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INTRODUCTION

Two years ago the senior author, together with J. Hanzawa (14),2 published the results of some Azotobacter studies, showing for the first time
that the large Azotobacter cells are a special type of growth of a sporeforming bacillus. We said (14, p. 2) :
Es steht jetzt fest, dass in der Tat die grossen, sporenfreien Azotobacter-Zellen
Wuchsformen eines schlanken, Endosporen bildenden Bacillus sind. Bacillus Azotobacter ist demnach die korrekte Bezeichnung für diese Art.3

As we had to discontinue our investigations at that time, we pointed
out (14, p. 6) that further research in this direction would be very
desirable :
Sicherlich würden weitere Forschungen in dieser Richtung noch manchen für den
Systematiker wie für den Physiologen gleich wichtigen Einblick erschliessen.

In the meantime some new papers on Azotobacter have been published. But they merely confirmed once more certain facts concerning
the normal growth and the rather general occurrence of Azotobacter in
soils. Only one author, Mulvania (15), reports the presence of heatresisting spores. In the other cases no spores were observed. However,
they undoubtedly would have been found by a more thorough search.
One of these authors readily admitted this fact in a letter, saying that
his statement had been made *' on the basis of the ordinary examination
always made by soil bacteriologists/7
1
The photomicrographs, as well as the final drawing of the text, figure accompanying this paper, have
been made by Mr. F. L. Goll, of the Bureau of Plant Industry. Grateful acknowledgment is due him for
his very careful work.
2
Reference is made by number to "Literature cited," p. 701-702.
3
In accordance with the usage of K. B. Lehmann and most of the other European bacteriologists, we apply
the name "Bacillus" to the spore-forming rods. As Bacillus azotobacter, like most, probably all, sporeforming rods, has, at least temporarily, peritrichous flagella, its name would also be valid if Migula's system
should be preferred. However, we fully agree with Lehmann, that this system is especially unsatisfactory.
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As our earlier observations indicated that an extended study would
lead to still more interesting results, we have resumed our work. A comparative study of 24 Azotobacter cultures and 18 strains of other bacteria now revealed the fact that those wide morphological differences
first observed with Azotobacter are by no means restricted to this one
group of bacteria. Similar variations occurred with all cultures tested,
and under suitable conditions they will occur with all bacteria generally.
The importance of these wide morphological variations, however, is materially increased by the fact that they are connected with no less considerable variations in the physiological qualities of those organisms. Therefore, not only for diagnostic and systematic purposes are these facts of
fundamental importance but also for all other lines of research in agricultural and medical bacteriology.
The quite unexpected character of the results obtained seems to
justify a preliminary discussion of the facts and problems involved.
Of course, at the present time it is neither our intention to furnish all
those numerous details which are necessary to obtain a full knowledge
of these heretofore practically unknown facts, nor do we want to collect all the widely scattered observations from a voluminous literature
which will not only give some interesting support to our new viewpoint
but which also, in their turn, will sometimes find their full explanation
there. At present we merely wish to inform agricultural and also medical
bacteriologists about these newly discovered facts and to ask for their
cooperation.
It is beyond question that progress in bacteriology has been severely
checked by the widespread inclination to consider as not worth studying
or as some uninteresting "involution form" all that sort of bacterial
growth which does not fit exactly into the conventional conception of a
very simple and constant character of the species. Even modern standard works assert, for instance, that the branched type of Bacillus radicicola
represents an "involution form" not capable of further propagation.
However, nitrogen fixation takes place only when these branched forms
develop, which unmistakably proves their full virility; and there is no
lack of exact results which show conclusively that suitable conditions
always allow a new development from these branched forms.
Undoubtedly a somewhat more scientific study of such " abnormal''
forms would long ago have revealed the fact that the life cycles of the
bacteria are no less complicated than those of many other micro-organisms.
Indeed, numerous items in the bacteriological literature, for instance,
show that the formation of gonidia and the budding of bacteria have
been observed quite frequently. Yet again the authoritative statement
that bacteria multiply exclusively by fission apparently has been sufficient to prevent thorough research in this direction, and the credulous
adherence to "standard methods" unfortunately explains only too well
why the turning point in the life cycles of the bacteria has been com-
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pletely overlooked. In fact, this slime or granulated dirt has been
merely an annoying occurrence on the slides of thousands of bacteriologists. Acetic acid and many other remedies have been recommended to
insure clean préparâtes. Of course, beef broth and some other substrates usually give really dirty smears which need some cleaning, but
we have been much too radical in this direction. Under certain conditions all bacteria pass over into a "symplastic" stage, appearing under
the microscope as either an unstainable or a readily stainable mass without any visible organization, which, if not discarded as dead, later gives
birth to new regenerated forms frequently of very characteristic and
unusual appearance.
As practically all our new knowledge of the life cycles of the bacteria
has been derived from a renewed study of B. azotobacter, the behavior of
this organism will be described first.
Before we enter into this subject, however, we beg to point out that by
discussing the life cycles of the bacteria we do not intend to revive any
of those unclear theories concerning bacterial polymorphism or pleomorphism. The development of the bacteria is characterized not by the
irregular occurrence of more or less abnormal forms but by the regular
occurrence of many different forms and stages of growth connected with
each other by constant relations.
Unquestionably many so-called species frequently described in the
most superficial manner will have to be canceled, because they merely
represent fragments of the life cycles of other bacteria. '" Good " species,
on the other hand, will not only keep their position, but they will receive
a much more complete and sharper definition than they now have.
Moreover, the discovery of the symplastic stage opens the way to answer
by exact experiments the question concerning species or varieties.
THE LIFE CYCLE OF BACILLUS AZOTOBACTER
In text figure 1 is given a schematic sketch of the development of
B. azotobacter according to our present knowledge. The letters A to M
indicate the different types of growths which are separated from each
other by broken lines. The single- and double-pointed arrows show the
connections between the different forms as they have actually been
observed. Each of the four circles contain in each case all those forms
which have heretofore been considered by careful investigators as representing sufficient basis for establishing a species. Observers of the more
usual, less painstaking class, however, have been only too much inclined
to form new species even inside these subcycles. For example, the different types of spore-free and spore-bearing rods, all included in our
type F, could easily have induced authors like Migula and Matzushita to
create half a dozen "species" of that sort; perhaps this really happened.
With the exception of D and H, all these types have been observed
and described in earlier publications on Azotobacter and closely related
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spore-forming bacilli (B. malabarensis, B. danicus, and B. oxalaticus).
However, figure 1 shows clearly how just this type D, which has hereto-

