0.226 0.9'.0.09 51.29 o.1'+6 0.55 6o.jS 0.169 0.72 11.6.36 0.105 0.67 266.80 0.11.6 0.60
Experiment '+ 1/ 0.00 39.1k. 0.220 1.00 - - - -0.02 '.6.88 0.204 0.98 - - - - - - -0.01. 39.97 0.218 0.92 - - . - -0.10 38.23 0.139 0.62 - - - - - - -

/ In this experiment the food consumption was not measured after the 12th day.



between 0.035 arid 0.09 mg/i HCN, decreased less on the

average than did that of the controls.

For the entire experimental period (0 to 36

days), the food conversion ratios for all the cyanide-

exposed fish were below the ratios for the controls. It

appears, therefore, that even when the growth of the fish.

exposed to cyanide was as good as, or was better than,

that of the controls, such growth could be maintained

only by high consumption of food, the utilization of

which for growth was energetically more costly in the

presence of cyanide. Had all the fish been kept on equal,

restricted rations, those held at high cyanide concen-

trations presumably would have grown much less in 36 days

than did the controls.

Body composition

Some interesting information was obtained

through the determination of the changes in wet weight

of cichlids chronically poisoned with cyanide, but more

complete understanding of the effects of this toxicant

on the metabolism of the fish must be approached through

evaluation of the different body constituents.

The ratios of dry weights to wet weights of

cichlids exposed to various cyanide concentrations and

for various periods of time during experiments 1, 2, 3,



and + are shown in Table 9. It can be seen that in ex-

periments 1, 2, and 3, no marked variation of the ratios

of dry weights to wet weights of the fish of different

history was observed. The apparent differences are well

within the limits of experimental error. The marked dis-

similarities in experiment + between the initial samples

and those analyzed later in the course of the experiment

are evidently related to differences in relative fat

content of the various groups of fish. It is not clear,

however, why a corresponding marked difference was not

observed also in experiment 2, during which all the fish

apparently became much fatter than they were initially.

The percentages of the dry weights of cichlids

of different history referable to Ufatu also are shown

in Table 9. From these data it appears that cyanide had

no very pronounced effect on the fat content of cichlids

by the end of the various experiments. The maximum de-

gree of fatness that cichlids could reach under the ex-

periniental conditions seemed to be near 30 percent of the

total dry weight, but the values observed at the end of

experiment 1 were still much lower than this, though

higher than the initial values. During experiment +, but

especially after 7 and 12 days, the fat content was found

to be somewhat higher for cyanide-exposed cichlids than

for controls, with but one exception (i.e., fish exposed
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Table 9, Percent dry weight and fat content of cichlids determined
after varying periods of exposure to different cyanide
concentrations at 25°C.

Cyanide Time Dry weight Fat
conc. (days) as percent as percent

(mg/i HCN) of wet of dry
weight weight

Experiment 1 Controls 0 28.35 28.82
Controls 21+ 29.26 28,9
0.01 21+ 29.80 29.2
0.02 2+ 30.70 29.61
0.035 21+ 29.80 28.35
0.065 2i 30,47 29,57

Experiment 2 Controls 0 28.21+ 15.1+1
Controls 36 28.70 30.56
Controls 36 29,05 29.61

0.008 36 29,00 30.19
0.01 36 29.70 30.82
0.02 36 29.10 30.03
0.035 36 29.1+0 30.01
0.06 36 30.10 31.82
0.09 36 28.30 30.31

Experiment 3 Controls 0 26.62 21f.30
Controls 36 28.65 29.17
Controls 36 28.1+2 27.86

0.008 36 29.72 29.67
0.008 36 29.20 26.18
0.015 36 30.21 30,1+5
0.03 36 2E.75 29.87
0.03 36 28.32 29.19
0.01+5 36 28.30 28.98
0.09 36 28.1+6 29.75

Experiment 1+ Controls 0 23.88 13.27
Controls 3 25.52 15.62
Controls 7 25,58 17.02
Controls 12 25.52 19,16
Controls 36 29.03 23.95

0.02 3 21+.77 15.99
0.02 7 26.31+ 19.38
0.02 12 26.38 20.59
0.02 36 29.11+ 21+.1+5

0.01+ 3 25.77 15.86
0.01+ 7 25.71+ 18.20
0.01+ 12 26.1+1+ 20.62
0.01+ 36 30.05 21+.36
0.10 3 26.86 16.08
0.10 7 21+.69 17,91
0.10 12 26.73 20,71
0.10 36 26,90 22.29



for 36 days to 0.10 mg/i HCN). During the first 12 days

of experiment +, cyanide may have inhibited the synthesis

of protein, thus favoring deposition of dietary fat.

Later in the experiment, protein synthesis may have im-

proved as result of biochemical adaptation.

Body condition

At the completion of the 36-day experiments 3

and 1 some visual observations suggested the possibility

that cyanide bad a deleterious effect on growth in length

of cichlids and also on the formation of their bones and

scales. Most of the fish tested at 0.09 and 0.10 mg/i HCN

in experiments 3 and showed abnormal increases in depth

and width of the body and of the caudal peduncle. Ordi-

nary handling in the course of weighing and measurement

of the fish was enough to break completely their caudal

fins and to damage other fins; scales also showed weakness

and became easily detached in the course of handling. These

alterations of the fins and scales did not occur in any of

the groups tested at lower cyanide concentrations, even

though a change in body proportions of fish tested at

0.05 and 0.0+ mg/i HCN in experiments 3 and was notice-

able. No visible alterations of the bodies of cichlids

occurred in experiments 1 and 2.
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In order to evaluate the extent of the changes

in the body proportions of cichlids at the end of exper-

riments 3 and 1, the condition factors of all the fish

were computed by the formula of Hetch (26):

Condition factor = 100 x W

L3

where W is the weight of the fish in grams and L its

length in centimeters. The mean condition factors for

the various groups of cichlids tested are presented in

Table 10. When considered together with the weight-gain

data (Figure 8), which show little effect of cyanide after

36 days, the condition factors strongly suggest an impair-

ment by cyanide of growth in length of the cichlids, an

effect that was particularly evident at the highest cyanide

Table 10. Mean condition factors of cichlids exposed
to various cyanide concentrations for 36 days
at 25°C.

Condition factor.

Cyanide
concentration
(mg/l HCN)

Expt. 3 Expt.

Control 2.29 2.23
0.008 2.39 -
0.015 2.11 -
0.02 - 2.26
0.03 2.I+2 -

- 2.29
0.0+5 2.51 -
0.09 2.56 -
0.10 - 2)+9
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concentrations. It is possible that the observed defects
caused by cyanide arise only in rapidly growing fish like

those in experiments 3 and ).4., growth in experiments 1 and

2 having been relatively slow (see Table 6).
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Effects of Cyanide on Starving Cichlids

The previous results have shown that cichlids

were able to grow well at relatively high concentrations

of cyanide and showed evidence of adaptation to this tox-

icant. However, the rapid growth of the fish exposed to

cyanide was maintained by food consumption greater than

that of the controls, their food conversion efficiency

being relatively low. A starvation experiment was of

interest in this connection,as an unlimited food supply

is not often encountered in nature, and a serious def i-

ciency of food probably is more likely to occur. The

effects of a toxicant on the utilization by fish of their

body substance as a source of energy may be just as im-

portant to them as are any effects on the utilization of

consumed food for growth.

The results of a 2L._day starvation experiment

with cichlids subjected to cyanide are presented in Table

11. In Figure 10, the losses of body substance of the

unfed fish, expressed as calorific equivalents in kilo-

calories per gram of mean dry weight, after 6, 12 and 2+

days of starvation are plotted against time in days. As

proposed by Frutton and Simmonds (2+, p. 932-933), physi-

ological calorific equivalents were obtained by using a

factor of 9.1+6 kcal per gram of fat and .30 kcal per gram



of protein, the weight of which In any given sample was

arrived at by substracting the measured fat and ash weights

(see Table ii) from the total dry weight of the sample.

The curves In Figure 10 were fitted by eye. Because the

12-day loss value for the group of fish held at Q1+ mg/i

HCN was unreasonably low, this observation was disregarded

in plotting the broken-line portion of the curve for this

group, and the curve was adjusted to accord with the other

curves In the figure.

As seen in Figure 10, the effect of cyanide on

starving cichlids appears as an acceleration of the util-

ization of the body reserves. During the first part of

the experiment, the loss of caloric value of the entire

body increased with increasing cyanide concentration.

Since each point represents only one observation on a

sample of five fish, the relative positions of the 2-i--day

points cannot be given much importance, but the trends of

the curves for the cyanide-exposed cichlids suggest that

acclimatization brought their total kilocalorie loss to

a value similar to that of the controls by the end of the

experiment.

Thus, it appears that sublethal concentrations

of cyanide can have a detrimental effect on starving cich-

lids, at least initially. Cyanide iy reduce the efficien-

cy of biochemical processes essential to the optimal
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Table 11. Body composition of cichlids after successive periods of starvation at 25°C. ad at various cyanide concentrations.

Cyanide concentration (mg/i 8CN)

0.00 0.02 0.01+ 0.09 3/

Time Sample 2/ Sample 3/ Sample 3/ Sample 3/(days)
1 2 3 1 2 3 1 2 3 1 2 3

Dry weight 2/ 0 2.7525 2.8116 2.779k 2.7982 2.8788 2.8116 2.7928 2.7901 2.81+39 2.9220 2.8865 2.8837(grams.i 6 2.6761 - - 2.651+9 - - 2.5858 - - 2.6673 - -12 -. 2.5527 - - 2.5272 - - 2.5301+ - - 2.1+525 -
21+ - - 2.2256 - - 2.3219 - - 2.3875 - - 2.2953

Dry weight as 0 26.88 26.88 26.88 26.88 26.88 26.88 26.88 26.88 26.88 27.36 27.36 27.36percent of 6 26.21 - - 26.23 - - 25.75 - - 26.33 - -wet weight 2/ 12 - 25.5* - - 25.12 - - 25.89 - - 25.19 -
21+ - - 23.96 - - 2k.30 - - 21+.87 - - 23.99

Fat as 0 21.30 21.30 21.30 21.30 21.30 21.30 21.30 21.30 21.30 22.15 22.15 22.15percent of 6 21.18 - - 20.1+2 - - 20.78 - - 18.81+ - -dry weight 2/ 12 - 19.26 - - 18.32 - - 19.67 - - 16.98 -
21+ - - 15.86 - - 16.31+ - - 11+.99 - * 15.1+9

Ash as 0 12.1+2 12.1+2 12.1+2 12.1+2 12.1+2 12.1+2 12.1+2 12.1+2 12.1+2 12.70 12.70 12.70percent of 6 12.96 - - 13.99 - 12.99 - 13.35 - -dry weight 2/ 12 - 13.1+7 - - 13.96 - - 13.62 - 15.38 -
21+ - - 16.21+ - - 15.82 - - 15.53 - - 16.18

J/ The experimental troughs were divided into three sections, each containing 5 cichlids constituting the 3samples" which weresuccessively removed from the troughs after 6, 12, and 21+ days.

