THE PHYSIOLOGY OF DEVELOPMENT IN INSECTS.

(4 Lecture to the National Institute of Sciences of India, at Delhi,
on Ist October, 1948.)

By Pror. ALexaxper WoLsky, Principal Scientific Officer, Science Co-operation
Office for South Asia, UN ESCO, University Buildings, Delhi.

Zoology, that is the study of animal life, has many aspects. Animals can be
studied from the point of view of their internal and external structure (morphology,
comparative anatomy, histology), or according to their physical and chemical
performances (physiology, biochemistry), or they may be looked upon as systems,
constantly changing their form both individually and as distinet groups (embryo-
logy, genetics, evolution), or they may be classified according to their differences in
structure, in habit, in distribution (systematics, ecology, zoogeography, palaeo-
zoology), and so on. These various aspects may be even combined and in thig
way rather specialized branches of zoology have developed on the borderlines between
the main aspects, like histophysiology, physiological genetics, etc. One of these -
specialized branches is the physiology of development, that is the study of the changes
in the functions of the organism which occur during various phases of its embryonic
and postembryonic development. Insects are for various reasons especially suitable
for such studies and in the following I will attempt to give a brief account of a
number of experiments with Insects (mainly with the common mulberry silkworm
and the fruit-fly Drosophila) which were performed to throw light on problems of
the physiology of development.

(1) Fertilization.—The first problem which confronts every student of develop-
mental processes is that mysterious uniting of two cells, which initiates a long series
of successive cell-divisions and is called the fertilization of the egg by the sperm.
It was long anticipated that this process must be coupled with profound changes
in the physiology of the egg-cell which consists of course mainly of metabolic acti-
vities. But for a long time we had no adequate apparatus to measure the rate of
metabolic activities in such minute organisms as egg cells or tissue slices or bacterial
suspensions, etc. The Nobel Laureate Otto Warburg in the early stages of his
career, when he wanted to study the metabolism of carcinom cells, constructed an
ingenious apparatus for this purpose. It is essentially a fluid-level manometer
designed to register very slight changes of pressure. To one of its arms there is
attached a small vessel, containing living cells in a suitable medium. The metabolic’
activity of these cells is of course coupled with respiration, i.e. with the uptake of
oxygen, in order to burn (oxydize) foodstuffs taken in or stored by the cells, and the
production of a certain amount of carbon dioxide. The intensity and nature of
metabolic processes is reflected to a great extent in the intensity of respiratory
metabolism, i.e. the amount of oxygen consumed and carbon dioxide produced.
The pressure changes caused by these respiratory processes (either by their combina-
tion or by the oxygen uptake alone when the carbon dioxide is absorbed by a
suitable medium) can be measured with Warburg’s apparatus which thus opened
the way to the study of the changes of metabolic processes in connection with
fertilization. Warburg himself was the first to attack this problem of basic im-
portance and discovered that sea-urchin eggs which have a very low metabolic rate
in the unfertilized stage show an increase of several hundred per cent of metabolic
activity at the moment when the sperm enters them. It was obvious from the
beginning that this profound change must have a great slgmﬁcance for the sub-
sequent developmental processes. However, in later years it turned out that the
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phenomena observed by Warburg (and later by others) in sea-urchin eggs do not
appear in all sorts of eggs studied in this respect. Thus the Italian biologist
A, Stefanelli has shown that eggs of frogs and toads don’t change at all the intensity
of their metabolic processes in the moment of fertilization, whereas an American,
Whitaker, has lately discovered that in the marine worm Chaetopterus the meta-
bolism of eggs as reflected by their respiratory metabolism is even lowered by
fertilization.

Under such circumstances it seemed interesting to measure the changes that
occur in Insect eggs at fertilization. However, the fact that in the case of these the
fertilization occurs within the body, made a direct measurement impossible and an
indirect method had to be adopted.! Fortunately in many moths and buttertlies
(among them the silkworm, Bombyx mori) isolated females can be induced to
deposit their eggs in unfertilized stage. A comparison of the metabolism of these
with that of freshly laid fertilized eggs has shown that in the Insect eggs like in
those of sea-urchins, there is a definite increase in respiratory metabolism at fertil-
ization which is—though not so conspicuous as in sea.urchin eggs—statistically
quite significant. (Average oxygen uptake in unfertilized eggs 8:38 mm. per hour
per 500 eggs, in fertilized eggs 15-18 mm. ; the difference being 6-804-1-65).