1.—I*iie cycle of Bacillus azotobacter. The broken straight lines divide the different types of growth
indicated by the letters A to M. The Greek letters a to X refer to subdivisions. The single- and doublepointed arrows indicate the development of one form from another. The four circles confine, in every
case, all those forms which represent together a rather constant mode of life and which have been usually
considered as bases for establishing separate species.

FIG.

fore so successfully dodged all bacteriologists, represents practically the
key to a correct understanding of the whole problem. There are some
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direct outside connections between the larger and the smaller forms, as
indicated by the six arrows: I-E, E-B, B-G, and I-F, F-L, I-H; but
they are rather rare exceptions. The symplastic stage D, on the other
hand, can be observed in all cultures. Even if a strain shows little or no
inclination to change from one subcycle into another, it regularly passes
through type D. By frequent successive transfers (made each morning
and evening), we tried to prevent this "breakdown.'' For some days
we were successful, but then this disintegration again took place. After
another couple of days the tendency to produce "normal" forms was
once more very pronounced, which in its turn was again supplanted by
the formation of type D. We have followed this rythmic alternation
for some weeks with B. azotobacter as well as with B. subtilis.
It goes without saying that the arrangement and naming of the different
types is merely a matter of convenience. Several of them perhaps could
be split up into two or more. However, we found them so suitable
in their present form for our work that we do not see any necessity for
making an alteration.
Type A represents the normal, well-known, large Azotobacter cells of
globular or oval form (usually 2 to 3M broad and 3 to 5M long). By
further stretching they pass over into type L (fig. 1 and 2 of Pi. A).
Type B indicates the thick-walled, rather resistant "arthrospores,"
regularly formed from type A.1 When they germinate, either globular
or oval forms are liberated. Some cells of type B, however, are produced
occasionally by D, or still less frequently by a direct enlargement of small
cells of type E or F, which will be discussed later. In the latter case the
germ developing from B shows the character of type G. Probably
no B formed by A germinates in this manner. This fact, then, would
distinguish these morphologically identical forms.
Type C comprises all large forms in the stage of granular decomposition
heretofore generally considered to be dying ' ' involution " forms. If the
granules are very small, they are nearly always easily stained. The larger
ones, on the other hand, usually remain entirely unstained when treated
with aqueous solutions of anilin dyes. Owing to the degenerated condition of the cell wall, the form of the cells frequently becomes quite irregular, and the granular content may become partially or entirely free (fig.
7 to 10 of PI. B). Undoubtedly these granules are of different nature.
Some may be fat, glycogen, or other metabolic products. Most of them
however, are living entities, as is clearly shown by their further behavior,
if not by their motility. Sometimes these granules develop to full-sized
cells before being liberated. (See type J.) In this case they behave
exactly like the 'Conidia" in iron bacteria, as described by Cohn (4).
However, in most cases they either leave the cell entirely before they
1
We think it best to reserve the name "arthrospore" exclusively for those cases where the whole cell
acquires the character of a spore. If only parts of the cell (either at its end or side) show such transformation, we call them "regenerative bodies" or "exospores," according to their special character.
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start growing, or they grow out of it, piercing the cell wall. With all
small bacteria we have observed only the two latter types of growth.
Almquist (i), who made some similar observations, called these granules
" conidia." In our opinion the term " gonidia "—that is, seed—is preferable, as these granules in every case act as organs of propagation and multiplication, whatever may be their special mode of growth.
Type D is in most cases the dissolution product either of the large forms
(types C and M) or of the small cells (types E, F, and H), but it can also
be formed by typical spores of type L, by regenerative bodies (I) and by
gonidia. Its inclination to take the stain varies widely. If the cell
walls participate considerably in its formation, it is readily and deeply
stained. The same holds true when the gonidia are small and easily
stainable. The large unstainable gonidia, on the other hand, which are
