PHYSIOLOGY OF RESPIRATION AND EVOLUTION OF
AIR-BREATHING FISHES.1
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(Read April 5, 1939.)

In 1935, I published the results of a series of experiments and observations
on the bionomics and physiology of respiration of certain air-breathing fishes
of India, and after reviewing the earlier literature on the subject concluded
that

¢ provided suitable physiological conditions are established, the majority of
the air-breathing fishes can live under water almost indefinitely’.

As a result of these experiments it also became clear that some of the
so-called organs of aerial respiration may originally have developed for in.
creasing the area for aquatic respiration, and later, under adverse conditions
of stagnation and drought, through ‘Change of Function’, became adapted
for aerial respiration. This is evident in the case of a number of estuarine
gobies, eels, ete., in which, at the time of aerial respiration, the air is stored
up in lateral pouches of the buccal cavity, and also in some torrential and
marine fishes in which similar arrangements for aerial respiration exist. During
aquatic respiration, when the buccal cavities are filled with water, their
internal respiratory lining, which is continuously bathed by water, no doubt
subserves aquatic respiration. This simple, but widely employed, mode of
aerial respiration was undoubtedly preceded by the habit of breathing air
continuously, as observed in the Mastacembelidee, Mystus gulio, Stigmatogobius
sadanundio, and many other fishes of tropical fresh waters; in the latter process
an almost continuous respiratory current of air is passed through the buccal
cavity and over the gills.

Of the Indian species provided with special organs of aerial respiration,
the air-chambers of Amphipnous, though capable of performing aquatic res-
piration for a relatively much shorter period, are too small and highly special-
ized to carry on this function for any length of time, especially as the gills
of this fish are greatly reduced. Thus among the Indian fishes adapted for
aerial respiration Amphipnous cuchia is probably the only species that cannot
perform aquatic respiration effectively for any length of time even when kept
in thoroughly aerated waters. In this respect it is more terrestrial than
Periophthalmus and other well-known terrestrial fishes of the tropics. Its
organs of aerial respiration are, however, perfect as the fish can live in water

1 Pyblished with the permission of the Director, Zoological Survey of India.
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totally devoid of oxygen or even that artificially saturated with CO, (vide
Das, 1927, p. 209).

The long tubes of Heteropneustes were found to be free from water even
when the fish was kept immersed for several days and, in fact, the tubes seem
to have been specialized to carry out aerial respiration only; the gills of the
fish are probably of normal dimensions, and there can be no doubt that they
are sufficient to sustain life by means of aquatic respiration, provided physio-
logical conditions are suitable. Thus in Heferopneustes we have a high degree
of differentiation between the organs of aquatic and aerial respiration. Each
type seems to be independent of the other and is probably sufficient by itself
to maintain the normal activities of the fish when called upon to do so. Thave
shown in my experiments that the gills are quite effective for aquatic respi-
ration under suitable physiological conditions, while the air-tubes were found
by Das (1927, p. 209) to be insufficient to sustain life for more than 6 hours
or so when the fish were kept either in boiled water or in water through which
CO, was being bubbled.

In Clarias, both the gills and the dendritic growths for aerial respiration are
bathed in water when the fish is kept under water and is not allowed access to
atmospheric air. In this Siluroid fish, therefore, there is no rigid division of
labour among the two types of respiratory organs. In the case of Clarias
also Das found that the organs of aerial respiration could not by themselves
sustain the life of the fish for more than 6 to 8 hours.

In Ophicephalus and the labyrinthine fishes, such as Anabas, in which
the air-cavities are dorsal, if the cavities are not evacuated of the air contained
in them, the fish cannot exist on aquatic respiration through the gills alone,
but if the cavities are emptied, so that the respiratory current of water can
wagh their inner lining, the increased respiratory area thus made available
wag experimentally found to be sufficient for the fish to exist on aquatic res-
piration alone. Further, it was found by Das (1927, p. 209) that the organs
of aerial respiration of these fishes were not by themselves sufficient to maintain
life for more than 6 to 8 hours. In the case of these fishes, therefore, under
natural conditions the aerial and aquatic organs of respiration would seem to
be dependent on one another for maintaining the life of the fish.

