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INTRODTCTION.

It was realized early during our investigations on the cytology of yeasts
(Subramaniam, 1946) that a clear distinction should be made between an aerobically
growing culture and a fermenting one. That the physiology of an aerobically
growing yeast cell should be different from that of a fermenting one needs no
reiteration (Ranganathan and Subramaniam, 1947). On the above basis it was
suggested that division of the nucleus during ‘the aerobic phase alone is comparable
to the division of the nucleus in higher plants Further, it was emphasised that a
knowledge of the nuclear behaviour during aerobic growth is an essential pre-
requisite for any attempt at correlation of the behaviour of the nucleus under varying
physiological conditions.

Logically, evaluation of results should be based on the right type of comparisons.
This necessitates a correct perspective, which is possible only if there is a clear appre-
ciation of the variations in the cytological behaviour exhibited by different types
of cells in response to their specialised role in the economy of an organism. In
higher animals, a clear distinction is made between the cytological behaviour of an
embryonic cell from that of a glandular cell. The behaviour of the nucleus in
glandular cells is interpreted as changes from normal behaviour exhibited by
embryonic cells in response to specialisation for particular functions, and no
generalisation on nuclear behaviour in all types of cells is attempted from studies
on glandular cells alone. Yet, this is what has happened in yeasts. Generalisations
on the behaviour of the nucleus in yeasts were based on fermenting cells. The fact
that the yeast cell is unique and shows both oxidative and fermentative abilities
was forgotten The difference between a growing cell and a fermenting one, as
far as cytological investigations were concerned, was ignored. Students of the
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histology of higher animals in particular would be aware of the marked difference
in the cytological behaviour exhibited by glandular cells. Taking their origin
from what are called ‘replacement’ cells, the secretory cells may die after a single
secretory cycle as in ‘Holocrine’ cells or may repeat the process as in ‘Merocrine’
cells before death supervenes (Bowen, 1929).

A fermenting yeast cell can legitimately be compared to an actively secreting
glandular cell (Wager and Peniston, 1910) and until evidence is adduced to the
contrary, there appears to be no reason why the cytological behaviour of a fermenting
yeast cell should not be compared to that of a glandular cell. When such a com-
parison is attempted, then some startling similarities become evident (Subramaniam,
1947b). :

Since the mitotic cycle has already been described for the brewery strain Sc. 9
(N.C.T.C. 3,007) (Subramaniam, 1946), it was thought desirable to investigate the
behaviour of the nucleus during fermentation.

ExDOPOLYPLOIDY.

Though the earlier belief was, with a few exceptions, that the chromosome
number was constant for all tissues of an organism, it has been conclusively proved
in insects that this is not so and that the nuclei of the adult tissues are polyploid in
varying degrees. The irregularly shaped masses of chromatin, which represent the
chromosomes in the resting stage, are in many cases sufficiently distinct, and since
nuclei in different tissues show diploid, tetraploid and octoploid numbers, it has
been surmised that these nuclei are polyploid. That such a duplication in the
number of chromosomes takes place by a process of endomitosis has been demon-
strated in nurse cells of the ovary of Drosophila by Painter and Reindorp (1939).
The duplication of the chromosomes takes place at periodjc intervals during the
early growth of the tissue and the splitting of the chromosomes is unaccompanied
either by dissolution of the nuclear membrane or by the formation of asters or a
spindle. In the nurse cells of the ovary of Drosopkila it has been shown that there
is a progressive nucleination of the chromosomes during prophase succeeded by a
splitting of these bodies and followed by denucleination until the characteristic
original diffuse resting stage is reached. As a result of these changes the nuclear
volume becomes doubled. Tt has recently been shown that not all nuclei need show
endo-prophase, endo-metaphase, endo-anaphase, and endo-telophase. Witkus
(1945) suggests that there are three methods by which a nucleus can become
endopolyploid. A double reduplication as in Spinacia (Witkus, 1945), or repeated
duplication as in the ileum of Culex (Grell, 1946a,b) may take place during the
resting stage. According to her, only in the third type could typical endomitosis
be observed.