2/ The initial dry weights, fat contents and ash contents were estimated from the wet weight and body composition of a sample offish taken at the beginning of the experiment from the lot of cichlids which were to be starved in the presence of cyanide.
3/ This group of fish had a different body composition than the others because this test was started a week later than the others;another initial sample was taken at that time.



utilization of body reserves, so that the reserves must

be consumed more rapidly to meet the energy requirements

of the fish.
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Biochemical Studies of Cichlids Subjected to Cyanide

Various biochemical tests on cichild tissues

were undertaken in an attempt to find some explanations

for the observed effects of chronic cyanide poisoning.

The biochemical tests performed were determinations of

aldolase, cytochrome oxidase, and peroxidase activities

in liver homogenates and of proteolytic activity in crude

intestinal homogenate.

Cytochrome oxidase and aldolase activity

The activities of cytochrome oxidase and of

aldolase in liver homogenates of cichlids previously ex-

posed to cyanide are presented in Table 12. Activities

are reported both as absolute values and as relative

values normalized according to the corresponding control

activity levels of the same dates, to which a normalized

value of 1.00 was assigned in each case. The normalized

cytochrome oxidase and aldolase activities in the livers

of fish exposed to cyanide were computed to facilitate

the evaluation of the relative effects of cyanide on these

two enzymes. The marked differences in activity levels

of these two enzymes among the control groups, shown in

Table 12, can be ascribed In part to methodological varia-

tions but probably also to some physiological differences
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among the groups of fish tested, differences which appar-

ently could not be eliminated even by holding the fish

under essentially the same conditions. The computation

of activities of these two enzymes per unit of wet weight

of the tissues used for preparing the homogenates, instead

of per unit of weight of nitrogenous matter, can give rise

to problems of interpretation. The values so computed

may not be truly comparable because of possible differ-

ences in fat or water content of the tissues.

The acute toxicity of cyanide i.s generally at-

tributed to the inhibition of cytochrome oxidase activity

(2+, p. 31+1). In the present study of cichlids previously

exposed to various sublethal concentrations of cyanide,

the data on the activity of this enzyme were far from

unifori. In some tests, the activity of cytochrome ox-

idase was found to be lower in livers of poisoned fish

than in controls, whereas in other tests this activity

was apparently increased by cyanide. The apparent de-

creases ranged between and 39 percent (Table 12), except

in a series of tests on fish exposed for 20 days to 0.02

and 0.10 mg/i HCN, whose light-colored livers may have

been very fat, a condition which could explain the greater

depression of cytochrome oxidase activity. Apparent in-

creases of cytochrome oxidase activity in liver homoge-

nates of cichlids previously subjected to various cyanide
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Table 32. Absolute values of cytoebrome oxidase activity (1j1 02/min/ing
tissue) and aldolase activity (Lehninger units/mg tissue)
in livers of cichlids exposed for various periods of time to
different cyanide concentrations at 25°C. and the corresponding
normalized values.

Cyanide concentration (mg/i BCN)

Time 0.00 0.02 0.075 0.10
(days)

cyt. ox. aid. cyt. ox. aid. cyt. ox. aid. cyt. ox. aid.

absolute values /

1 1.99 59 2.61 65 2.18 8' -
1 1.59 60 1.13 91 - - 2.914 56
1 14-.38 - - - - - 3.81. -
5 2.71 5+ 2.3f - 2.06 79 - -
5 3.31 79 2.51 77 - - +.ii 23.

3.51 - - - - - 3.99 -
2.38 - 3.00 - 2.25 - - -

20 2.31 - 1.19 - - - 0,140 -
36 2.37 75 2.50 8+ - - 2.314 1f7

36 3.i7 76 14.70 53 - - -
36 1.98 68 - - - - 1.53 115

normalized values

3. 1.00 1.00 1.31 1.10 1.10 1.1f2 - -
1 1.00 1.00 0.71 1.52 - - 1.14.8 0.95
1 1.00 - - - - - 0.87 -
5 1.00 1.00 0.76 0.90 0.76 1.1+6 - -
5 1.00 1.00 0.86 - - - 1.2+ 0.27
5 1.00 - - - - 1.114- -

11+ 1.00 - 1.26 - 0.95 - - -
20 1.00 - 0,i8 - - - 0.17 -
36 1.00 1.00 1.05 1.12 - - 0.99 0.63
36 1.00 1.00 1.35 0.70 - - - -
36 1.00 1.00 - - - - 0.77 1.70

/ Each cytochrome oxidase and aidolase activity value represents the average
of two determinations on the same homogenate. Whenever both cytochrome
and aldolase activities were determined, the determinations were made on
the same liver homogenate.
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concentrations ranged from 5 to 1+8 percent (see Table 12).

However, only one of the 18 observed activity values for

cyanide-exposed fish was above the range of values for

controls and only four were below the control range.

Neither the decreases nor the increases of cytochrome

oxidase activity could be related to the cyanide concen-

trations to which the cichljds were subjected and to the

duration of exposure. The results of determinations of

aldolase activity in liver homogenates of cichlids (Table

12) also bore no consistent relation to the cyanide con-

centrations to which the fish had been previously sub-

jected. Some of the aldolase activity values for fish

exposed to cyanide were higher and some were lower than

the corresponding values for controls. The values for

the cyanide-exposed cichilds are apparently randomly

distributed above and below the mean of the values ob-

tained with controls, but show greater variation than do

the control values.

Thus, the results of the determinations of both

cytochrome oxidase and aldolase activities in cyanide-

exposed cichlids did not reveal any clear effects of cya-

nide on the activities of these two enzymes considered sepa-

rately. They only indicated that the activities of cyto-

chrome oxidase and aldolase could be increased or decreased

by cyanide. However, because of the important relationship
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that exists between the oxidative and glycolytic pathways

in which these two enzymes participate, the possibility

that the changes of aldolase activity were somehow related

to the decreases or the increases of cytochrome oxidase

activity was tested. This was done by plotting the nor-

malized values of cytochrome oxidase activity of tissues

of the cyanide-exposed cichlids against the normalized

values of aldolase activity determined for the same tissues.

The regression line obtained from these data is shown in

Figure 11. Its slope was found to be different from zero

at the 0.100 level of significance (see Table 13). Thus,

there may be in the cichlids an inverse relationship

between the activities of the two enzymes referable to

the "Pasteur effect", which is a compensatory adjustment

between the glycolytic and the oxidative pathways (21+,

p. 5'23-521+), but additional data are needed to establish

this relationship.

To test the effect of a lethal cyanide concen-

tration on the cy-tochrome oxidase activity, cichlids were

exposed for 2+ hours to 0.11+ mg/i HCN; cytochroxne oxidase

activities were determined on the livers of two dying fish

lying almost motionless on the bottom of the test vessel

and two others showing as yet no sign of intoxication.

The results, together with those of similar determinations

performed at the same time on control fish, are presented
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Table 13. Regression analysis of the relationship betweenthe cytochrome oxidase and aldolase activities(normalized values) concurrently determined onliver homogenates of cichlids exposed to variouscyanide concentrations for different periods oftime at 25°C. /
Cytochrome Aldolase

oxida se

Y x

1.31 1.10 Estimated slope b = -0.3+70.71 1.5.20.76 0.90 Estimated coordinate a: i)+181.05. 1.12
1.35 0,70 y = - 0,3+7 x + i.+i8
1.10 1.+2
0.76 1.1+6 Variance of the regression1.1+8 0.95 line (S')2: 6.706

0.27
0.99 0.63 Standard error of the0.77 1.70 slope 32b: 0.0322

Hypt.: b = 0

o( : 0.10

Critical region (9 df):
t < - 1.833
t > + 1.833

- 0.31+7
= -1.91+

\[b .0322

./ This analysis 'was performed using data presented inTable 12 for tests in which both the cytochroxne oxidaseand aldolase determinations were made at the same time.
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in Table 11+. It is interesting to see that the levels

of cytochrome oxidase activity in the liver tissues of

the dying fish were about as high as those found in the

control fish, but the activities in the liver tissues of

the surviving fish were slightly lower.

Table l+. Cytochrome oxidase activity (l 02/min/mg tis-
sue) in liver homogenates of cichlids previ-
ously exposed to 0.11+ mg/I HCN for 21+ hours. /

Control fish Poisoned fish

Dying fish Externally normal fish

3.83 3.09
3.91 1+.20 2.7
3.23

Iiean 3.79 1+,02 2.90

/ Each value represents the cytochrome oxidase activity
in the liver of one fish and is the mean of two deter-
minations.

Peroxidase activity in liver homogenate

Two enzymes, catalase and peroxidase, are known

for their catalytic action in the decomposition of hydro-

gen peroxide into water and oxygen. Because of their very

close similarity, these enzymes are considered to belong to

a single category sometimes termed "hydroperoxidases"

(21+, p.365) but referred to simply as peroxidase in this

thesis. In the present work, the total activity of these



enzymes in a liver homogenate was measured by determining

the rate of evolution of oxygen from a solution of hydro-

gen peroxide in the presence of the homogenate.