From the above it will be clear that, according to their respective require-
ments, various types of fishes have undergone diverse modifications, and for
this reason it appeared to me that :

‘The habit of breathing air seems to have been acquired independently by
groups of species living under different environmental conditions, and it seems evident
that while the simplicity of a structure is no criterion of its low organization or
primitive nature, its utility appears to be the sole guiding principle in its evolution.’

In my (1935) article, I referred to Dag’s ‘drowning’ experiments in which
he used water saturated with oxygen from a generator, and found that ‘ Anabas,
Clarias, Saccobranchus, Ophiocephalus’ succumbed in periods of 3 to 8 hours.
T attributed the death of 4 nabdas and Ophicephalus to the cavities being probably
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filled with air, when the fish was kept under water, but I failed to account
for the death of Clarias and Heteropneustes (= Saccobranchus) in his experi-
ments. Das (1937), in a recent article, has reiterated his results and views
and has not only ecriticised my deductions, but even doubted the findings
of my experiments without trying to verify my results by carrying out experi-
ments, either in accordance with the technique fully explained in my article
or that employed by Ghosh (1934). It must be understood that my experi-
ments, with somewhat improved technique, were only a corollary to those of
Ghosh.

On a careful perusal of Das’s papers on air-breathing fishes, the only
difference that I find between the technique employed by him and myself in
‘drowning’ experiments was that he oxygenated the water whereas I aerated
the water, and it was primarily to test whether this difference in the technique
could account for the great difference in our results that the following experi-
ments were undertaken.

‘Drowning’ experiments were carried out with Clarias and Heferopneustes
in the laboratory of the School of Tropical Medicine under the supervision of
its Director, Col. R. N. Chopra, a distinguished physiologist. The specimens
were kept in two jars, through one of which the air was being pumped, while
through the other oxygen was being passed from a cylinder; the fish were
prevented access to atmospheric air by means of a wire gauze diaphragm. All
the specimens were found to be quite healthy even after 24 hours when the
experiment was discontinued. Even when boiled water saturated with
oxygen from a cylinder was used the fish showed no signs of excitement during
the five hours, for which the experiment was in progress. On an enquiry being
made ahout the effect of excess of oxygen on respiration, Col. Chopra very
kindly wrote to me as follows concerning its action on warm-blooded animals:—

‘Oxygen constitutes about 1/5 (20-94 per cent) by volume of ordinary air. An
increase of this proportion and even an inhalation of undiluted oxygen produces
no noticeable effect under ordinary conditions. The rate of oxidation or the con-
sumption of oxygen is not at all increased ; indeed the output of CO, is rather lessened.

BEvidently the proportion of oxygen in air suffices for all ordinary needs, and additional

oxygen acts merely as an indifferent gas—as so much nitrogen or hydrogen.

Oxygen under excessive pressure, about 3 or 4 atmospheres, however, causes violent

convulsions and ultimately death.
‘ The role of nitrogen is practically inert, it acts as a diluent only.’

Thus failing to achieve the results obtained by Das, even after using
highly oxygenated water, 1 wrote to him the following letter, dated the
12th July, 1938:—

‘I perused your article on air-breathing fishes, which was read at the Lisbon
meeting of the International Congress of Zoology, some months ago, but did not
want to publish a rejoinder till I had an opportunity to repeat my experiments once
again. I have done so now and the experiments were carried out in the Physiological
Laboratory of the School of Tropical Medicine under the supervision of India’s greatest
physiologist, Colonel R. N. Chopra. So long as the water was kept thoroughly
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aerated or oxygenated Magur and Singi did not die even when prevented access to
air for 24 or more hours. As a full account of the technique employed by you in
your ‘‘ drowning *’ experiments is not available in your papers, may I have some of the
necessary details to repeat your experiments so as to arrive at some definite con-
clusions. T do not for a moment doubt the results of your experiments, but I believe
there must be some fundamental difference in the way we have carried out our
experiments. As I have published full details of the technique employed by me, may
I request that you should also repeat my experiments to find out the truth for your-
self.

‘It will be in the interest of scientific progress that no doubt should be left
regarding the validity of our experimental data. It is immaterial if we differ in the
interpretation of the data.’

To the above Prof. B. K. Das replied (dated, the 17th July, 1938) as
follows:—

‘Many thanks for your D.O. No. 3265 dated July 12th, 1938. T am fully satisfied
that my experiments and their results are quite correct and convincing.’