frequently produced in type C, as well as in type H (see below), naturally
give a rather pale or entirely unstained D. The structure, too, varies
accordingly. Small cells, or small gonidia, cause a finely granulated,
somewhat "hairy" structure; especially in the case of small slender rods
like B. fiuorescens, B. radiobacter, etc., the term "woolly" perhaps would
be applicable. Large gonidia, on the other hand, as well as spores, clearly
melt together when entering this stage of growth. Figures 7 to 12 (PI. B),
18 (PI. C), and 19 (PI. D) illustrate the different possibilities. Like type C,
type D has been considered by some investigators—for example, by K. B.
Lehmann—as an occurrence indicating the death of the bacteria.1 Usually, however, it has been passed as some uninteresting "slime" or "dirt."
As it is made up by a thorough mixing or melting of a frequently large
number of cells, spores, or gonidia, the term symplasm or symplastic stage
seems to be a correct and convenient name for this stage.
Some time after the symplasm has been formed, very small granules,
regenerative units (0.2 to 0.3^1), become visible. If the symplasm does
not take the stain, the appearance of these organized well-stained forms
inside the amorphous pale mass is very surprising (fig. 12 of PI. B).
Such a prepárate indeed first turned our attention into this new direction. The regenerative units increase in size until they show the form
of type E, F, I, or even A or B (fig. 13 and 14 of PL C). All these cells
are easily stained, their cell walls being usually comparatively thick.
At last, practically all the symplasm is reorganized, leaving sometimes
only very few pale small " flakes."
Type E represents a miniature counterpart of types A and B. The
size of the cells varies between o, 3 and 1 ¡x. Only with the latter forms are
the thin and the thick walled cells clearly discernible. In some cases at
least, we were able to observe germinating arthrospores of this type.
If necessary, both subtypes may be indicated conveniently by appending
to the E a Greek letter a or ß, respectively.
1
The absurd G ame "zoogloea," which means "animal slime," has been repeatedly applied to this product
of bacterial "autolysis," and the fact that the walls of the cells are dissolved has been considered as indicating the death of the content of the cells.
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Type F comprises all small rodlike cells of different form, straight or
curved, about 0.3 to 0.5M broad, 0.75 to 1.5M, or more, long. When not
forming spores, they may be labeled Fa; otherwise F0. Cells of the
Fa type occasionally look very much like B. radiobacter and related
species. In cases where great difficulties were encountered in getting a
pure culture of B. azotobacter, this type of growth probably has repeatedly
displayed an unwelcome activity. When developing from the symplastic
stage, type F/3 shows different and somewhat unusual-looking intermediate forms (fig. 15 of PL C). For making a spore-bearing rod of the
"Plectridium" type, a body splits off from the symplasm, showing a
comparatively large "head" and a very small pointed "tail." When
the tendency prevails, however, to form a " clostridium ", the wellstained regenerative unit is located inside a pale sheath with pointed ends
and in growing stretches until the albuminous substance is equally
distributed inside the cell wall. Later, a part of the protoplasm once
more concentrates, developing the spore. Spore-free, as well as sporebearing, thin threads can directly, without passing through type D,
change into the large type L. (See below.) On the other hand, they can
also originate directly from this type (fig. 20 of PL D). In the latter case
they sometimes resemble type G, from which they differ, however, by
their spore formation and their genesis.
Type G shows, when treated with aqueous fuchsin, unevenly stained,
frequently branched threads looking very much like Actinomyces.
It is, however, as indicated in text figure 1 and shown in figure 16 (PL C),
merely an intermediate step between types D and E which may be
dispensed with. The small cells of type E are kept together by unstainable slime. Boiling water dissolves this slime within two minutes.
A prepárate treated accordingly with boiling aqueous fuchsin shows
merely type E or some threads just dissolving (fig. 17 of PL C).
Type H acts as the counterpart of type C. There the larger, here the
smaller cells are undergoing a granular decomposition leading to type D.
However, rods, as well as spores, show a very unusual appearance in
this case. They become entirely unstainable by aqueous dyes, but
remain clearly visible even with a wide-open condenser, owing to the
very bright luster of their granular content (fig. 18 of PL C).