The reliability of the apparatus designed for

these determinations was first ascertained by testing for

a linear proportionality of the measured reaction to the

amount of tissue introduced into the reaction flask. The

unit of measure of peroxidase activity chosen was the

reciprocal of the time (in seconds) taken by the oxygen

evolved from the reaction medium to displace 2 milliliters

of water in a pipette connected to the reaction flask (see

Figure 5). The results presented in Table 15 show that

Table 15. Peroxidase activities of different amounts
(wet weights) of cichlid liver tissue. The
peroxidase activity was measured by the ev-
olution of oxygen from a hydrogen peroxide
solution and is expressed as the reciprocal
of the time in seconds X io3 required to
displace 2 milliliters of water in a pipette
connected to the reaction vessel.

Amount of tissue (wet weight) in milligrams

2 8

5.98 11.63 25.6
6.21 12.20 21.39
79)+ 13.51 23.81

13.89 26.32
13.89 25.00

26.32

Mean 6.70 13.02 25.15
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the reaction rate was nearly proportional to the wet

weight of tissue homogenate added, thus permitting a quan-

titative evaluation of peroxidase activity.

At the end of growth experiment +, the livers

from + samples (of 5 fish each) of cichlids that had been

exposed to each tested concentration of cyanide for 36

days were analyzed for peroxidase activity. In addition

to the ordinary tests, some determinations were performed

with 0.63 mg/i HCN present in the reaction medium, in

order to investigate the possibility of differential in-

hibition j vitro, i.e., to see whether or not the per-

oxidase activity in liver homogenate of cyanide-exposed

cichlids is inhibited by cyanide (in the reaction medium)

to the same extent as that of the control fish. The

activities, both in the ordinary tests and in the presence

of cyanide, are presented in Table 16.

Although peroxidase activity is known to be

strongly inhibited by cyanide jj vitro, (ii), the present

results have shown no evidence of a marked inhibition by

cyanide in vivo. Only a slight reduction of peroxidase

activity was observed in cichlids tested at 0.02 mg/i HCN,

and in tests made on cichlids previously exposed to 0.1+

and 0.10 mg/i HCN, the peroxidase activity was on the

average higher than that found in control fish (see Table

16). The highest mean peroxidase activity was obtained



Table 16. Peroxidase activity of liver homogenates of cichllds previously exposed to various cyanide concentrationsfor 36 days at 25°C. in growth experiment No. , and its inhibition by cyanide (0.63 mg/i HeN) in the reactionvessel. The peroxidases activities (normal and with cyanide added) were measured by the evolution f oxygenfrom a hydrogen peroxide solution and are expressed as the reciprocals of the time in seconds X 10-j requiredto displace 2 milliters of water in a pipette connected to the reaction vessel.

Cyanide concentration (mg/i HCN) to which cichlids were previously exposed

0.00 0.02 0.0+ 0.10
Normal Cyanide Percent Normal Cyanide Percent Normal Cyanide Percent Normal Cyanide Percenttest test inhibition test test inhibition test test inhibition test test irthtbtionby added by added by added by addedcyanide cyanide cyanide cyanide
3.08 - - 3.30 - - 3.1+7 - - 1+.0l - -2.95 1.36 53.39

1.33
2.58 1.65 36.01+ 3.26 1.25 61.66

1)42
3.31 1.27 61.63

1.31 63.61
3.19 58.31

65.56
3)49 1.51 56.73 3.22 55.90 3.603.31 1.11+ 2.70 1.27 52.97 3,1+5 1.51+ 55.36

)ean 3.13 1.28 59.08 3.02 1.1+1+ 1+8.58 3.35 1.1+0 57.60 3.61+ 1.29 62.62

J Each value represents the average of two peroxidase
activity determinations performed on liver homogenatesprepared from five (5) fish.

r.]



with cichiids exposed to the highest tested cyanide con-

centration (0.10 mg/i HCN).

The test for differential inhibition did not

reveal any considerable differences, the peroxidase

activity of cyanide-exposed cichlids was apparently in-

hibited to the same extent as that of the controls, the

variation of values obtained being apparently ascribable

to experimental error. Since no differential inhibition

of peroxidase by cyanide could be detected vitro, but

only- an apparently increased activity viv. in fish

exposed to 0.0+ and 0.10 mg/i HCN, the results suggest

that cyanide may have promoted in these fish an increase

of peroxidase of a kind similar to that present in the

controls.

Proteolytic activity in intestinal homogenate

Cyanide has been shown in vitro to activate the

proteolytic action of intestinal trypsin of the earthworm

(31). The possibility of a similar effect of cyanide on

the proteolytic enzymes of cichlids, both vivo and

vitro, therefore was explored.

A good proportionality between the amount of

crude intestinal homogenate and its proteolytic activity,

evaluated by measuring the optical density of a casein

substrate solution after digestion and treatment with



trichioroacetic acid, was obtained, as shown in Figure 12

and in Table 17. The deviations from the eye-fitted line

can be mainly attributed to the difficulty of pipetting

exactly the amounts of tissues computed, because a perfect

homogenate could not be obtained with intestinal tissue.

Table 17. Froteolytic activities of varying amounts of
cichlid intestinal homogenate measured as the
optical density (@ 280 mp) of a casein sub-
strate solution after digestion at 30°C and
treatment with trichioroacetic acid).

Weight of Optical density @ 280 m of sample:
homogenate

(mg) 1 2 3 1 5

091+ 0.028 0.058
.7 0.10
.00 0.31+

10.00 0.1+6 0.63 0.31 0.37 0.1+8
15.00 0.71+ 0.70 0.76

An experiment was designed to evaluate the

influence of cyanide vivo on the intestinal proteolytic

enzymes of cichlids subjected for varying periods of time

to 0.02, 0.01+, and 0.10 mg/i HCN. For this experiment,

cichlids were kept under the experimental conditions pre-

viously described for the growth experiments. The rela-

tion between cyanide concentrations to which cichlids

were exposed for varying periods and their intestinal

proteolytic activity is presented in Figure 13 and in

Table 18.
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Table 18. Intestinal proteolytic activity, measured as
the optical density (@ 280 mp4) j/ of a casein
substrate solution in the presence of 10 rng
of crude intestinal homogenate /, of cichlids
exposed for different periods of time to vari-
ous cyanide concentrations at 25oC.

Time of HCN concentration (mg/i)
exposure
(days) 0.00 0.02 0.01+ 0.10

1 0.26 - 0.1+1

0.18 - - 0.36

5 0)+7 0.1+9 0.61+ 0.73
0.1+6 0.51 0.65 0.55

20 0.1+8 0.51 - 0.91+

- 0.71 - -

j/ Each value represents one determination.

In each case the homogenate was prepared from the
intestines of five fish.

A noticeably increased proteolytic activity was

observed in cyanide-exposed cichlids, and this was apparent

after the first day of the experiment, during which period

no food was given. Feeding of all the fish was resumed

on the second day and continued to the end of the experi-

ment during which the proteolytic activity in all groups

of cichiids tested increased. In controls, this activity

after 5 or 20 days was about twice that observed at the

beginning of the experiment. This increase may have been

caused by feeding. However, since the proteolytic activ-

ity level of control fish remained approximately the same
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from the fifth day to the twentieth day of the experiment,

but increased markedly in cyanide-exposed fish during the

same period, it appears that cyanide had a cumulative

activating effect on the intestinal proteolytic enzymes

distinct from any effect of feeding of the fish.

To determine whether or not the higher pro-

teolytic activity in the intestines of cyanide-exposed

cichlids was due to an increased secretion of enzymes or

to a chemical effect of cyanide on the nature of enzymes,

intestinal tissue homogenates from control fish were tested

j yitro in the presence of cyanide (20-minute contact

during incubation) at concentrations in the test tubes

ranging from 0.10 to 2.-i mg/l HCN. The results of these

determinations, given in Figure i+ and in Table 19, showed

a definite activating effect of cyanide vitro on the

intestinal proteolytic enzymes of cichlids.

These results indicate that cyanide can cause

an immediate alteration of proteolytic enzymes, thus in-

creasing their activity. However, a concentration of

cyanide as high as 1.5 mg/i HCN was required to produce

a very noticeable effect (see Figure i). Therefore,

although the relatively high proteolytic activity in

cyanide-exposed cichlids as compared with that in controls

(see Figure 13) may have been due to immediate activation

of the enzymes by cyanide, it appears more likely to have
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been the result of increased production or accumulation

of proteolytic enzymes in the intestinal mucosa in the

presence of cyanide.

Table 19. Effect of varying concentrations of cyanide
in vitro on cichlid intestinal proteolytic
activity, measured as the optical density
(at 280 rn ) of a casein substrate solution
after digestion in the presence of 10 mil-
ligrams of crude intestinal homogenate. /

Cyanide Optical density
conc.

(mg/i HCN) Sample 1 Sample 2

0.00 0.+8 -
0.10 Q,5L}. QQ
0.51 0.58 -
i.5+ 0.61 o.6'+
2.5? 0.61+ 0.65

0.70 0.63

/ Each value represents one determination performed
on the intestinal homogenate from 5 cichlids pre-
viously kept at 25°C. in water without cyanide.



Effects of Cyanide on the Swimming Ability of Cichilds

The effects of cyanide poisoning on the maximum

sustained swimming speed of cichlids and on the length of

time that these fish could swim at each of several speeds

were studied. Before any tests of cyanide-exposed fish

could be undertaken, some preliminary information on the

swimming ability of untreated cichlids was necessary for

planning the experiments and interpreting the results

obtained with poisoned fish. To study the effects of

chronic cyanide poisoning on the swimming ability of cich-

lids, tests were performed with fish removed from the

troughs at the ends of the various growth experiments pre-

viously described. Since cyanide at low concentrations

improved the growth of cichlids and at higher levels re-

duced the growth, it was not always possible to obtain

fish of the same total length from the different cyanide

concentrations for the swimming tests. For this reason,

it was necessary to ascertain the influence of size alone

on the swimming ability before any evaluation of the effects

of cyanide could be made.