In view of Professor B. K. Das’s reply I am unable to account for the
difference in our results and have now no course open to me except to reiterate
my previous views, based as they are on experimental data which have been
fully confirmed by a series of recent experiments as indicated above. A care-
ful study of Prof. Das’s earlier paper (1927) has shown that he himself has not,
paid sufficient attention to the significance of his experiments with boiled
water (p. 209), and water saturated with carbon dioxide (p. 210). When
he used boiled water, from which the dissolved oxygen had been expelled,
he found that specimens of Clarias, Heteropneustes, Anabas, Ophicephalus
and Amphipnous when kept in jars filled with this water :

‘At first these fish behaved normally, but soon become extremely agitated and
snapped for air with inereased frequency. Clarias, Saccobranchus and A abas
survived for 6 hours, then made convulsive movements and died; Ophicephalus
survived for 8 hours, but Amphipnous after three days appeared to be in quite a
healthy condition. As controls water-breathing fish were subjected to the same
condition. In all branchial movements were suspended in 2 to 5 minutes, and in
every case death occurred in half an hour.’

When he used water saturated with CO, gas, he found that the same species
of air-breathing fish, Anabas, Clarias, Heteropneustes, Ophicephalus, when
placed in water through which a stream of CO, bubbles was kept passing :

‘At first some fish snapped ! at these bubbles, but later inhaling them became
excited and fled to the farthest corner of the aquarium, where they vigorously and
rapidly inhaled air. All came to the surface in less than an hour, and all succumbed
in less than.6 hours. When kept below a diaphragm they were ‘“drowned’ in 45
minutes. Control water-breathing fish under similar circumstances all came to the
top in 5 minutes and died within half an hour.’

The above statements are significant in so far as they show that, with the
exception of Amphipnous, the so-called air-breathing fishes of India cannot

1 In my experiments 1 did not notice the fish snapping either at the bubbles of air
or at the bubbles of oxygen.
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exist on aerial respiration alone; in the economy of their lives aquatic respira-
tion.also plays a very vital part. One or the other mode of respiration may
predominate at times according to the physical conditions of their respective
environments, but under natural conditions a combination of the two seems
to be essential. In my experiments it was found that, with the exception of
Amphipnous, all other types of Indian air-breathing fishes could exist on
aquatic respiration for an almost indefinite period, and since Das found that
they, again with the exception of Amphipnous, could not live on aerial respira-
tion alone, there would seem to be considerable justification for believing that
in fishes, as a rule, the aerial mode of respiration was resorted to in its earlier
stages of evolution only as an aid to the aquatic respiration of the species.
This is certainly true of a great majority of tropical fresh-water fishes even
at the present day when on hot days they come to the surface and gulp in
air which is passed over the gills. Further, it is a commonplace observation
that the frequency of the visits of the majority of air-breathing fishes to the
surface for inhaling atmospheric air depends upon the quality of the water; the
visits are more frequent if the water is stagnant and foul, and less frequent
if it is clear and aerated. This also shows that aerial respiration is only
resorted to when aquatic respiration proves insufficient for the requirements
of these fishes. Amphipnous, among the air-breathing fishes of India is,
however, an exception as indicated above.

Reference may also be made to data that have come to my knowledge
since the publication of my article referred to above.

As early as 1915, Howell published ‘Notes on the Respiration of the Murral
(Ophiocephalide)’ and showed the effect of low temperature and of running
water on the aerial respiration of the fish. From his observations he concluded
that :

‘ the air cavity is only an auxiliary apparatus to be called into use when the
supply of oxygen obtained through the gills is insufficient.’
The above view fully confirms my observations on the physiology of res-
piration of the so-called air-breathing fishes of India.

A student of the Bombay University performed ‘drowning’ experiments
on Periophthalmus. His results are not yet published but as an examiner of his
thesis, I have had an opportunity of reading them. He found that if the sea
water was kept properly aerated Pertophthalmus, the most terrestrial of our
fishes, can be made to live under water and subsist on aquatic respiration alone,
thus confirming my experiments on Periophthalmodon. Attention may also
be directed to Rao’s (1938, pp. 386-389) experiments on the aerial and aquatic
respiration of the marine Blenny Andamia.