Heterochromatin and plasmosomes in resting nuclei also act as indices to the
extent of polyploidy in various tissues. In Gerris lateralis the odd chromosome in
the complement of 21 is the X, which is heteropycnotic in the somatic nuclei. In
the diploid cells only one such heteropycnotic X occurs in the resting nucleus, and
Geitler {1937) using these prominent indicators along with nuclear volume estimated
that some of the giant nuclei in the salivary glands may even be 2048-ploid. The
same organ in different insects, and different tissues in the same insect, may show
different endopolyploid constitution (White, 1945).

The remarkable advances in our knowledge of the cytogenetics of Drosophila
dates from the rediscovery of the polytene chromosomes in the salivary gland cells
(Heitz and Bauer, 1933; Painter, 1933). The salivary gland chromosomes occur
only in Diptera, though they are not limited to the salivary glands alone. Their
structure is conceived to be similar to that of uncoiled prophase chromosomes which
bad repeatedly divided and in which there is no separation of the resulting strands.
The fact that only the haploid number occurs has led to the supposition that the
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products of division of similar pairs of chromosomes constitute the giant polytene
salivaries. The homologous threads actually fuse in some cases, while in others
they remain in close apposition.

The endopolyploidy in Diptera is of a special kind, for unlike in other cases
there is no increase in the number of chromosomes by periodic splitting. However,
during the growth of the salivary gland cells, the chromosomes become thicker and
thicker.

Though increase in the size of the nuclei when taken along with the number of
heterochromatic segments and plasmosomes may give one a fair idea of the degree
of polyploidy, mere increase in size by itself ofters no such evidence. Different
organs in the rat show different chromosomal and nuclear volumes. It has been
suggested (Biesele, 1944b) that though there appears to be some correlation between
nuclear and chromosomal volumes, yet, as the changes in the rat from tissue to tissue
are gradual and not discontinuous, they cannot be arranged in a polymeric series as
conceived by Jacobj (1935) and others, since the nuclei of different volumes carry
only the diploid number of plasmosomes, viz. 6 in all the cases. There appears
to be a relation between the chromosome volume and total concentration of B
vitamins—with the exception of inositol—since the adult liver which contains the
maximum concentration in comparison with other tissues also shows the highest
chromosome volume (Biesele, 1944b). The relative increase in the chromosome
volume from the foetal to the adult liver is closely paralleled by the increase in the
concentration of vitamins also, and it has been suggested that the former is
responsible for the latter.

It should be pointed out that, while, even doubling in volume of the nuclei of
the liver cells of the rat from the foetal to the adult stage is not followed by a
doubling of the plasmosome number (Biesele, 1944a, b), in mice similar changes are
accompanied by a doubling of the plasmosomes indicative of polyploidy (Biesele,
Poyner and Painter, 1942),

In the adult liver, the occasional metaphases seen may be in those cells which
have retained their embryonic character, since mitotic divisions are common in
foetal livers. Is the failure of the cells of the adult liver to divide mitotically the
result of their highly endopolyploid constitution? Polytene chromosomes become
evident in cancer cells owing to the inherent impulse in such cells for rapid division.
Since partial removal of the liver results in rapid growth (Brues and Marble, 1936)
and since such a phenomenon is reminiscent of the condition in malignant tumours,
several investigators have been interested in the problem. Thus, partial removal
was expected to accelerate mitotic division and bring to light polytene chromosomes
in the nuclei, if any. While Beams and King (1942) thought that there was an
increase in the number of polyploid nuclei in such regenerating livers as a result of
fusion of mitotic figures in binucleate cells, Biesele (1944a) arrives at the conclusion
that there is a very close agreement in the proportions of diploid, tetraploid and
octoploid metaphases between the control and regenerating livers.

As suggested before, if fermenting cells are compared to glandular cells, then
amitosis appears merely to be a prelude to degeneration. There appears to be
serious possibilities that even in fermenting cultures some yeast cells may remain
indifferent and divide by mitosis, while the rest of the actively fermenting cells
may not again be able to revert to active vegetative reproduction,

TECHNIQUE.

Under the circumstances the question arose whether fermenting cells become
endopolyploid. If so, it should be possible to demonstrate the same by experiments
planned on the lines of Brues and Marble (1936) and Biesele (1944a). Just as surgical
removal accelerates mitotic division in the liver, replacement of the spent wort
with fresh medium in fermenting cultures produces the same effect.