Size and swimming erforrnance

The relation between total length and the max-

imum sustained swimming speed, expressed in lengths per



second, for cichilds ranging between 25 and 80 millimeters

in total length is presented in Figure 15. Because the

maximum sustained swimming Speed of cichlids was not pro-

portional to their total length, any result obtained with

experimental fish had to be adjusted according to the

length of the fish when one length per second was used as

a unit of relative swimming speed. The mean length of the

controls in each experiment was chosen as the standard for

comparative purposes, and all observed speeds of fish of

different length were corrected accordingly. The eye-

fitted curve presented in Figure 15 was used to correct

the observed maximum sustained swimming speed (in lengths

per second) for any differences in average total length

between the controls and the cyanide-exposed fish. The

correction in each case was the difference of speed, in

lengths per second, ascribable to the difference in mean

length between two particular groups of fish under com-

parison. For fish averaging longer or shorter than the

average control fish, this correction was added to, or

subtracted from, their observed swimming speed, respect-

ive ly.

The effect of size of the fish on their swimming

time at different water velocities was ascertained in a

series of tests in which the swimming times at four dif-

ferent water velocities were determined for cichlids
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ranging between 30 and 60 millimeters in total length.

The results of these tests, plotted in Figure 16 on graph

paper with logarithmic co8rdinates, indicate a straight-

line relationship between the logarithms of swimming times

and the logarithms of lengths of the fish. The slope (S)

of the line fitted by eye to the data obtained at each

tested water velocity was computed according to the for-

mula:
log T2 - log T1

log L2 - log L1

where T2is the swimming time of fish of length IQand T1

is the swimming time of fish of length L1, T2 and L2 being

greater than T1 and L1.

The mean of these slopes, which can be seen to

be nearly the same for the four water velocities tested

(Figure 16), was found to be 2.31. This value was used

as a correction factor in comparing the swimming times of

various groups of fish differing in mean length. The

correction was made in the following manner: the mean

length of a group of fish was plotted against its mean

swimming time on graph paper with logarithmic coèrdinates.

From this point, a line having a slope of 2.31 was drawn,

and the swimming time corresponding to a selected standard

length was read from the graph. The length standard can

be either the average length of a control group or an
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arbitrarily selected length which permits comparison on

the basis of equal length of various control and exper-

imental groups of fish differing in meanlength.

Relation between_swimming speed and swimming time

Before testing the influence of cyanide on the

swimming time of cichlids at given water velocities, it

was necessary to obtain some additional preliminary in-

formation on the swimming ability of these fish in the

experimental chamber. The relationship between swimming

time and water velocity for cichlids about 1i-5 millimeters

in total length was determined and is shown in Figure 17.

The results show that these fish could swim for a ineasur-

able period of time at a water velocity as high as 2.50

feet per second and that their swimming time increased

with reduction of water velocity. At the velocity of

0.75 feet per second, these cichlids swam for 300 minutes

(broken circle in Figure 17), and the test was discontinued

at that time.

The position of time-velocity curves like that

in Figure 17 must vary with the length of the fish tested,

but the results shown indicated that the swimming ability

of cichlids about +5 millimeters in total length could be

easily tested at water velocities between 0.80 and 2.50

feet per second. At a speed above 2.50 feet per second,
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the swimming time would become too short to be accurately

measured; at a speed below 0.80 feet per second, the swim.-

ming time, even if finite, would be too long to permit

testing several groups of fish on the same day.

Effects of cyanide on the nximum sustained swimming speeU

The effects of cyanide on the swimming ability

of cichlids were first studied by determining the highest

water velocity at which cichlids failed to continue swim-

ming for 10 minutes during tests in which the water veloc-

ity was increased gradually by increments of 0.07 feet

per second at 10-minute intervals. These tests were per-

formed with cichlids at the completion of growth experi-

ments 2, 3, and +. In each test, the temperature of the

water and the cyanide concentration in the swimming cham-

ber were those to which the fish had been previously

exposed, except for cichlids from growth experiment +,

which were all tested without the presence of cyanide.

As seen in Table 20, the swimming speeds were

corrected for size of the fish, using the mean length of

the control group as the standard in each experiment, and

were normalized according to the control results in order

to make it possible to present all the data on one graph.

The results presented in Figure 18 indicate a reduction

of the maximum sustained swimming speed of cichlids at



2able 20. Observed, size-corrected, and normalized maximum sustained swimming
speeds of cichilds after 36-day exposure to various cyanide con-
centrations at 25°C. jj

Experiment Cyanide Mean total Observed Corrected NormalizedNo / conc. length of swimming speed swimming speed swimming speed
(mg/i HCN) fish (lengths/see) (lengths/see) corrected for

(mm) length

2 0.00 53.0 6.06 6.06 i oo0.00 52.8 6.01 6.01
0.01 S'i.tF 6.37 6.#7 1.07
0.035 51i-.8 5.97 6.12 1.01
0.06 51,.8 5.5i. 5.61f
0.09 i9.5 5.17 'i.95 0.83

3 0.00 63.4 5.'s8 5.'-8 1.00
0.007 63.'+ '+,6+ 0.86
0.008 61.2 5.28 5.22 0.970,015 62.2 5.22 5.20 0.97
0.03 5,-.7 5.12 +.76 0.88

63.5 +,67 +.67 0.870.09 55.6 3.73 3.37 0.63

0.00 56.3 6.21 6.21 1.000.02 58,8 6.)+9 6.57 1.06
O.Oi- 57.8 5.70 5.76 0.90.10 55.3 5.5 5.37 0.8

1/ All swimming tests were performed with five fish and these results are themeans of the observed values. Corrections of swimming speeds for size arebased on the mean length of the controls in each experiment.

'0/ These experiment numbers correspond to the numbers of the growth experimentsat the ends of which the swimming speed tests were perfornd.
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concentrations as low as 0.01+ mg/i HCN, as well as at

higher concentrations up to 0.10 mg/i HCN. The results

are so scattered that no conclusion as to the effect of

cyanide at concentrations below 0.0+ mg/i HCN can be

reached except that the effect cannot be great. The pos-

sibility of some reduction of the swimming ability of

some of the cichlids even at a concentration as low as

0.01 mg/i HON cannot be denied on the basis of the few

observations made. The results obtained in experiment 3

indicate a possible reduction at concentrations slightly

below 0.01 mg/i EON, but those of experiments 2 and 1 show

no effect at higher concentrations.

Effect of cyanide on swimming time at different velocities

At the end of growth experiment 1.1, the control

group of cichiids and groups previously kept at various

cyanide concentrations were divided into four subgroups

for determination of their swimming times at. four different

water velocities, without cyanide in the sdmming chamber.

The swimming times observed in these tests were adjusted,

as previously explained, for diffe'ences in length among

the various groups of fish tested, applying here a length

standard of 60 millimeters, The results of these tests

are presented in Table 21. They were plotted on semilog-

arithznic paper to facilitate comparison of the effects of



Table 21. Observed and corrected mean swimming times of cichlids tested atdifferent water velocities after exposure for 36 days to variouscyanide concentrations at 25°C.

Cyanide Water Mean Mean observed Mean corrected Difference inconc. velocitr length swimming time swimming time 1/ swimming time(mg/i HCN) (f.p.s.) (mm) (mlxi) (mm) from controls
(percent)

Controls 2.00 65.2 1.88 i.6o1.140 58.3
14.851.175 57.3 13.25 15.00 -1.10 61*.O 25.68 22.00 -

0.02 2.00 6i.8 1.78 1.65 +3.131.140 56.7 14.10 +9O 4.031.175 6o.o 13.75 13.75 -8.331.10 59.2 13.51 13.80 -37.27
0.014 2.00 61.8 2.00 1.85 +15.631.140 57.9 3.83 14.10 -15.1461.175 514.14 8.73 11.00 -26.671.10 58.'+ 13.88 114.80 -32.72
0.10 2.00 60,8 0.87 0.86 -146.251.140 57.6 2.140 2.66 -145.151.175 57.3 5.55 6.30 -58.001.10 52.7 5.514 7.20 -67.27

1/ Corrected for a mean length of 60 millimeters.

H00
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cyanide on swimming time at the different water velocities

(Figure 19). The results presented in Table 21 and in

Figure 19 show that the effects of cyanide on the swimming

time of cichlids changed markedly with the water velocity

at which the fish were tested.

At the highest water velocity tested (2.00 feet

per second), only the group of cichlids previously exposed

to 0.10 mg/i HCN has shown a swimming time shorter than

that of the controls (1+6.25 percent reduction). However,

when the tested water velocity was reduced, the detrimental

effect of cyanide became more apparent, arid at the lowest

velocity tested (1.10 feet per second), the swimming times

of cichiids previously subjected to 0.02, 0.01, and 0.10

mg/i HCN were, respectively, 37, 33 and 67 percent shorter

than that of the controls (see Table 21). After these

swimming tests, all the fish were returned to the troughs

where they had been previously kept during experiment 1

They were observed for 21+ hours for any after-effect of

the swimming tests to which they had been subjected.

Within 6 hours after the swimming test at 2.00 feet per

second, 2 out of 5 cichlids of the group previously sub-

jected to 0.10 mg/i HCN had markedly swollen bodies and

blood spread under the skin and between the rays of all

fins; these two fish died about 6 hours later. The other

fish of that group and the cichlids of the other groups
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tested showed no apparent abnormal body condition nor

alteration of their behavior,



1OL1.

DISCUSSION

Cyanide has long been recognized as a highly

destructive pollutant affecting the aquatic fauna in

waters into which it is introduced. Although cyanide is

indeed highly toxic to fish, the results of this investi-

gation have shown that the gains in weight of coho salmon

and of cichlids kept on unrestricted rations were reduced

little, if any, at cyanide concentrations not far below

the lethal levels. However, some deleterious effects of

the cyanide at sublethal concentrations on the growth of

these fish and especially on the food conversion efficiency,

the morphological features of the body, the utilization of

energy reserves during starvation, and the swlirirning ability

of cichlids were observed. The results suggest that the

efficiency of utilization of energy resources that is nec-

essary for success of fish in nature, where living condi-

tions are much more rigorous than those in the laboratory,

may not be possible when the fish are subjected to chronic

cyanide poisoning at levels that did not markedly impair

growth under the experimental conditions.