Type I represents the globular, oval, or rodlike "regenerative" bodies
which have been studied by Prazmowski (18). Here, again, an added
a or ßt respectively, may indicate their more or less resistant character
(thin or thick cell wall). la usually originates from types A and B (fig.
5 of PL A) or from type C (fig. 7 of PL B). Iß, on the other hand, in
most cases is an offspring from the symplastic stage D (fig. 13 of PL C).
Irregularly shaped type I, which is quite frequent with the other bacteria,
has been observed only occasionally in cultures of Azotobacter (fig. 16
of PL C). The regenerative bodies either produce, by germinating or by
stretching, cells of type A, B, or L or they convert themselves entirely into
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regular spores. This possibility will be discussed at once. But, as mentioned before, regenerative bodies may also produce forms belonging to
types E and F, making two of the "outside" connections between the
upper and the lower circles as given in text figure i.
Type J characterizes another rather rare occurrence also studied by
Prazmowski. Forms belonging to type A, B, or occasionally L, increase
in size and inside themselves develop one or more new full-sized cells of
type A or B (fig. 6 of PI. A and fig. 21 of Pi. D). These new cells are the
result of the growth of the gonidia.
Type K comprises all those cells of type A, B* E, F, G, I, or L which
produce one or more well-stained, round, oval, or rodlike buds, which, in
the case of the large forms, occasionally cause a close resemblance to
some budding yeast cell. These "buds" are gonidia developing into
regenerative bodies, seldom directly into full-sized forms. An added
a, ßy €, <pf 7, 1, or X indicates the relation to type A, B, E, F, G, I, or L,
respectively (fig. 3 to 6 of Pi. A; fig. 14, 16, 17 of Pi. C; fig. 20, 21, 24 of
PI. D).
Type h is made up of the large spore-free and spore-forming rods La
and Ifß, as well as of free spores and long threads. Germinating spores
of this type produce either long rods or rather short ovals resembling
type A, The big spore-free rods and threads resulting from type A
(fig. 1, 2 of Pi. A) seem to be unable to develop directly the faculty to
form endospores. At least, we have never observed such a change, and
this also would be in accordance with the fact that a direct transformation
of a spore-free into a spore-forming bacterium has never been observed.
As mentioned above, type F0, too, does not develop from type Fa, but
directly from the symplasm. As is also noted above, these small sporeforming rods occasionally convert themselves into large spore-forming
bacilli. Usually, however, the regenerative bodies formed by type D
seem to be the normal predecessors. Under conditions, which will have
to be studied more closely, these round cells acquire the tendency to
produce endospores, which, in their turn, go back into the symplastic
stage. This second symplasm then produces another set of regenerative
bodies which stretch out to large granulated rods and threads. They
later form the normal endospores.
TypeM represents another rather unusual form. It originates from type
L and passes over into type D (fig. 10 of PI. B and fig. 19 of PL D).
It is hardly necessary to point out that sometimes our separation of
the forms observed into different types becomes more or less arbitrary.
For example, there are no absolutely sharp lines separating types A
and B or the regenerative bodies I from the full-grown cells. Thickwalled cells of types E and F, when produced in the symplasm, might
just as well be considered as "regenerative bodies." A germinating cell
of type Eß and a budding form of the type Ke resemble each other very
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closely. However, similar difficulties occur in all such cases, where we
want to reach some clear ideas concerning the multitude of the varying
forms which we find in nature; and, as we now know that the life cycle of
the same bacterium presents so many more different aspects than we ever
expected before, we simply are compelled to take our refuge in some kind
of classification, however crude it may be.
In Table I we give a summary of the different types of growth observed
thus far in our preliminary studies with 24 representatives of the group
of B. azotobacter. The laboratory numbers of the different cultures are
to be connected in the following manner with the different types of
Azotobacter, according to the denominations generally used :
No. 1, 2, 10, 11, 12, 14, 17 to 20, Azotobacter chroococcum, old stock
cultures.
No. 21 to 25, Azotobacter chroococcum, new cultures isolated from different soils.
No. 3 to 6, 13 and 15, Azotobacter Beijerinkii.
No. 7 and 16, Azotobacter vinelandii.
No. 9, Azotobacter vitreum.1
TABLE