But quantitative changes in the intensity of metabolism are not the only ones
which occur at fertilization. The Sweiish biologist J. Runnstrém detected in 1923
that sea.urchin eggs treated with specific poisons of cellular respiration, like potassium
cyanide and especially carbon monoxide (which helped Warburg to detsct and
define his famous ‘ Atmungsferment’ of cellular respiration) react in quite different
way before and after fertilization. Before fertilization the eggs are not affccted
by these poisons, whereas after fertilization their respiration is greatly reduced by
either potassium cyanide or carbon monoxide. Ever since this discovery there was
much discussion about the significance and interpretation of this profound qualitative
change in metabolism caused by fertilization. Several theories have been put
forward to account for these phenomena and most of them suppose that changes
in the enzyme systems catalysing metabolic processes must be involved.

However, the study of Insect (silkworm) eggs in this respect seems to indicate
that a simpler explanation is also possible.2 It was shown that the same qualitative
changes discovered by Runnstrém in sea-urchin eggs exist in silkworm eggs too,
demonstrating a striking uniformity in the mechanism of fertilization. Further-
more it was shown that there is a close parallelism between the intensity of res-
piratory metabolism and the susceptibility towards the respiratory poisons; similarly
between the concentration of the poison and the degree of respiratory inhibition,
in the sense of Warburg’s so-called equation of partition. On the basis of these
facts it was possible to give a relatively simple explanation of the qualitative changes
-of metabolism occurring at fertilization. If we suppose that the amount and
composition of the enzyme system involved in respiratory metabolism does nol
change at fertilization and the only change that occurs concerns the finer sub-
microscopic structure of the egg’s cytoplasm we can explain the phenomena dis-
covered by Runnstrém. The change in the cytoplasmic structure means changed
conditions for the interaction of respiratory enzymes with their substrates and this
accounts for the increase in respiration after fertilization. At the same time, how-
ever, the enzyme system becomes more ‘saturated’, i.e. more intensely used in the
process of catalysis, whereas before fertilization when there is little respiration the
same system is to a great extent idle. It is kept in reserve for later action. Under
such circumstances it is quite possible that the egg-respiration is not affected
by the poisons before fertilization but becomes susceptible in the moment of sperm
entry. We must keep in mind the fact that the specific respiratory poisons can

1 (cf. Wolsky, Publications of the Hungarian Biological Research Inst., Vol, 14, 1942.)
2 (cf. Wolsky, Rivista di Biologia, Vol. 31, 1941.)
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never stop completely cellular respiration (this is especially true for carbon monoxide
and we confine ourselves to that poison as its action is simpler to analyse). They
compete, so to speak, with oxygen for the possession of certain respiratory enzymes.
(especially for Warburg’s ¢ Atmungsferment’ which combines with carbon monoxide)
and the competition ends with a compromise: a part of the respiratory enzyme-
combines with the poison and thus becomes useless for the catalysis of respiration,
but a part of it combines with oxygen (or with the oxydized form of another enzyme)
and is thus available for its normal function. The partition depends of course on
the respective affinities which vary from species to species. But even in the cases.
where the respiratory enzyme system is most susceptible to carbon monoxide and
even if using 95 per cent concentration of the poison, about 40 per cent of the
‘ Atmungsferment’ will still combine with oxygen and only 60 per cent with carbon
monoxide. There are signs which indicate that even during the most intense
phases of egg-respiration the respiratory enzyme system is not fully utilized and
so it is quite legitimate to suppose that before fertilization wheén respiration is far
less significant a far higher percentage of the system is kept in reserve as surplus.
If this is indeed the case then it is obvious that before fertilization the respiratory
poisons cannot exert any inhibitory action upon the respiration of the eggs. Only
the surplus of the respiratory enzyme system or a part of the surplus will be affected
and the amount necessary for the catalysis of the slight respiratory processes of the:
pre-fertilization stage will always be available for normal function. On the con-
trary, after fertilization when a much higher percentage of the respiratory enzyme
gystem is brought into action, even a slight inhibition of the system by respiratory
poisons must evidently become manifest and a certain degree of inhibition of res-
piratory processes must occur.