2
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Therefore, tubes of wort were inoculated with the brewery strain Se. 9, and
after the lapse of five days the spent medium was poured out and replaced with the
same quantity of fresh medium. The contents of the tubes were centrifuged and
smeared at five-minute intervals commencing from 40 minutes after the addition
of fresh medium. The descriptions are based on Feulgen preparations. The
technique of handling yeasts for cytological investigations has already been described
elsewhere (Subramaniam, 1948).

OBSERVATIONS.

Forty-five minutes after the addition of fresh wort to the five-day-old culture,
a variety of cytological pictures could be seen in Feulgen preparations. The various
pictures seen were first drawn and later arranged in a rational series. Fig. 1 is
that of a cell showing no Feulgen positive structures and contains a vacuole. This,
however, does not appear to be the nuclear vacuole. The nucleus could not be
made out. Two chromosomes are seen in the cell illustrated in Fig. 2 and what
appears to be the anaphase of the diploid in Fig. 3. The absence of a vacuole in
these cells is not surprising, since cells at identical stages in aerobic cultures do
not have a vacuole at all. A comparison of these stages with similar ones from
actively dividing cultures shows that the shape and size of the chromosomes are
slightly different. The four chromosomes appear scattered in the cell in Fig. 4,
while in Fig. 5 a reconstituted nucleus and a pair of chromosomes could be seen.
The bud and the mother cell each have two chromosomes in Fig. 6. The pair in
the bud appear in close apposition as a prelude probably to fusion. What appears
to be the next stage is illustrated in Fig. 7 where in the bud the chromosomes appear
to have fused together while those in the mother cell still remain discrete. The
above stages which occur only in very small percentages appear to be those of the
‘replacement’ cells. It appears highly probable that it is the products of division of
these cells which become endopolyploid.

Since dying cells appear to be replaced from time to time, the same slide often
shows an ascending series of endopolyploid constitution. Fig. 8 is that of a tetra-
ploid as evidenced by the reconstituted nucleus and the four chromosomes. Eight
chromosomes are seen in the budding cell in Fig. 9, one of which is bigger than the
rest. Whether the increased size is a mere abnormality or whether it is a compound
chromosome is very difficult to judge. In Fig. 10, however, the two larger bodies
ought to be compound ones if we conceive that duplication of chromosomes is by
a regular division of all the chromosomes. Since only six chromosomes are seen in
the cell, the two larger ones should each be the product of fusion of two chromosomes.
Micronuclei formation is fairly common and two reconstituted nuclei and four
chromosomes, one pair bigger than the other, are seen in Fig. 11. Ten Feulgen
positive bodies of different sizes occur in the cell in Fig. 12 and it appears as if the
compound chromosomes are separating into their component parts, What appear
in all probability to be octoploid cells are fairly common (Figs. 13 and 14), if we concede
that the odd numbers of Feulgen positive bodies seen are due to some of them being
compound. The anaphase stages of these octoploid nuclei are not regular and while
in Fig. 15 a reconstituted nucleus could be seen, in Fig. 16 there are seven chromo-
somes apart from the reconstituted nucleus. Apparently the chromosomes. are
not segregated into equal complements. The cell in Fig. 17 has a reconstituted
nucleus and eight chromosomes, one of which is greater in size than the rest. It
appears likely that not all chromosomes, which are greater in size than the rest,
need be compound ones. Cells which are 16-ploid are common and the one shown
in Fig. 18 has about 19 chromosomes and a reconstituted nucleus.

In tetraploids there is usually an attempt at segregation of the chromosomes
into equal complements. Fusion of four chromosomes may occur before (Fig. 19)
or after a bud begins to develop (Fig. 21) and division is often normal (Fig. 20).
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The picture seen in Fig. 22 is slightly baffling. There is a reconstituted nucleus
and twelve chromosomes in the mother cell and two chromosomes in the bud.
Apparently it must be an octoploid. All the chromosomes in the mother cell may
fuse to form one or more nuclei (Fig. 23) leaving only two chromosomes in the bud.
Is this a method by which a diploid cell can take its origin from an endopolyploid
cell? Since there is ‘somatic pairing’ in the diploid, only an identical pair of
chromosomes could have migrated to the bud. There is as yet no method by which
one could study the later behaviour of these buds with two chromosomes.