I.—Types of growth observed with 24 cultures of Azotobacter

[The laboratory numbers of the cultures are given at the head of the columns]
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Another strain of A. vüreum isolated in 1904 in l^eipzig bore the No. 8 (now missing) in our collection.
It died shortly before these investigations were started. One of the photographs (fig. 6 of PI. A) was made
by using an old prepárate of this culture. We hope to be able to replace it later by a new subculture of
the original strain left in the laboratory of the senior author in I<eipzig.
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More complete studies, of course, will fill all places now vacant in the
table. The rather irregularly observed types G, H, J, and M are of no
fundamental importance in the life cycle of B. azotobacter, and our interest
has not been especially centered upon them. The large forms (types A,
B, and L), as well as the small ones (types E and F), have been found in
all cases. The same holds true concerning types D and I. This means
that the full life cycle typical for B. azotobacter has been observed with
every strain. That budding forms (type K) were also noticed in 23 out
of 24 cases is of minor interest, because this is another type which represents no essential link in the cycle of bacterial life. Merely its unusual
and heretofore nearly unknown appearance naturally attracted our
attention.
The growth of the gonidia which causes this "budding'' occasionally
leads to three other kinds of development which deserve some short
discussion. If the "buds" stretch out considerably, they cause the
formation of branched bacteria, which can be found in the Azotobacter
group, as well as in all other groups of bacteria. If, however, several
gonidia, inclosed in the same cell or in its liberated granular content,
start growing simultaneously in different directions, starlike forms result, which are frequently found in cultures of rodlike bacteria. BacL
radiobacter probably is the best known example of this special type of
growth. But we have already reserved for a later publication good pictures of starlike outgrowths of slender rods from the typical large globular
Azotobacter forms. An interesting crownlike form, representing the
medium stage between simple budding and the formation of stars, is
shown in figure 16 (PL C) directly above the upper symplasm. The
third kind of gonidial development is another heretofore unknown
type of growth. The budding gonidia sometimes develop into forms
which clearly show the morphological and physiological character of
typical endospores. Since they are produced, however, outside of the
cell, they may be called exospores. In figure 20 (PL D) different stages
of their development are reproduced. Their occurrence is not quite so
surprising as it may seem to be at first, when considered in the light of
the two following facts. Those "granules" which precede the formation
of the normal endospores inside the bacterial cells are actually nothing
else than small gonidia. When budding, the gonidia frequently develop
into thick-walled regenerative bodies, which not only germinate in the
same manner as endospores but may also acquire quite a considerable
resistance against heat. As mentioned above, regenerative bodies growing out of the symplasm sometimes convert themselves practically
entirely into spores. Budding exospores therefore are merely a special
application of a general rule; they are regenerative bodies with the character of spores.
Normal heat-resistant enaospores showing polar germination have
been found in 13 of our Azotobacter cultures—that is, in more than 50
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per cent of all cases. During our first investigations upon this subject
(14) only 4 of 11 strains (No. 2, 4, 5, and 6) possessed this faculty,
which they had acquired between 1908 and 1912. Culture 7 gave some
bodies looking like endospores in 1914, but they were not resistant to
heat. This faculty has now been fully developed. Cultures 15, 17, and
19, also typical spore-free cells at the time of their isolation some years
ago, showed their inclination to form endospores when first tested in this
direction in 1915. Cultures 23 to 25 developed this special character during the time we were experimenting with them. To fix exactly the conditions for transforming a spore-free into a spore-bearing strain will
be one of the tasks in our later, detailed investigations. As already indicated, a close study of the symplasm and of the regenerative bodies
derived from it will solve this problem as well as many others concerning
the multitude of forms inclosed in the life cycles of the bacteria.
Unquestionably in all such experiments the inner condition of the
cells is of no little importance. That at least in some directions this
factor can eventually outmatch the influence of the outer conditions to
a considerable extent is clearly shown by the interesting behavior of 22
of our Azotobacter strains when they were inoculated into soil extract
containing 1 per cent of mannite and 0.05 per cent of monobasic potassium phosphate (KH2P04), after having grown previously in moist
sterilized soil and mannite. Fifteen of these cultures grew in the large
types A and Iy and seven in the small types E and F when the experiment
started. Two weeks later, without a single exception, all the fifteen strains
changed from types A, B, and L to D, E, and F. Vice versa, the seven
others produced types D and I, these developing into types A, B, and L.
This result corroborates once more our statement that every strain of
Azotobacter or of any other bacillus will pass through all phases of its
cycle of life persistently if the conditions are suitable. Undoubtedly and
in full accordance with the behavior of higher organisms, some strains
are especially inclined to grow mostly in one or the other subcycle.
However, the formation of the symplasm and its "plasticity" enables
us, if we make use of these interesting possibilities, to induce and accelerate
changes in the general development of a bacillus to which the special
strain perhaps may be only very little inclined at that time. For example, our five newly isolated Azotobacter cultures 21 to 25 had, of
course, the pronounced tendency to grow in their typical large globular
or oval form. Only in about 1-month-old mannite solutions were the
long rodlike forms more numerous, mixed with forms belonging to types
A, B, D, E, F, and I. Transfers on mannite agar, after one day, gave in
four cases an abundant and practically pure growth of the large rods,
showing a tendency to form endospores. Only one culture (No. 24)
failed, because in this case we had no such old solution at hand and had
started, therefore, from a 3-day-old culture, which exclusively produced
round and oval regenerative bodies on mannite agar.
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Mannite soil extract, which has been used with very satisfactory
results by the senior author (13) for more than 10 years for the study
of nitrogen-fixing and other soil organisms, unquestionably has the disadvantage of a varying and partially unknown chemical ' composition.
However, beef broth and similar substrates are liable to the same objection and yet are generally used in bacteriological laboratories. Nevertheless it would be preferable to have media at our disposition of the
same favorable qualities but of well-defined chemical composition.
Practically all of the many artificial substrates recommended in the
bacteriological literature are much too concentrated, especially for soil
organisms. For many of our experiments we used the following mineral solution to good advantage:
Monopotassitim phosphate neutralized to phenolphthalein
by sodium hydroxid
0.02 per cent
Magnesium sulphate
02 per cent
Sodium chlorid
02 per cent
Calcium sulphate
01 per cent
Ferric chlorid, 1 per cent solution
2 drops per 100 c. c.