This theory supposes a close correlation between the intensity of respiration
and its susceptibility to respiratory poisons. According to it a low intensity must
be coupled with little or no effect of poisons, whereas a high intensity would auto-
matically involve an increased susceptibility, i.e. a strong inhibition of respiration
by the specific respiratory poisons.

There are several experimental proofs which support this theory and some
of them are not yet published. But perhaps the most striking argument is furnished
by the study of those changes of metabolism which follow fertilization in many
Insects during their embryonic development.

(2) Diapause—One of the peculiarities of Insect development is the fact that
the formation of the embryo within the eggs is interrupted in several cases by a more
or less protracted resting phase, usually in connection with climatic variations.
Thus, in the case of silkworm, the races which live under moderate climate usually
deposit their eggs during the summer. The eggs begin to develop at once, but after
a few days the development stops and the eggs ‘rest’ almost a year until the spring
of next year. Then they resume development and the larvae usually hatch about
a fortnight later. Similar resting stages occur in other moths, grasshoppers, ete.,
and they are generally termed ‘diapause’.

During diapause the metabolic activily of the silkworm eggs sinks to the same
low level at which it was before fertilization (or sometimes even lower).l At the
same time the respiration becomes resistant against the specific respiratory poisons,
just as it was before fertilization. There is thus a striking similarity between the
physiological conditions prevailing before fertilization and during diapause. This
was anticipated long ago by several biologists (Tichomiroff, Bodine) but was first
shown experimentally in the case of silkworm eggs. At the end of the diapause,
when active development is resumed, the intensity of metabolic processes begins
to rise again and this gradual increase continues even after the pre-diapause maximum
is reached, culminating at the time of hatching with values which are in the case

1 (c¢f, Wolsky, 1. cit.)
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of the silkworm two to three times as high as the figures obtained before diapause.
As soon as the diapause is over and the metabolic activities begin to increase the
susceptibility of the respiration towards the specific respiratory poisons also returns.
All this clearly shows the close correlation between the intensity of respiration and
the susceptibility. It may be mentioned that the parallelism is not complete. in
later stages of post-diapause development as the susceptibility doesn’t increase
beyond a certain level with further increase of respiration. But this discrepancy
had to be anticipated because at later developmental stages the amount of living
matter within the eggs increases considerably and this newly formed living matter
obviously contains newly formed respiratory enzymes too.

(3) Metamorphosis.—The consideration just mentioned, i.e. the possible effect
of changes in the amount of living matter upon the susceptibility of respiration can
be best studied in Insects during their post-embryonic development. It is well-
known that most Insects don’t complete their development by hatching out of the
eggs. They reach their final organization only after various post-embryonic changes
which are sometimes quite conspicuous. The transformation of a maggot into
fly or of a caterpillar into butterfly is connected with profound changes and trans-
formations which in the case of the so-called holometabolous Insects occur rather
abruptly during a relatively short transitory period, called metamorphosis. Ex-
ternally the metamorphosis is a resting stage but within the resting body (pupa,
chrysalid, etc.) a very thorough demolition of juvenile tissues takes place (histolysis)
followed by the building up of an entirely new adult organism (histogenesis). These
processes are coupled again with profound changes in the metabolic activities which
are reflected in the respiratory metabolism. During histolysis the respiration sinks
to a low level, whereas in the course of histogenesis the rate gradually rises again
until it reaches about the initial level shortly before the adult form emerges. Thus
the changes in the rate of metabolism resemble those which occur during embryonic
development, interrupted by diapause.