Segregation of the chromosomes into unequal complements during the anaphase
is quite general in highly endopolyploid cells (Figs. 24, 25, 26, 27, 28 and 29).
Micronuclei formation is fairly common in these cells (Figs. 27, 29, 30 and 31). The
larger complement of chromosomes usually remains in the mother cell (Figs. 28
and 29) and gives rise to one (Fig. 28) or two (Fig. 30) large pycnotic nuclei and
one or two micronuclei (Figs. 29 and 30). The size of the complement of chromo-
somes passing on to the bud may be small (Fig. 31) or fairly large (Fig. 32). But
the staining reactions of these cells (Figs. 28, 29, 30, 31 and 32) give one the
impression that they are dying.

Multinucleate cells are of frequent occurrence (Figs. 33, 34 and 35) and these
have a single well-defined vacuole (Figs. 33, 34, 35, 45 and 46). The nuclei are of
different sizes and should be the result of fusion of groups of chromosomes.
Amitotic stages are fairly common. The nuclei stain brilliantly with the Feulgen
stain and may or may not show (I'igs. 37, 38, 39, 40, 41 and 42) any chromatin
grains inside. The products of amitotic division may be equal (Figs. 37, 41 and 42)
or unequal (Figs. 36 and 39). The resulting nuclei may bud smaller nuclei (Fig. 38)
and these usually separate and appear to move away (Fig. 39). Figs. 40, 43 and 44
give one the impression that the nucleus may break up into a number of pieces,
one of which appears to migrate to the bud (Fig. 44). This may even show deeply
stained bodies (Fig. 44).

It is likely that the above are highly endopolyploid cells whose nuclei are unable
to resolve themselves into their component chromosomes in spite of the very
favourable environmental conditions. The stimulus afforded by the nutriment
and the availability of dissolved oxygen leads to abortive attempts at division as
evidenced by the phenomena of amitosis observed.

In the final stages pycnotic nuclei may be observed to persist in the mother
cells (Figs. 45, 46 and 47) as well as in the buds (Fig. 47).

DIscUssIoN,

(a) The‘ Nuclear Vacuole’ of Wager and Peniston and its significance.

From the observations presented above it would be evident that with the
progress of fermentation, the nucleus of the yeast cell becomes highly endopolyploid.
In view of the fact that some types of secretory cells show one or more vacuoles, a
consideration of the significance of the ‘nuclear vacuole’ of Wager and Peniston
(1910) is rendered necessary. Guilliermond even in 1910 definitely disputed the
fdentification on the basis that as the vacuole and its contents stain with neutral
red, it can only be the secretory vacuole, since the nucleus in healthy cells never
stains with vital dyes. Wager and Peniston (1910) suggest a comparison of
fermenting yeast cells with glandular cells in active secretion. A comparison of the
cytological behaviour of the fermenting yeast cell with that of the glandular cell
offers no support for such an identification.

The following cycle of changes were described by Wager and Peniston, basing
their observations on the reactions for organic phosphorus exhibited by the yeast
~ cell during different stages of fermentation. In the early stages, when the ‘nuclear
vacuole’ was small, the cytoplasm, the ‘nucleolus’ and the granules at its periphery
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show a reaction for phosphorus. With the progress of fermentation, there is an
increase in the size of the vacuole. At the same time the cytoplasm loses its reaction,
while, apart from the ‘nucleolus’ and the granules at its periphery, it becomes
evident in the vacuole and the volutin granules also. According to them, formation
of organic phosphorus becomes evident some 14 hours after commencement of
fermentation, reaches a peak at about 48 hours and is followed by a gradual fall.

The changes in the volume of the ‘nuclear vacuole’ appears to follow a course
similar to that of organic phosphorus. The vacuole, which is small at the com-
mencement of fermentation, increases in size and with the loss by the cytoplasm of
its staining affinity shows a network of granules. It fills almost the entire cell at
the height of fermentation and decreasing slowly in size, occupies but a small space
in the cell when these are slowly settling at the end of fermentation.