As carbonaceous material for B. azotobacter, 1 per cent mannite was
used. The further addition of 0.02 per cent of potassium nitrate or
peptone proved to be beneficial though not necessary. All these solutions are entirely clear and therefore especially suitable for microscopical studies. If a strip of filter paper sufficiently long to reach about
1 inch out of the solution is placed into the test tube before sterilizing,
a luxuriant growth of the large forms belonging to types A and B quickly
spreads on the part above the liquid.1 In old solutions the symplasm
frequently develops to such a degree that it becomes clearly visible to the
naked eye as white flakes or slimy threads. Figure 14 (PI. C) is a reproduction of the end of such an enormous accumulation of living material.
The last three pictures of our Azotobacter series (ñg, 22 to 24 of PL D)
illustrate one of the comparatively rare direct connections between the
small and the large forms. We have here before us the exact counterpart of the alteration shown in figure 20 (PI. D). Certainly this direct
growing up of the small organisms to forms belonging to type B, the
forthcoming of threads of type G in the germinating process, and the
unusual appearance of their budding, by which the small forms are
regenerated, deserve our full attention. However, this kind of development seems to be a rather rare exception to the rule. These forms also
are much inclined to turn into the symplastic stage. A photographic
picture of this occurrence will be published later.
The close study of this side connection, however, led us to another discovery which we had failed to make before, although our other préparâtes,
1
The arrangement mentioned above is very helpful for obtaining pure cultures of Azotobacter from the
soil. At the same time it allows the motility of an organism to be determined macroscopically. One of
our strains crept up 20 cm. in 10 days on long paper strips in large test tubes.
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as reproduced in figures 1 to 3 (PI. A) and 8 (PI. B), show the same fact
much more clearly. In all these préparâtes many cells are in a conjunct
stage, which can not be explained by the assumption that this conjunctionl
is only accidental. Most of these illustrations have been made from contact préparâtes taken directly from 4-day-old colonies. Smears made
in accordance with the £<standard methods" probably would have
destroyed most of these connections. But also in this case it was still
more the effect of our theoretical blinders which prevented an earlier
seeing and understanding of this fact, which, like the budding of the
bacteria and the formation of the symplasm, has not only actually been
seen by many bacteriologists but also has been unknowingly reproduced
in several illustrations in our daily used textbooks.
So far as we are aware, only one author has spoken of a similar observation. In 1892 Förster (6) found occasionally that Chromatium Okenii
sometimes entered into some l 'primitive copulation." Among the drawings accompanying his paper, a sketch made from a photomicrograph
seems to us most trustworthy. Its conformity with our Azotobacter
illustrations is practically complete. Observations in the hanging-drop
clearly showed that there is some interference between the plasmatic substances in the conjunct cells or even some direct mixing of them.
The determination of the actual physiological significance of this
conjunction must be left, of course, to a more thorough investigation.
At present we merely wish to add and to emphasize that this process is
by no means such an exception as might be deduced from Förster's
statements and from the silence observed in this direction in our textbooks. The conjunct stage seems to be of no less general importance
and occurrence in bacterial life than the formation of the symplasm
Not only normal cells and regenerative bodies but also exospores
have been frequently found in conjunction. And if we only succeed in
forgetting for a moment our most cherished theories and simply try to
look at the facts as they are, we find at once that the formation of the
symplasm and the conjunction of the cells are nothing else than two
modes of mixing plasmatic substances temporarily inclosed in separate
cells and that evidently the continuity and rejuvenescence of the living
matter in the bacteria is just as much dependent on this process as in
the case of all other organisms.
A thorough study of the relations existing between the conjunct and
symplastic stage will be the first object of our further investigations in
this line. We hope that experiments with well-defined varieties and
species will soon furnish a correct insight. The ease with which the
' ' flakes" of the symplasm can be isolated is, of course, very advantageous
for these, as well as for systematic, studies.
1
We prefer thenewterm conjunction instead of "copulation" or "conjugation," because frequently more
than two cells unite and no sexual differentiation so far has been observed.
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Before entering a discussion of the life cycles of other bacteria, the
serial numbers for the four subcycles of B. azotobacter may be given, determined, so far as possible, in accordance with the methods recommended
by the Society of American Bacteriologists. The behavior in the presence
of the different carbonaceous substances, however, had to be tested in
our mineral solution with nitrate to which 0.5 per cent of the different
sugars, etc., was added, the highly concentrated peptone solution not
being suitable for this organism. That the appearance of the colonies,
as well as the other cultural characteristics, differs accordingly, goes without saying; these details will also be given later. The serial numbers
resulting from our tests are as follows :
Type A.—221.2322813.
Type E.—222.2222524.
Type L—121.3332033.
Type F.—122.4442034.
THE LIFE CYCLES OF OTHER BACTERIA
The following 18 cultures were selected as representatives of practically
all groups of bacteria.
No. 31.
No. 32.
No. 33.
No. 34.
No. 35.
No. 36.
No. 38.
No. 39.
No. 40.
No. 41.
No. 42.
No. 43.
No. 44.
No. 45.
No. 46.
No. 47.
No. 48.