However, a closer study of the processes reveals that the resemblance is only
a superficial one.! Whereas in the case of embryonic development the changes of
intensity of respiration are closely correlated with changes of susceptibility in the
case of metamorphosis this is not so. Respiration in all phases shows the same—
rather high—susceptibility to respiratory poisons. Experiments carried out with
pupae of the banana fly (Drosophila) show that whereas the intensity of respiration
during histolysis rapidly decreases almost to half of the initial value, the suscepti-
bility to carbon monoxide remains the same (in 909, carbon monoxide the rate of
respiration is about 409, of the normal, in 959, carbon monoxide it is about 209, of
the normal, irrespective of the intensity). Similarly, during histogenesis the rate of
respiration gradually increases until it is about doubled, but there is no change
in the susceptibility towards carbon monoxide (in 909, earbon monoxide the res-
piration is about 509%, of the normal, in 959, earbon monoxide it is about 30%, of the
normal throughout the whole period).

These results clearly indicate that the changes in the intensity of metabolism
during metamorphosis have entirely different causes than the changes occurring
during embryonic development. Whereas in embryonic development they seem
to be due to reversible changes in the intimate ‘submicroscopic’ structure of the
cytoplasm of embryonic cells (without any change in the quantity or quality of the
respiratory enzyme system) in the case of metamorphosis the decrease of metabolic
activity during histolysis obviously indicates the demolition of a certain amount of
larval tissues {and within them a proportionate amount of the respiratory enzyme
system) while the gradual increase of respiration during histogenesis must be due
to a gradual rebuilding of the enzyme system, more or less parallel with the formation
of the adult tissues. (The histological changes must not necessarily coincide with

1 (cf. Wolsky, J. exper. Biology. Vol. 15. 1938.)
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the physiological-biochemical ones and the respiratory enzyme system which is
built up de novo during histogenesis is probably not quite identical with the original
one, demolished during histolysis, cf. the difference of the susceptibility-figures for
histolysis and histogenesis given above.)

Conclusion.—The short account given here may suffice to show that there is a
close correlation between visible (morphological) developmental processes and the
invisible physiological processes underlying them. By studying these latter less
conspicuous, less spectacular processes which are more difficult to approach we may
hope to get a better insight into the mysteries of life that confront us.

DiscussIion.

_ Dr. P. N. Bhaduri remarked that the.change in the metabolic activity during the different
phases of development in the insect life-history as measured by the rate of O, intake and CO,
release can be correlated to the changes in the cytological conditions of cells, namely resting and
dividing conditions of cells, The observations made by Dr. Wolsky and others that unfertilized
eggs show remarkable inactivity and resistivity to the action of different chemicals, especially
poisons, as compared to freshly fertilized eggs which show sudden increase, confirms the con-
clusion put forward by myself (Bhaduri, P. N.—Effects of different forms of Colchicine on roots
of Vicia fava L.; Jour. Roy. Micr. Soc., 1939), namely that tlie presence of anuclear membrane
in a resting cell is respousible for providing resistivity and inactivity of the cell to the action of
Colchicine. Even when the cells are exposed to (olchicine solution within its threshold limit,
nuclei fail to establish a membrane around the blocked metaphase chromosomes. The differentiai
reaction of the nuclear membrane to Colchicine is correlated to the change in the permeability
of the membrane, the latter condition can be brought about by various means, chemical and
physical. In case of Colchicine reaction it has been suggested that the alkaloid acts as a catalyst
and lowers the viscosity of the cytoplasm and thus the permeability of the membrane,

Furthermore the increase in the concentration of desoxyribose and ribose nucleic acid in
the cytoplasm and around the nuclei of actively dividing cells plays an important réle in the
oxidative enzyme system of cells and thereby increase the respiratory activity of cells. Thus
& direct correlation hetween the oxidative processes of cells and the cytological changes of cells
can be proved.

Dr. B. C. Guha said that it was ¢ fascinating subject which Dr. Wolsky had dealt with,
Dr. A. Wolsky’s concept was that in the unfertilized condition a part of the enzyme system,
which was sensitive to carbon monoxide and cyanide, remained inactive but that, on fertilization
by the sperm, this part of the enzyme system becoires active and accounts for the increased
‘oxygen uptake exhibited by fertilized eggs in a large number of species. Dr. Guha asked
whether the sperm itself had been investigated with regard to respiration and whether it is not
possible that the sperm contained some activators, for instance, co-enzymes or particular ions
. which might activate the dormant enzyme systeg of the unfertilized egg and account for the

increased oxygen uptake.