Even though the effects on fish of chronic

sublethal impairment of the quality of water have in the

past received only little attention in comparison to the

large amount of work devoted to lethal conditions, it is
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known that the growth of fish, among other things, can be

greatly impaired by exposure to some adverse conditions

that are not nearly lethal. For example, the rates of

growth of juvenile coho salmon (23) (28), of largemouth

bass (+8), and of salmonid embryos @3) under laboratory

conditions are increasingly depressed as oxygen concen-

trations decrease below air-saturation levels. Very low

concentrations of some toxicants may, however, accelerate

the growth rates of fish, although higher concentrations

depress them. Mount (37) found that bluntnose minnows,

Pimephales notatus, exposed to 0.1 p.p.b. of endrin had a

mean daily rate of growth in length higher by about +8

percent than that of the controls; at 0. and 0.5' p.p.b.

of endrin, the growth rates were reduced below that of

the controls by about 0 percent0 In the present inves-

tigation, including one experiment with salmon and four

experiments with cicblids, it was observed that weight

gains at very low cyanide concentrations could exceed, at

least temporarily, those of the controls and those of fish

subjected to higher cyanide concentrations.

No data on the chronic effects of cyanide on

the growth of fish were found in the available literature,

but reactions of invertebrates to cyanide, similar to those

of cichlids, have been reported. MaCashland and Pace (36)

found that ciliates (Tetrahyinena) showed increased oxygen
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consumption and accelerated growth in lO H KCN when

the poison was added to the culture media. Anderson (3)

reported that tubificid worms subjected to l0 H KCN had

initially a higher segment regeneration (growth) rate than

did the controls and worms maintained at lO H KCN, which,

however, showed an increased regeneration rate later. His

observations bear a striking similarity to the results of

our experiments with cichlids. In both the tubificid worms

and the cichilds, low cyanide concentrations initially

induced higher growth rates, whereas high cyanide levels

reduced the rates. Later, the rates for the animals of

both species subjected to low cyanide concentrations

dropped below those of the controls, but both the cichlids

and the tubificid worms (3) subjected to high cyanide con-

centrations grew faster than the controls. Anderson limits

the interpretation of his data to saying that the high

initial growth rate of tubificid worms subjected to low

cyanide concentrations may have been due to an accelerated

utilization of materials essential for growth; he gives

no explanation of the apparent adaptation observed at

high cyanide concentrations.

The growth of fish can be expected to suffer

from severe impairment of the quality of water, but it

appears that the physiological reactions leading to

impairment of growth can vary according to the specific
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conditions to which the fish are exposed. A reduction of

the appetite of fish that are subjected to adverse con-

ditions can reasonably be expected often to occur and to

serve as an index or measure of injury to the fish. Such

a response has been observed when coho salmon and large-

mouth bass were subjected to reduced oxygen concentrations

In the water (23) (28) (+8). In the present investigation,

however, cichlids markedly increased their food consumption

when subjected to cyanide concentrations not far below the

lethal level, revealing an unexpected reaction of fish to

a poison (see Figure 8). The food conversion efficiency

of cyanide-exposed cichlids, on the other hand, was re-

duced. This reaction of cichlids to the poison agrees

with observations made on coho salmon (23) (28) and large-

mouth bass (+8) exposed to much reduced oxygen concen-

trations In the water. However, the reduction of food

conversion efficiency at low dissolved oxygen levels,

unlike that in the presence of cyanide, is attributable

mostly or entirely to a reduction of food consumption so

great that little or no food over and above maintenance

requirements is consumed and can be utilized for growth.

The food consumption and growth of coho salmon

were affected by cyanide but in a somewhat different way

than those of cichlids. The growth of coho salmon was

not initially increased at low cyanide concentrations but



was reduced at all concentrations tested; faster growth

than that of the controls occurred only in the second

part of the experiment, and this was observed at all

concentrations above 0.01 mg/i HCN. Whereas cyanide-.

exposed cichlids ate more than the controls did, coho

salmon ate less when exposed to cyanide, but their food

conversion ratios during the second half of the exper-

iment were greater than that of the control group. The

noticeable reduction of the activity of coho salmon of

the group tested at 0.08 mg/]. HCN which was observed during

the second half of the experiment may have been a behav-

ioral adaptation of these fish to the adverse conditions.

This reduction of activity reduced the maintenance food

requirement of the fish, thus contributing to the increase

of their food conversion ratio.

When the effects of chronic cyanide poisoning on

the ability of cichlids to swim at various water velocities

were tested, a greater reduction of swimming time was ob-

served at lower velocities than at higher ones (see Figure

19), and these results agree very well with those pre-

viously reported by Brockway (7).

There is a striking, unexplained difference,

however, between the results of these tests with cichlids

and those of Neil's (38) similar experiments with brook

trout At a water velocity at which controls swam for

about 25 minutes on the average, Neil found the swimming



time of brook trout to be reduced by about 7, 90, and

98 percent by prolonged acclimation of the fish to 0.01,

0.03, and 0.05 mg/i of cyanide as CN, respectively. On

the other hand, the comparable reduction of the swimming

time of cichlids at a velocity at which controls swam for

about 22 minutes was less than 70 percent after acclimation

to a cyanide concentration of 0.10 mg/i as HCN (0.096 mg/i

as dr)0 Thus, the effect of this high cyanide concen-

tration on the swimming time of the cichlids was less

than the effect that a concentration only about one-tenth

as great had on the swimming time of brook trout, as deter-

mined by Neil. Inasmuch as the minimal lethal concen-

tration for the cichilds is only about twice the minimal

lethal concentration for Neil's brook trout (between O.O

and 0.08 mg/i as CN, as shown in Table 1), the striking

difference of the swimming test results cannot be explained

as reflecting simply the difference in cyanide tolerance

of the two species.

arison of effects of cyanide on different physiological

It appears from the present investigation that

the effects of chronic cyanide poisoning on fish differed

greatly with respect to both the nature of the effects

and the minimum effective cyanide concentrations.
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The food consuxaption of cichlids was consis-

tently increased by high concentrations of cyanide,

whereas their growth rates were initially depressed, so

that their over-all weight gains at the highest tested

concentrations were less than those of the controls in all

experiments (see Figure 8). The ability of cichilds to

grow as well as they did even at relatively high sublethal

concentrations of cyanide evidently was due to their eating

more per day per unit of body weight than the controls did.

The 36-day over-all weight gains of cichilds were appar-

ently reduced by O09 mg/i HCN, but at cyanide concentra-

tions not exceeding o.o6 mg/i HCN cichilds grew, on the

average, about as well as did the controls0 Their higher

food consumption rates apparently compensated adequately

for their somewhat reduced efficiency of food conversion.

The results of experiments on the swimming abil-

ity of cichlids previously exposed to cyanide indicate

that at low cyanide concentrations there are some detri-

mental effects on the fish which were not revealed by the

observations on growth alone. In experiment , cyanide

even at the highest concentration tested (0.10 mg/i HaN)

had caused almost no depression of growth whose effect

was still apparent at the end of the 36-day exposure

period; in the other experiments of the same duration

(experiments 2 and 3), the 36-day weight gains of cichlids
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were apparently reduced only at 0.09 mg/i HCN (see Figure

8). At these high concentrations the fish actually were

showing rates of weight gain greater than those of the

controls near the ends of all 36-day experiments. How-.

ever, when the cichlids were introduced into an experi-

mental swimming chamber at the ends of the growth exper-

iments, it was found that their ability to swim had been

reduced by cyanide concentrations even as low as

mg/i HCN or less (see Figures 18 arid 19).

It has been shown that cyanide reduced the

swimming performance of cichlids in varying degrees

depending on the type of swimming test performed or the

velocity of the current that the fish were required to

resist. Some reduction of the maximum sustained swimming

speed of cichlids by concentrations near O.0+ mg/i HCN

is indicated, and the duration of swimming at a relatively

low speed (1.10 f,p.s.) apparently was reduced by cyanide

concentrations as low as 0.02 mg/i HON. On the other hand,

the duration of rapid swimming (2.0 f.p.s.) at the end of

growth experiment 1 was reduced only by 0.10 mg/i HCN,

and not by 0.01 mg/i. These results suggest that the

abilities of cichlids to maintain high and low swimming

speeds are limited by different physiological or bio-

chemical factors that are not equally affected by low

concentrations of cyanide.



112

Davis . (16) suggest that the maximum sus-

tamed swimming speed of fish is limited at reduced oxygen

concentrations by the maximum rate of irrigation of the

gills, and at high oxygen concentrations by muscular capa-

bilities or perhaps by the oxygen carrying capacity of the

blood. These authors also suggest that very fast swimming

for a short time (burst performance) may not be affected

by a reduced oxygen concentration in the water as much as

the sustained swimming speed is affected. "Burst" muscular

activity is believed to be performed at the expense of

stored energy in the form of adenosine triphosphate (AT?)

Q+, p. 'i06). Longer but less intense work is maintained

through the renewal of energy supplied by the glycolytic

and oxidative pathways; continuation of this activity

becomes no longer possible when the energy demand exceeds

the renewal capacity of the organism, which is then said

to attain the state of fatigue (], p. 399). The swimming

speed of 2.0 f.p,s., maintained by the cichlids for about

2 minutes, may not be regarded as being truly a burst

speed for these fish, for much higher speeds probably can

be attained by them and maintained for small fractions of

a minute. It is not known what specific biochemical fac-

tors limit the duration of swimming of fish at various

speeds that can be maintained for periods longer than 1

minute.
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The higher proteolytic activity in the intesti-

na]. tissues of cyanide-exposed cichilds (see Figure 13)

may have improved the digestive capacity of the fish and

thus contributed to the increase of their appetite. How-

ever, the feeding intensity of fishes may be dependent

more on their ability to utilize and assimilate the food

through oxidation and biosynthesis at the tissues level

than on the digestive capacity of the alimentary tract.

Since cyanide at very low concentrations did

not have, j vitro, any appreciable effect on the proteo-

J.ytic activity of enzymes in preparations of intestinal

tissue from norma]. (control) cichlids (see Figure ])+), it

is suggested that the higher activities observed in tests

of intestinal tissue from cyanide-exposed cichilds resulted

from a response to cyanide of the nervous system leading

to an increased secretion of proteolytic enzymes. The

observed increase of appetite of cichilds immediately

after their contact with cyanide also may well have been

a reaction of nervous origin to the poison.