Now, this synchronisation of the changes in the volume of the vacuole, the
increase in the organic phosphorus and the stages of fermentation are all reminiscent
of the usual rdle played by ribonucleic acid in active secretory synthesis. It is
true that in many gland cells the nuclei may become endopolyploid. But the increase
in volume in such cases has been shown to be rhythmic and discontinuous and never
gradual, and a highly endopolyploid nucleus usually never reverts back to its original
condition at the end of the secretory cycle. Hence, even the possibility that the
increase in size of the ‘nuclear vacuole’ may be due to endopolyploidy cannot be
substantiated on the basis of evidence available in published literature.

The ‘nuclear vacuoles’ described by Wager and Peniston (1910) and Janssens
and Leblanc (1898) do not appear to be homologous. On the basis of the recent
careful investigations of Subramaniam (1946) it appears that the description of a
nuclear vacuole with a nucleolus by Janssens (1902) is likely to refer to a prophase
stage, when the chromatin mass inside the nucleus is capable of being confused
with a nucleolus (see pictographic summary, Subramaniam, 1946).

(0) Fermenting Cells and Glandular Cells.

Fermenting cultures contain very small percentages of cells showing regular
mitotic phases, similar in essentials to those seen during the aerobic division, the
significance of which has been lost sight of by previous investigators. Richards’
work (1932), though bearing on an entirely different problem, offers indirect evidence
for the suggestion that as in glands, in fermenting cultures also there may be
‘replacement’ or embryonic cells which continue to divide normally, and that
fermenting cells like other gland cells never regain their power of normal vegetative
division, but that death and disintegration occur sooner or later. He found that
at the end of the logarithmic growth phase there was an increase in the percentage
of dead cells as indicated by methylene blue staining. His suggestion (1928) that the
concentration of alcohol may be the inhibiting factor does not appear very con-
vincing, for he found no such correlation during the second cyecle of growth. He
says: ‘During the period of increased rate of growth, the production of alcohol also
increases. As there is no measurable amount of sugar in the medium this second
period of increased fermentation probably comes from glycogen stored within the
cells. The greater amount of alcohol must increase the rate of killing of cells,
although there is no such direct correlation between the two factors as was found for
the first cycle of growth.” Judged on the basis of the cytology of glandular cells,
increased production of alcohol means increased number of cells fermenting and
hence the occurrence of increased percentages of killed cells.

Proceeding on the above lines it is difficult to conceive that dying cells are
merely the larger buds which had not become resistant to the injurious effects of the
alcohol and other by-products of fermentation.

It was observed that when fresh wort was added to a five-day-old culture, the
stimulus afforded by the nutriment and the availability of dissolved oxygen leads to
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abortive attempts at division even by the highly endopolyploid cells. In fact, in
many cases the bud formation is completed, only the buds do not get detached
from the mother. Having an abnormal complement of chromosomes, it was also
observed that both the products of division show pycnosis and hence eventual
death. It should berealised that even in fermenting cultures the nutriment available
fluctuates from time to time. Every batch of fermenting cells, when they die and
disintegrate, should temporarily increase the available nutriment in the medium
thus affording stimulus to the endopolyploid cells to bud. But since there is no
increase in the availability of dissolved oxygen, the budding is not of normal
embryonic diploid cells. Tt is perhaps owing to this reason that one observes an
increased percentage of larger buds dying in later stages of fermentation.

That even old cultures contain actively dividing cells, comparable to embryonic
cells of glandular tissues, would be evident from Slator’s (1919) observation that
uncontaminated wort cultures show active cells even after several years. Proceeding
further, it would be admitted that in view of the above consideration, the ‘durable’
cells occurring after the lapse of 900 to 1,000 hours are not transformed fermenting
cells but should have an entirely different origin. That they may take their origin
from the few actively dividing cells occurring during this period appears likely.
Richards states: ‘Budding continues throughout the period, becoming materially
diminished only after most of the cells have changed into the resistant form. The
numbers and percentages of budding and of stained cells fluctuate in irregular
cycles of small magnitude, but there is no general cycle other than the gradual
change of the population into resting cells with a resulting decreased birth and
death rate.” (Page 289.)

At first sight it may appear that yeast is unique in that it becomes endopoly-
ploid during fermentation. Yet, this does not appear to be so. In Ciliates, while
the micronucleus is considered to be generative, the macronucleus has been supposed
to subserve a purely physiological function. In the same cell, therefore, different
functions are controlled by different nuclei. Though the structure and behaviour
of the macronucleus has attracted considerable attention, protozoologists do not
seem to have cared to consider whether it is endopolyploid. From an analysis of
the observations on the behaviour of the macronucleus recorded by other workers,
Subramaniam (1947¢) has suggested-that it is in all probability endopolyploid and
has offered a rational explanation as to why there is a need for endomixis. Endopoly-
ploidy in the yeast, therefore, does not appear to be an exception to the general rule
among unicellular organisms.