Owing to the discrepancies in the resuits of Prof. B. K. Das’s ‘drowning’
experiments and those performed by me it seems desirable that other workers
interested in the subject should repeat these experiments and report the
results. The experiments are very simple and can be carried out easily with
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Clarias and Heteropneustes. Where aerating of water with the help of a

pump is not possible a continuous stream of water should be allowed to flow

through the basin in which the fish are kept under a diaphragm (vide Hora,

1935, pl. i, fig. 7.).
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SUMMARY.

The author gives a brief résumé of the results obtained in his earlier
experiments on the ‘drowning’ of the so-called air-breathing fishes of India.
In view of Das’s recent criticism of his data the author has repeated the
experiments in the laboratory of the School of Tropical Medicine under the
supervision of Col. R. N. Chopra. Recent experiments were carried out with
thoroughly aerated and oxygenated waters. Finding no difference in the
results, he wrote to Prof. B. K. Das about the technique employed by him,
but did not get a helpful reply. Consequently, the author reiterates his
views and in their support adduces fresh experimental evidence that has come
to his knowledge since the publication of his first paper in 1935. Finally the
author requests other workers in India to repeat the experiments with a view
to clarifying the different resuits obtained by different authors.

Discussion.

Before declaring the paper open for discussion the President thanked the
author for the interesting resnlts obtained by him and remarked that he closely
watched the progress of the so-called ‘drowning’ experiments on Magur and
Stngi performed by Dr. Hora in his laboratories. He was thus in a position
to state that the fish when kept in thoroughly aerated or oxygenated water
and prevented by a diaphragm from coming to the surface continued to live
for long periods without showing any signs of distress. Even when oxygen
from a cylinder was bubbled through;, the fish did not evince any excitement.
It is unfortunate that Prof. B. K. Das has not helped Dr. Hora to repeat the
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experiments with his technique, but it may be hoped that other workers
interested in the subject will repeat Dr. Hora’s experiments to convince
themselves of the data presented in his papers.

Professor J. N. Mukherjee wanted to know whether in Dr. Hora’s experi-
mental arrangement the possibility of minute bubbles of air, not visible to
the naked eye, was excluded. He suggested that an arrangement excluding
this possibility might be tried and oxygen contents of water at different places
might be determined.

Dr. P. Neogi suggested that the presence of excess of oxygen, especially
under pressure, might have exercised an asphyxiating influence on the fishes,
for they might have died as a result of it just as a candle will burn out very
quickly if oxygen is substituted for air as the medium of combustion.

Dr. R. B. Lal observed that the problem as he understood was whether
in Dr. Hora’s experiments the oxygen was given in gaseous state to the fish
or whether it was a question of the amount of the dissolved air. If the latter
be the case, then the ordinary aquatic fishes also require a certain amount
of dissolved air and the question arises whether in the experiment of the two
workers the partial pressure of oxygen was equally suitable for the terrestrial
fishes.

Dr. H. 8. Rao remarked that as only a limited amount of oxygen or air
can be dissolved in a given quantity of water at a certain temperature the
continuous bubbling of the gas can have no harmful effect on fishes; the
excess of the gas would not be dissolved in the water, but would be passed
out as such.

The President explained that, judging from the data available from our
knowledge of human physiology, excess of oxygen under normal pressure
has no adverse effect on respiration, but if the pressure is increased even three

- to four times then the excess of oxygen causes violent convulsions and may
ultimately result in death. He presumed that the same physiological laws
would probably apply in the case of fish also.

In reply to Prof. J. N. Mukherjee Dr. Hora stated that as in Prof. Das’s
and his experiments the gas was bubbled through the presence of minute
bubbles of air in water could not account for the differences in their respective
results. Moreover, he directed attention to the series of ‘drowning’ experi-
ments carried out by him in 1934 in which he had arranged a continuous
supply of fresh water from a tap. In reply to others, Dr. Hora stated that
the water containing the fish and through which air from a pump or oxygen
from a cylinder was bubbled was kept at ordinary pressure, and in view of
Col. Chopra’s observations the oxygen content of water could not have adversely
affected the fishes. In any case until Prof. Das fully explains the technique
employed by him it will be difficult to verify the results obtained by him.

The President concluded the discussion by remarking that it will be useful
if in any future experiments the oxygen contents of water, as suggested by
Prof. J. N. Mukherjee, were also determined.