The growth of cichlids was initially accelerated

by low cyanide concentrations. k].though similar accel-

eration of growth by small amounts of cyanide has been

shown to occur in animals other than fish, no explanation



of the physiology or the biochemistry of this phenomenon

has been given. According to Goodman and Giliman (25),

very small amounts of cyanide increase the respiration

rates of the higher animals by acting on the chemore-

ceptors of the aortic and carotid bodies, which respond

to the poison as to a reduction of the oxygen tension.

It can be suggested that very small amounts of cyanide

stimulated either some sensory receptors (possibly linked

to the respiratory center) or the secretion of some

hormones in the cichilds, causing an increase of the

metabolic rate of the fish.

The reduced food conversion ratios of cyanide-

exposed cichlids may have been caused partly by the

increased food intake, whiáh was especially noticeable at

high sublethal cyanide concentrations. Aside from the

effect of increased food intake, it is reasonable to

assume that the reduced food conversion efficiency of

cyanide-exposed cichlids mainly resulted from the dele-

terious action of this toxicant. It therefore appears

that the unimpaired growth of cichlids subjected to some

sublethal concentrations of cyanide could only be main-

tained through increased food consumption compensating

for the reduced food conversion efficiency. The mainte-

nance food requirement of cichlids appeared therefore to

be increased by cyanide. This view is supported by the
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results of a starvation experiment on cyanide-exposed

cichlids, which showed, at least initially, an acceler-

ated loss of the energy reserves of the body when food

was withheld (see Figure 10).

At concentrations of 0.035 mgI]. HCN and above,

the growth rates of cichlids increased markedly with time,

mainly because the fish maintained high rates of food

consumption and benefited from a small increase of food

conversion efficiency, which, however, remained lower

than, that of the controls. Improvement of the food con-

version efficiency and of the growth rates of cichiids

during exposure to cyanide suggest the occurrence of a

physiological adaptation of fish to cyanide. This reaction

occurred in coho salmon also and to an even greater extent.

Cyanide-exposed coho salmon always ate less than the

controls, but their food conversion efficiency at con-

centrations above 0.01 mg/i HCN was markedly higher than

that of the controls during the second half of the exper-

iment only (see Table 3); that of cyanide-exposed cichlids

usually remained lower than that of controls. Also, the

increase of growth rates of cyanide-exposed coho salmon

with time was much more pronounced than that observed in

cyanide-exposed cichilds, but since control cichlids

showed marked decreases of growth rates with time, the

increases of growth rates of cichlids at high cyanide



concentrations are nevertheless highly significant.

Although there is much evidence of adaptation

of both coho salmon and cicblids to cyanide, the nature

and mechanisms of this adaptation are not clear. Three

possibilities should be considered:

The first is a behavioral alteration. Reduction

of activity of coho salmon exposed to 0.08 mg/i HCN as

the experiment progressed certainly contributed to im-

provement of the food conversion efficiency. No changes

of the behavior of cichlids could be observed.

The second possibility is a compensatory in-

crease in activity of some enzymatic pathways which

counteracts the deleterious action of cyanide. It has

been noted that the enzymo].ogical tests on liver homo-

genates of cyanide-exposed cichilds tend to show the

occurrence of the upasteur effect", a compensatory meta-

bolic effect on glycolysis in cyanide-poisoned cichlids.

Also, peroxidase activity, which vitro is sensitive to

high concentrations of cyanide, was slightly higher in

the livers of cichilds previously subjected to 0.04- and

0.10 mg/i HCN than in the livers of control fish (see

Table 15). Flavin nucleotides are oxidation coenzymes

which can be oxidized by molecular oxygen in the absence

of catalysts or enzymes (21i., p. 305). From this reaction
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H202 arises:

Flavin H2 + 02 > Flavin + H202

If a partial inhibition of cytochrome oxidase is a coxise-

quence of chronic cyanide poisoning, an Increased activity

of flavin mononucleotide (FMN) could compensate for the

reduced oxygen transfer through the cytochrome chain,

catalyzing the oxidation of reduced triphosphopyridine

nucleotide (TPN), which is normally oxidized through

cytochrome oxidase (2+, p. 3+O), An increased activity

of F1 coenzyme would result in an increased formation of

11202 that would have to be decomposed by peroxidases.

Thirdly, a possible increase of the rate of

enzymatic detoxification of cyanide st be considered.

In mammals, cyanide detoxification is believed to proceed

through the action of the enzyme rhodanese,which, in the

presence of the thiosulfate, transforms cyanide into

nontoxic thiocyanate (21f, p. 796) (25, p. 932). Whether

or not rhodanese exists in fish tissues is not known, but

the cyanide detoxification processes of fish seem to be

very similar to those existing in mammals, since thio-

sulfate significantly prolonged the survival of both mouse

(60) and carp (Crprinus cario) (1) subjected to lethal

cyanide concentrations.

Whatever may be the mechanisms of adaptation to

cyanide, it appears that they were more active in coho
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trations than in fish exposed to lower levels of cyanide.

The adaptation to high cyanide concentrations apparently

permitted improvement of the food conversion efficiency.

It may also have allowed cichlids to reduce their in-

itially high rates of fat deposition, probably because of

improvement of protein synthesis, which is believed to

have been previously impaired by the inhibitory action of

cyanide. We have seen that cyanide-exposed cichlids had

fat contents much higher than those of the controls early

in the course of experiment L1. but not at the e nd of the

experiment (see Table 8). During the last third of this

experiment, fats were still being deposited in all groups

of cichilds, b.it at lower rates at 0,0k and 0.10 mg/]. HCN

than at 0.02 mg/i HON and in control cichlids.

The observed reduction of the maximum sustained

swimming speed of cichlids at cyanide concentrations as low

as 0.0k mg/]. HCN appears to be a persistent effect of

chronic cyanide poisoning. At the end of experiment ,

the swimming tests were performed without cyanide in the

apparatus, but the results are very similar to those

obtained in experiments 2 and 3 when cyanide was present

in the swimming chamber at the concentrations to which

the fish had been previously exposed for 36 days (see

Figure 18).
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The determinations of swimming times at various

water velocities were performed without cyanide in the

test chamber, but the absence of cyanide during the tests

may have had little or no influence on the results. It

has just been noted that this factor had no marked effect

on the results of sustained swimming speed tests. Also,

Nelits results (3) indicate that the adverse action of

cyanide on the swimming ability of brook trout was iinme-

diate and only slowly reversible. This author found that

the length of time that the brook trout were able to swim

against a current of 1.87 feet per second was reduced at

once by contact with a solution containing O05 mg/i of

cyanide as Cr, and that fish that had been continuously

exposed to this cyanide concentration for 35 days still

were not able to swim as well as controls even 20 days

after their return to clean water.

The persistence of the effects of exposure to

cyanide on swimming performance is indicative of lasting

physiological disorders and it contrasts sharply with the

rapid recovery of fish returned to clean water after brief

exposures to lethal cyanide concentrations (6). Internal

respiration at the tissue level probably recovers very

rapidly after the return of fish to clean water, because

of the ready reversibility of the inhibition of cytochrome

oxidase activity by cyanide (147), The impairment of
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swimming performance, which is not so transient, must be

due to relatively enduring or irreversible injury to

muscular or other internal tissues, or damage to the gill

epithelium resulting in interference with external respi-

ration. Direct poisoning of the blood by cyanide probably

can be ruled out, since cyanide does not combine with

hemoglobin, although some authors (211-, p. 177) give the

impression that cyanide combines with all metalloporphyrins.

Cyanide does not combine with hemoglobin because its Fe

atom is divalent (ferrous) (25, p. 932) (29, p. 11-81-11-82)

(57, p. 599) (58, p. 811.0-811-i). Cyanide combines only

with methemoglobin, a mildly oxidized form of hemoglobin

in which the Fe atom is trivalent (ferric) (211., p. 178).

Methemoglobin, which cannot carry oxygen and which

represents only a small fraction of the total hemoglobin

(211-, p. 178), forms an irreversible and innocuous complex

with cyanide (25, p. 932) (58, p. 8).lO_81i.1); for this

reason it is an active cyanide detoxifying agent (25,

p. 932).

Before concluding this discussion of the phys-

iology and biochemistry of chronic cyanide poisoning in

fish, it appears worthwhile to consider the possibility

of an action of cyanide on the thyroid gland of the fish

as a cause of some of the observed impairment of perform-

ance. Rabbits chronically poisoned by cyanide given in
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the diet as free cyanides or in the form of cyanogeflic

substances developed markedly enlarged thyroid glands

but suffered from hypothyroidism (5, p. 787) +2). Sun-

ilar symptoms are also encountered in human populations

consuming large amounts of cyanogenic plants such as

cabbage (2). The disease has been overcome br addition

of iodine to the diet, not because the diet was originally

iodine-deficient but because the iodine requirement was

increased by cyanide (5, p. 787). Iodine is the essential

element of thyroxine, a hormone whose predominant role is

to promote oxidative reactions (29, p. 8O). Cyanide

poisoning causes hypothyroidism because the enlarged

thyroid gland exhausts itself in trying to overcome the

inhibitory action of cyanide on oxidative reactions. The

typical symptoms of hypothyroidism in man and other mammals

are (29, p. +81-1F82):

Stunting of linear growth.

Defective ossification of epiphysal centers.

Retardation of dental formation.

Reduction of food conversion efficiency result-

ing in poor growth.

Retardation of sexual maturity.

Reduction of the muscular tone, thi,s causing

great susceptibility to fatigue.

Failure of mental and emotional development.
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Several of these or related symptoms occurred among

cichlids chronically poisoned by cyanide, namely:

Stunting of linear growth.

Weakness of the bones of all fins and of the

scales.

Reduction of food conversion efficiency and

growth.

Impairment of physical activity during swimming

performance tests.

Whether or not cyanide affects the thyroid

gland of fish as it does that of mammals Is not known

but thiourea, an antithyroid drug (21+, p. 91+'), reduced

the growth in length of chum salmon embryos and also

caused hyperplastic thyroid glands (11+). The possibility

that the thyroid gland of fish is affected by cyanide

should be explored in further studies of chronic cyanide

poisoning.