The usual fate of endopolyploid cells being death and disintegration after varying
_periods of activity, and since in the final stages of fermentation, excepting for a
negligible percentage, most of the cells should be endopolyploid, the necessity for
the rejuvenation of cultures after each fermentation would at once become apparent.
This may explain why continuous fermentation without rejuvenation is almost a
virtual impossibility.

SUMMARY.

1. The physiology of an aerobically growing cell should be different from that of
a fermenting one and hence & comparison of the cytological behaviour of fermenting cells with
that of glandular cells is attempted.

2. Since secretory cells usually become endopolyploid, a brief review of the literature
on endopolyploidy is presented.

3. Just as surgical removal of a part accelerates mitotic division in the liver, replacement
of spent wort, with fresh medium in fermenting cultures produces the same effect.
" 4. Various cytological pictures are seen in preparations of five-day-old cultures in which
the spent medium was replaced with fresh wort. There are rare clusters of cells showing the
typical stages seen in the aerobic phase. The majority show varying degrees of endopolyploidy.
The segregation of chromosomes during anaphase is mostly irregular, and highly polyploid
cells show amitosis-like phenomena.
. B. A careful analysis of Wager and Peniston’s observations, in the light of recent advances,
indicates that their ‘nuclear vacuole’ is nothing but a secretory vacuole,
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6, It issuggested that as in glands, in fermenting cultures also, there may be ‘replacement’
or embryonic cells which continue to divide normally and that fermenting cells, like other
glandular cells, never regain their power of normal vegetative division but that death and
disintegration occur sooner or later.

7. Endopolyploidy in the yeast does not appear to be an exception to the general rule
among unicellular organisms since the macronucleus of Ciliates appears to be endopolyploid.

8. The usual fate of endopolyploid cells being death and disintegration, may explain why
continuous fermentation without rejuvenation is almost a virtual impossibility.
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DESCRIPTION OF ILLUSTRATIONS.

Fra. 1. Cell showing a vacuole but no Feulgen positive structures.
Fia. 2. Metaphase of Diploid.

F1a. 3. Anaphase of Diploid.

Fic. 4. Late Anaphase.

F16. 5. Cell showing a reconstituted nucleus and two chromosomes.

Fic. 6. Bydding cell showing a pair of chromosomes in the mother and bud.

F1e. 7. Reconstituted nucleus in the bud and a pair of chromosomes in the mother cell.
F16. 8. Tetraploid cell showing a reconstituted nucleus and four free chromosomes,

F1e. 9. Budding cell showing eight Feulgen positive bodies.

Fi1a. 10. Cell showing six Feulgen positive bodies, two of which are greater in size.

Fig. 11. A cell having two reconstituted nuclei, a pair of big and a pair of small Feulgen
positive bodies.

F1e. 12. Feulgen positive bodies of differing sizes which seem to be breaking up into their
component parts,

Figs. 13 and 14. Cells showing 11 and 14 Feulgen positive bodies, some of which ought to be
compound chromosomes.

Fies. 15, 16, 17, 18 and 19. A reconstituted nucleus and differing numbers of chromosomes
of varying sizes lying free in the cytoplasm.

Fias. 20 and 21. Normal division of a tetraploid.

Fics. 22, 23, 24, 25, 26, 27 and 28. Irregular segregation of chromosomes in cells of varying
endopolyploid constitutions.

Fias. 29 and 30. Formation of micronuclei.

Figs. 31 and 32. Irregular segregation of chromosomes in highly endopolyploid cells.

Fics. 33, 34 and 35. Multinuclear cells.

Fies. 36, 37, 38, 39, 40, 41 and 42, Varying types of amitotic division.

Fi1c. 43. Breaking up of highly endopolyploid nuclei into smaller ones.

Fic. 44. Irregular distribution of nuclei between the mother and bud.

Figs. 45, 46 and 47. Pycnotic nuclei persisting in cells with vacuoles.
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