B. subtilis, isolated from evaporated milk.
B. lactis niger, Gorini's original culture from Krai's Museum.
Tyrothrix tennis, Duclaux' original culture from Krai's Museum.
B. danicus, isolated from soil.
Bad. pneumoniae, isolated from soil.
Bad. radiobacter, isolated from soil.
Bad. denitrificans agile, Ampola's original culture from Krai's Museum.
Bad. radicicola, isolated from vetch.
Bad. fluorescens, isolated from milk.
A yellow bacillus (not determined) isolated from soil.
Planosarcina ureae, Beijerinck's original culture from Krai's Museum.
Sarcina flava, isolated from milk.
Micrococcus candicans, isolated from chernozem.
Micrococcus candicans, isolated from evaporated milk.
Salt-water spirillum isolated from Great Salt Lake, Utah.
Salt-water spirillum isolated from sea water.
Streptococcus lactis, kindly furnished by Dr. L. A. Rogers, Bureau of
Animal Industry.
No. 49. Bad. bulgaricum, kindly furnished by Dr. L. A. Rogers.

Before being tested, these cultures had been grown on the following
substrates:
Beef agar: No. 31-36, 38, 40, 41, 43~45Beef agar plus 3 per cent of sodium chlorid: No. 46, 47.
Beef agar plus 0.5 per cent of urea: No. 42.
Saccharose agar: No. 39.
Milk: No. 48, 49.

After having been examined as to their purity on agar plates, they were
cultivated on the different agars and in suitable solutions. Beef, salt,
and urea agars were used as before. In the case of B. radicicola (No. 39),
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however, the saccharose agar was substituted by mannite agar as prepared for B. azotobacter. The milk organisms (No. 48 and 49) were transplanted on yeast-whey agar and into yeast-whey solution, these media
being the most suitable for these organisms, according to the earlier observations of the senior author (13). The salt-water spirilla were grown in
beef broth with 3 per cent of sodium chlorid. For the other organisms
various solutions were prepared by adding to the mineral solution as
used for B. azotobacter the following ingredients :
0.1 per cent of ammonium citrate plus 0.3 per cent of glycerin for cultures 31, 33 to 36,
3S, 40, 41, 44» and 45.
0.04 per cent of peptone plus 0.3 per cent of glycerin for cultures 32, 42, and 43.
0.02 per cent of potassium nitrate plus 1 per cent of mannite for culture 39.
0.04 per cent of peptone plus 0.5 per cent of lactose for cultures 48 and 49.