Workers in the field of water pollution control

are faced today with an almost endless number of toxicants

of which the chronic effects on fish are only very little

known Testing of all these chemicals even on only a few

Important species of fish Is an almost impossible task.
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The problem may be approached by selecting a few chem-

icals known for their specific inhibitory action on some

enzymatic systems and evaluating the effects of these

representative toxicants on some physiological functions

of ecological importance. Biochemical measurements may

thus facilitate prediction of functional impairment by

other chemicals having similar inhibitory action on

enzymes of physiological importance. An evaluation of

this approach was one of the objectives of the present

study of the effects of chronic cyanide poisoning on fish.

We have seen that even under carefully controlled

experimental conditions no duplications of cytochrome

oxidase activity could be obtained with different indi-

vidual fish in the various tests on. controls and on

cyanide-exposed cichlids. Moreover, no correlation was

apparent between liver cytochrome oxidase activity and

the duration of exposure to cyanide or the concentration

of cyanide to which cichilds had been exposed, nor any

evident relation between changes of the enzyme activity

and the performance of the fish, Apparently increased

as well as depressed activities of cytocbrome oxidase

in. livers of cyanide-exposed cichlids were observed, but

their physiological significance is not clear.

Tissue respiration is almost entirely (95w)

mediated through a cyanide-sensitive enzymatic system;
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the remaining part is mediated through a cyanide-stable

(resistant) system (13). Commoner (13) showed that the

absolute values of the cyanide-.sensitive respiration

exhibit extreme variations even in similar tissue samples

and, that the cyanide-stable respiration is less variable.

He found, in general, that the percentage of inhibition

by cyanide varies according to the original activity, the

higher is the original rate of respiration the higher is

the percent inhibition by cyanide. These observations

should be taken into account In planning further studies

such as those reported here.

In a small series of tests, a lethal concen-

tration. of cyanide had little or no apparent effect on

the liver cytochrome oxidase activity levels even of

dying fish (see Table l). In view of these results, it

can perhaps be reasonably doubted that the inhibition of

liver cytochrome oxidase activity is chiefly responsible

for functional impairment at both lethal and sublethal

cyanide concentrations. These results suggest that

inactivation of some other enzymes more sensitive to

cyanide may be responsible for the observed deleterious

effects on growth, starvation, and swimming performance

of cichlids continuously exposed to cyanide.

Determined aldolase activities also appear to

be unrelated to the experimental conditions to which
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cichlids had been previously exposed and to their perform-

ance. However, these activity values again are highly

variable, and their variability may be ascribable to the

inverse relationship that seems to exist between aldolase

and cytochrome oxidase activities (see Figure 3-1).

The peroxidase activities of cichlid liver

homogenates were only slightly higher on the average for

fish previously exposed to 0.0+ and 0.10 mg/i HON for 36

days than for control cichlids arid for those exposed to

0.02 mg/l HCN, and the peroxidase activity was similarly

inhibited by cyanide in vitro in homogenates of livers

from all groups of fish. The indicated increase of

peroxidase activity at high cyanide concentrations may

well be adaptational. It can hardly be regarded as a

useful index or measure of injury to the fish by cbronic

cyanide poisoning.

The proteolytic activity of cichild intestinal

tissue also is clearly not a useful index of any delete-

rious effects of cyanide poisoning such as the observed

reduction of the efficiency of food conversion at high,

sublethal cyanide concentrations. However, the determi-

nations of proteolytic activity of intestinal tissue

from cyanide-exposed cichlids were the most successful in

relating physiological performance to biochemical changes.

It can be said that the observed higher food consumption
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of cyanide-exposed cichlids could have been made possible

by an increased proteolytic activity.

In considering the significance of determina-

tions of enzyme activities in tissue homogenates such as

those reported here and related to performance data, two

points should receive attention: the relative size of the

organs examined, and the dilution of the cyanide present

in the tissues in vivo when the tissue homogenates are

prepared.

The total amount of active enzyme present in

any organ per unit of body weight can change with the

relative size of the organ (i.e., the ratio of organ

weight to body weight) while the activity per unit of

weight of the organ's tissue remains unchanged. It follows

that any compensatory increase in relative size or devel.-

opment of the livers of ejeblids exposed to cyanide during

growth experiments could have influenced the performance

of these fish, contributing to improvement of their food

conversion efficiency and growth. Such compensation

would not be reflected in any change of liver enzyme

activity per unit of weight of liver tissue. However,

in the present study, the weights of the fish of varying

history and size from which liver samples were taken were

not recorded together with the weights of the livers;

therefore, it is not possible to evaluate possible effects
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of chronic cyanide poisoning on the size of livers and

On the total liver enzyme activity levels in cichlids.

Another possible reason for our failure to find

any clear relation between liver cytochrome oxidase or

peroxidase activities in cichlids and the previous his-

tory of the fish or their performance could be the revers-

ibility of the reaction of cyanide with these enzymes (11)

(7). When a tissue homogenate is prepared for enzyme

activity measurements, the cyanide in the tissue is much

diluted (i.e., its concentration in the homogenate is

much less than it was in the tissue of the living fish)0

Thus, any cyanide-inactivated enzyme which is a highly

labile complex may be soon reactivated by dilution with

cyanide-free medium. If cichlids had only partially

compensated for partial inactivation of their liver

enzymes by forming more of these enzymes, measurements of

enzyme activities in the dilute homogenates could have

indicated increased activities per unit of tissue weight

when actually the activities in the tissues of the intact,

cyanide-exposed fish were reduced. For this reason, meas-

urements of activities of enzymes which form reversible

complexes with a toxicant may be almost meaningless unless

the toxicant concentrations present in the tissues of the

living fish can be determined and reproduced in the

homogenates placed in reaction vessels.
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The present investigation of enzymes in cyanide-

exposed cichilds was exploratory and revealed some urn-

itations of such an approach to better understanding and

evaluation of toxicity. It is to be hoped that the

difficulties encountered somehow will be overcome even-

tually and much useful information on the metabolic

pathways of poisoned organisms will be obtained through

concurrent measurements of activities in the tissues of

these organisms of various enzymes of known physiological

importance.

me

Little attention has been given to chronic

sublethal effects of toxicants on fish. Therefore, the

permissible amounts of toxicants in surface waters have

been based mainly on studies in which only the survival

or the death of the test animals was observed. Few water

pollution control agencies have adopted fixed standards

for cyanide concentration in surface waters, and the

standards adopted by those that have vary widely.

In the Miami, Muskinguin, and Cuyahoga River

drainage basins in Ohio, a cyanide concentration maximum

of O.l5 mg/i as CN was tentatively adopted, although it

was recognized that lower concentrations may be harmful



to aquatic organisms (10, p. +27-+3+). The New York Water

Pollution Control Board considers a cyanide concentration

of 0.10 mg/i as CN a safe level in "non-trout" streams;

this standard is applicable to Class C waters considered

to be suitable for fishing and compatible with propagation

of fish and other aquatic organisms (10, p. 1+l7+i8)

On the other hand, a zero tolerance was proposed

for the Mahoning River in Ohio (10, p. L.3+), and the

Bureau of Water Resources Research, University of Oklahoma,

has suggested a zero tolerance of cyanide for all uses of

water in the State of Oklahoma (10, p. L.9) The Aquatic

Life Advisory Committee of the Ohio River Valley Water

Sanitation Commission considers free cyanide in excess of

0.025 mg/i unsafe (10, p. 176).

The International Water Supply Association,

having representatives from 39 countries, recommended,

among other standards, that the cyanide concentrations in

surface waters should not exceed 0.01 mg/i as CN (10, p.

56). According to Jones (30, p. 89), Southgate Q+6)

suggests that in waters where fish are expected to live

for long periods of time the amount of cyanide present

should not exceed 0.01 mg/i CN, and Jones tentatively

agrees0
Clearly, however, there has been no general

agreement with regard to acceptable standards.
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Certainly not all fish can live at a cyanide

concentration of 0.1 mg/i (see Table 1), and even in rela--

tively tolerant fish that can indefinitely withstand a

concentration of 0.1 mg/i as HCN, such as the cichlids

used in the present study, this concentration evidently

can have deleterious effects on functions of ecological

importance. The growth of both coho salmon and cichlids

was slightly reduced at the highest concentrations tested,

which were 0.09 and 0.10 mg/i HCN, respectively. Also,

the loss of body energy reserves of unfed cichlids was

slightly greater at 0.09 mg/i HCN than in the absence of

cyanide. The swimming tests have shown even more pro-

nounced effects of chronic cyanide poisoning in cichilds.

Virtually unimpaired growth of cichilds in the

presence of much cyanide appeared to be made possible by

Increased food consumption. Such compensation, although

physiologically possible, is unlikely to occur in nature,

where the food supply is usually limited. Fish poisoned

by cyanide are not likely to be able to compensate for

impaired food conversion efficiency by increasing their

food intake, because cyanide poisoning evidently tends

to limit activity, which usually must be increased to in-.

crease food consumption in nature. Had it been necessary

for salmon and cichljds to maintain activity normally re-

quired under natural conditions, the growth rates, and the
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rates of loss of body reserves during periods of fasting

might have been more affected by exposure to cyanide than

they were in the test aquaria, where these fish were not

very active and where the growing fish had an unJijnited

amount of food always available.

One interesting finding of ecological iiupor-

tance is the high adaptability to the presence of cyanide

that fish seem to possess. However, the observed good

food conversion efficiency and growth of cyanide-accli-

matized coho salmon was apparently made possible largely

by reduction of spontaneous activity, which would not be

possible in nature without reduction of food intake.

During the various phases of their life cycle,

freshwater fishes must continually perform various kinds

of physical activity, whether the fish be quiet-water

forms such as cichlids or inhabitants of swift rivers

such as salmonids. Swimming required of a fish for main-

taining its position in a current, finding and capturing

food, or escaping predators, defense of territory, pro-

longed swimming during spawning migrations, and strenuous

effort of brief duration in ascending rapids, are among

the kinds of activity the restriction of which by a tox-

leant can undoubtably affect a fish population.