Dozent Dr. George Politzer, Krishna Lodge, Delhi-Karolbagh, remarked that Prof. Wolsky
reported interesting differences between the ova of various animals as to their sensitivity against
‘CO.

The non-fertilized ova of various animals are of different life duration. Some can live on
for weeks or months without being fertilized, others die—if not impregnated—after few hours.
‘The human ovum f.i. belongs to the latter group. It would be interesting to know, if there is &
‘parallelism between C'O-sensitivity and life expectancy of the non-fertilized ovum.

The explanation of the strange results obtained in insects during the metamorphosis as
compared to the findings during the early development would become more convincing if mors
facts coneerning similar processes could be contributed. Best comparable to the complicated
destructions and new formations preceding the creation of the imago is the morphallaxis in the
Tunicates, If such an animal is slightly damaged it regenerates the missing tissues and organs.
But if it is heavily mutilated, structures and forms disappear and the animal transforms itself
into a globe of protoplasm, which develops anew tissues and organs of a normal—-—under:size——
organism. As in the metamorphosis so in the morphallaxis destruction and new formation go
hand in hand.

Dr. B. B. Dey expressed great interest in the description given by the lecturer of the use of
Barcroft’s differential manometer in following the changes in the development of sea-urchins
-eggs immediately after fertilization. He thought the precise causes for such acceleration in the
speed of formation of COy deserved to be studied, and mentioned as one of the probable causes
the phenomenon of glucose phosphorylation, a process occurring widely both in plant and animal
cells as a preliminary to the break-down of starch and sugar into carbon dioxide. Since the
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phosphorylation of glucose in such cases as the germination of seeds, etc., has been shown to-
be brought about through the intermediary of adenosine triphosphate (ATP), with the liberation
of a free phosphate radical, estimations of mobile phosphate after periodic intervals might serve
to reveal the course of the change.

Prof. Wolsky’s reply to discussion: I am thankful for the valuable and inspiring comments:
made on my lecture. As to the remarks of Professor B. C. Guha 1 wish to point out that it is
still a mystery how the fertilization initiates embryonic development. Most probably we must
return to Warburg’s ideas which are shared by Runnstrém and others and which I used as a
working hypothesis during my studies, according to which sub-microscopical changes take place
in the egg-cytoplasm at fertilization and they might be of such nature as to make cell-division
possible. At the same time they seem to be responsible for the changes in metabolic activity
which may or may not be connected directly with cell-division. The sub-microscopic structural
changes seem to lead generally to an increased metabolism. But it is easy to conceive structural
changes which may hamper metabolism and such seem to be involved in the case of Chaetopterus
and other eggs which actually show decrease in the rate of metabolism at fertilization. As to-
thie possibility of the introduction of some enzymes into the eggs by the sperms, the experiments
carried out in this respect by others have given negative results and this is one of the reasons
why the theories explaining the changes in metabolism at fertilization by assuming the
introduction of new enzymes are getting relatively little credit. :

To the comments of Dr. P. N. Bhaduri I may remark that ordinary mitosis is connected with:
little or no change in the metabolic activity of the cell. My own experiences with Colchicin
show that concentrations of this substance which completely arrest mitosis do not affect in any
way the metabolism of frog’s eggs (cf. Wolsky, Publications of the Hungarian Biolog. Research
Inst., Vol, 12, 1940).

In connection with Prof. B. B. Dey’s remarks I wish to emphasize that I have dealt only
with some aspects of the physiology of Insect development and therefore did not mention the
possible réle of phosphorylation or other special metabolic processes in producing the changes
observed at fertilization. Little is known in this respect about Insects, but sorde fine wotk
has been done in this line by Runnstrém and his school {(Orstrém, Borei, ete.) on sea-urchin eggs
and other material. -

¥inally concerning Dr. G. Politzer’'s suggestion that there might be a correlation between.
the longevity of unfertilized eggs and the type of their metabolic reaction to fertilization, T
think that such a correlation is easily possible. ‘I heartily agree with him that it would be in-
teresting to study the physiology of the striking regeneration phenomena in Asci ians.