Cyanide did not have any very marked effect on

the ability of cieblids to swim rapidly for short periods.
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The death of two of five cichlids previously exposed to

0.10 mg/]. HCN that occurred within 12 hours after the

swimming test at the velocity of 2.00 feet per second

is, however, noteworthy. This observation indicates

that chronic cyanide poisoning that can be tolerated by

inactive fish may prove lethal after enforced intense

activity. The ability of cichilds to swim at lower speeds

was markedly reduced by cyanide, a measurable reduction

apparently occurring even at concentrations as low as 0.02

mg/i as HCN.

When the over-all laboratory results are con-

sidered, it appears that chronic exposure to cyanide can

have on cichlids and coho salmon some demonstrable delete-

rious effects of possible ecological importance at a con-

centration as low as 0.02 mg/i HCN, which is about one-

fifth and one-sixth of the lethal concentrations for coho

salmon and for our cichlids, respectively. The observed

effects, in general, were not great, but at least those

observed at the higher sublethal cyanide concentrations

tested certainly cannot be disregarded as negligable

effects. We must try in the laboratory to approach or

simulate natural conditions closely with reference to

bioenergetics considerations, but until this has been

done, we must place some confidence in laboratory results

which at least give some indication of what may happen in
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nature under conditions more or less similar to those

of the laboratory experiments.

Growth, food consumption, food conversion effi-

ciency, the utilization of energy reserves during star-

vation,and the swimming ability of fish at one time or

another appeared to be adversely affected in our experi-

ments by chronic cyanide poisoning at concentrations

ranging from about 001 to 0.10 mg/i HCN, but the minimum

effective concentrations varied0 As pointed out by Davis

. (16, p. 123), the ecological importance of minor

restrictions of swimming performance by water quality

changes is doubtful. In view of the large variations of

the individual performance capabilities of fishes and the

marked effects of normal variations of environmental con-

ditions such as temperature and dissolved oxygen concen-

tration, one can hardly maintain that barely demonstrable

impairment of performance by pollutants such as cyanide

at very low concentrations is of critical importance and

incompatible with success of fish in their natural envi-

rownents. The same applies to minimal demonstrable effects

on food conversion efficiencies and on growth rates. How-

ever, other possible physiological effects of chronic cy-

anide poisoning at very low concentrations also should be

considered before defining a safe or permissible limit for

the cyanide content of surface waters.
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If optimum conditions for fish life are to be

sought by water pollution regulatory agencies, standards

such as 0.10 and 0.1 mg/i CN obviously should be re-

jected. The present results suggest that concentrations

much higher than 0.01+ mg/i HCN should not be tolerated

even in waters where fish much more sensitive to chronic

cyanide poisoning than our cichlids do not occur. The

maximum permissible level in such waters, and especially

in waters inhabited by the most sensitive fish species,

may have to be as low as 0.01 mg/i or less. Pronounced

deleterious effects on fish of prolonged exposure to 0.01

mg/i HCN have been reported or may be revealed in the

future through experiments on the influence of cyanide on

physiological functions not considered in this investiga-

tion, yet ecologically important. It has been noted that

Nell's results (38) indicate drastic impairment of the

swimming performance of brook trout acclimated to 0.01

mg/i of cyanide, but our cichilds showed little if any im-

pairment after prolonged exposure to this cyanide level.
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In evaluating the responses of fish to chronic

cyanide poisoning, the main physiological effects of cy-

anide studied were effects on growth, on utilization of

energy reserves during starvation, and on ability to swim

during or after exposure to sublethal concentrations of

cyanide. n attempt was also made to correlate these

physiological responses of ecological importance with

changes of activity of some important enzymes.

A preliminary growth experiment was performed

with five groups of coho salmon, Oncorhynchus kisutch

(Walbawn), held in 1i--liter glass bottles supplied with

flowing water at 16°c. The experimental fish were con-

tinuously subjected to 0.01, 0.02, 0.01+, and 0.08 mg/i

of cyanide as HCN. The fish were fed daily weighed but

unrestricted rations of live earthworms, thus permitting

an evaluation of food consumption and of food conversion

efficiency. The experiment lasted for 21 days, and an

intermediary weighing of the fish was made after 12 days,

as well as initial and final weighings.

This experiment revealed little impairment of

the growth of coho salmon by cyanide. During the first

12-day period, growth was apparently reduced at 0.01 and

0.08 mg/i HCN. During the second 12-day period, coho

salmon exposed to 0.02, 0.01, and 0.08 mg/i CN all grew
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faster than the controls and salmon tested at 0.01 mg/i

HCN.

Food consumption per gram of fish was slightly
reduced in cyanide-exposed coho salmon during the first

half of the experiment but became nearly equal to that of

the controls in the second half of the experiment. The

food conversion efficiency, which appeared to be signifi-

cantly reduced at 0.08 mg/i HCN only during the first half
of the experiment, markedly increased at all cyanide con-

centrations during the second half of the experiment. The

slight increase of food consumption and the marked un-

provement of food conversion efficiency resulted in

marked increases of growth rates of cyanide-exposed coho

salmon during the second half of the experiment, indicating

adaptation to cyanide.

After the experiment with salmon, a more de-

tailed investigation was undertaken using a ciohlid fish,

Cichiasoma blinaculatum (Linrxaeus). Four growth experiments

with cich.lids were performed by keeping various groups of

fish in rectangular troughs in renewed water at 25°C and

at cyanide concentrations ranging from 0.008 to 0.10 mg/i

as HCN. The fish were fed measured amounts of live tubi-

ficid worms and were weighed at successive 12-day intervals.

The first experiment lasted for 2 days, and each of the

other three lasted for 36 days.
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Cyanide initially induced a higher food con-

surnption by cichlids at all concentrations tested. During

the last 12-day period, however, cichlids exposed to con-

centrations from 0.008 and 0.03 mg/i HON ate less than

the controls did, whereas at 0.035 mg/i HON and at higher

concentrations cichlids were still eating more than were

the controls.

The wet weight gains of cichlids at low cyanide

concentrations (around 0.02 mg/i HCN) were initially

greater than that of the controls and those of the fish

exposed to higher cyanide concentrations. These fish

did not maintain their faster growth rates, and by the

ends of the experiments they were growing slower than

the controls. On the other hand, at higher cyanide con-

centrations, cieblids progressively increased their growth

rates, and by the ends of the experiments they were growing

faster than the controls.

The food conversion efficiency of cyanide-ex-

posed cichlids was never significantly higher that that

of the controls and their more rapid growth was achieved

through increased food intake. The food conversion eff i-

ciency of cichlids exposed to high sublethal levels of

cyanide improved slightly with time, however, and this

improvement, together with the maintained high food eon-

suinption, contributed to a marked increase of growth rates
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by the ends of the experiments,

Although cyanide had only little effect on the

wet weight gains of cichlids after 36 days, some body

abnormalities were apparent in cichilds exposed to 0.09

and 0.10 mg/]. HCN. These fish had abnormally deep bodies,

and their fins and scales were very weak. Analysis of

the bodies of cichlids showed that cyanide initially

induced a higher fat content, but this effect disappeared

by the ends of the 36-day experiments.

At the completion of the 36-day growth experi-

ments, the swimming abilities of cyanide-exposed and con-

trol cich.lids were tested in a tubular swimming chamber0

Two kinds of swimming test were performed: determinations

of the maximum sustained swimming speed, and determinations

of the duration of swimming at velocities of 2.00, l)+0,

1.175, and 1.10 feet per second. The maximum sustained

swimming speed of cichlids was, on the average, reduced

by previous exposure to cyanide concentrations as low as

0.0IF mg/i HCN; at 0.09 - 0,10 mg/i HCN the swimming speed

was reduced by about 25 percent. The effects of cyanide

on the duration of swimming at constant water velocities

varied with the tested velocity, The lower the tested

velocity was, the more apparent was the deleterious ef-

feet of the previous exposure of cichilds to cyanide on

their swimming time.
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Changes in thdy weight and composition of star-

ving cichlids exposed to sublethal concentrations of cya-

nide showed that the cyanide caused, at least initially,

an increase of the rate of loss of energy reserves.

The biochemical studies on chronically poisoned

cichilds included determinations of cytochrome oxidase,

aldolase, and peroxidase activities in liver homogenates,

and of proteolytic activity in intestinal homogenates.

Determinations of cytochrome oxidase and of

aldolase activities gave highly variable results, and no

relation could be shown between the measured activities

and the cyanide concentrations or the duration of expo-

sure of the fish. In some cases the activities in poi-

soned fish were higher than the activities in controls,

whereas in other cases they were lower. Simultaneous

determinations of both cytochrome oxidase and aldolase

activities, however, showed that the magnitudes of the

activities of these two enzymes may be inversely related

to each other, thus suggesting occurrence of the Pasteur

effect.

The peroxidase activity of liver homogenates

was slightly higher, on the average, in cichlids previ-

ously exposed to O.O+ and 0.10 mg/i of cyanide as HCN

than in those exposed to 0.02 mg/i and in the controls.

Cyanide increased the proteolytic activity in
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the intestines of cichlids exposed to sublethal concen-

trations of the poison, and this effect increased with

the duration of exposure, Tests showed that cyanide at

higher concentrations has also an immediate activating

effect on the proteolytic enzymes of intestinal homogenate

in vitro.

This study of the chronic effects of cyanide

on coho salmon and cichlids showed that cyanide at con-

centrations much below the lethal levels for these spe-

cies and below 0.10 mg/i as HCN can have some deleterious

effects of ecological importance. The wet weight gains

in 36 days were not greatly affected, but some body ab-

normalities were produced, and the food conversion effi-

ciency of cichlids, the utilization of their energy re-

serves during starvation, and their swimming ability were

quite markedly affected adversely by prolonged exposure

to sublethal concentrations of cyanide. The minimum

effective concentrations producing the different observed

physiological responses were notably different. The ef-

ficient use of energy resources that is necessary for

success of fish in nature may not be possible when the

fish are subjected to chronic cyanide poisoning at con-

centrations that did not markedly impair growth under the

experimental conditions in the laboratory.
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