All cultures were kept at 28o C. with the only exception of those of
BacL bulgaricum (No. 49), for which a temperature of 40o to 45 o C. is
more suitable.
In the light of the results obtained by us with B. azotobacter it was not
difficult to find out that the life cycles of all these organisms are essentially the same. On all good substrates they all pass quite regularly
through most, if not all, of the types of growth first observed with B.
azotobacter. In Table II the results are summarized. Type N, which we
have added here, represents the starlike growth previously mentioned.
TABLE

II.—Types 0/ growth observed with 18 representative bacteria

[The laboratory numbers of trie cultures are given at the head of the columns]

Types of growth.

!

36 38

46

48

A (large globules and ovals)
B (thick walled forms of type A)
C (granular decomposition of A, B, L, M)..
D (symplasm)
E (small globules and ovals)
F (small rods and threads)
G (slime threads with cocci)
H (granular decomposition of F and spores),
I (regenerative bodies)
J (normal cells developing inside)
K (budding gonidia)
L (large rods and threads)
M (cells with pointed ends)
N (starlike growths)

The disintegration of the normal cells into the symplastic stage (D),
the formation as well as the further development of regenerative bodies
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(I), and the occurrence of gonidia budding out of the normal cells (K)
have been observed in every case. With all those cultures which regularly produce endospores (No. 31-34, 41, 42), large cells belonging to
types A, B, C, and L were observed; and they were not observed with
the same constancy in cultures 35-40, 43-48. Of all these organisms
none are known to produce endospores. Bad. bulgaricum (No. 49), toof
is spore-free; but closely related forms isolated from the stomach have
been reported as producing endospores. The formation of cells of type
B, C, and L makes it highly probable that an experimental trial to
induce spore formation, may soon be successful. However, the same
possibility is by no means excluded in the other cases. It may be that
small spore-forming forms can be branched off from the other cultures.
Indeed, we have already obtained some quite encouraging results in this
line. Whether, then, another progression to the large cell types will be
possible is entirely an open question.
Referring again to our introductory remarks, we take this opportunity
to point out specifically that these perhaps somewhat surprising statements should by no means be considered merely as some absurd polymorphistic hypothesis. The well-known character of Bact. pneumoniae,
for example, will by itself remain completely unchanged, whatever may
be the result of further investigations upon the full life cycle of this
organism. If there is a spore-forming type, and perhaps even genetic
relations with some large-sized cells, this would in no way interfere
with nor impair the well-established facts already collected. Such wide
morphological differences must always be connected with no less considerable alterations of the whole physiological character, so that these
other types, if they are known, of course, are stored away as entirely
different tlspecies" in various remote places in the so-called " system''
of bacteria. This conclusion can be drawn with absolute certainty from
our observations on B. azotobacter as well as from Henri's experiments
(10) with B. anthracis. If only those changed forms, frequently seen
in all bacteriological laboratories, had not been persistently discarded as
uninteresting "involution forms" or as "contaminations," the whole
situation would undoubtedly be much clearer and much more satisfactory. At present it is not our intention to dwell upon the numerous
details collected in our studies of the life cycles of the different organisms. Though the broad types of growth are the same with all, the
morphological details, of course, differ considerably. Figures 25 to 30
(PI. E), 31 to 36 (PI. F), and 37 to 40 (PL G) will furnish sufficient proof
in this direction, especially when compared with our illustrations of Bm
azotobacter. It may suffice to add the following remarks :
Figures 25 to 27 (PL E) illustrate the appearance of the same cultures of B. subtüis on a beef-agar slant, made from a 1-day-old colony
on a beef-agar plate. The smear made directly from the colony showed
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the typical spore-forming rods as reproduced in the atlas of Lehmann
and Neumann (11, pi. 47, ñg. V). Figure 25 (PI. E) was made from a
prepárate from a 2-day-old agar slant. Spores dissolve into stage D;
and thick-walled, more or less irregular regenerative bodies are being
formed. This process is going on in the 6-day-old culture (fig. 26 of
PL E). The "melting" of the spores is clearly visible. The regenerative bodies have increased in number as well as in size. Some forms
resemble very much those of B. radicicola. After eight days (fig. 27 of
PL E) these regenerative bodies are either dissolved entirely into a
readily stainable symplasm or they produce bright granulated spores
(type H), which later also pass over into the symplastic stage. Sometimes the unstainable content of the regenerative bodies slips out of the
dark-stained cell wall, forming an unstainable symplasm like that frequently produced by cells of the C type of B. azotobacter (fig. 6 of PL A;
fig. 7 of PL B. See also the mixture of stained and unstained symplasm
in fig. 19, PL D). The new set of regenerative bodies developing from
the symplasm, especially from the dark-stained material derived from
those irregular forms, usually showed rodlike forms stretching out into
long granulated threads, which, in their turn, divided themselves into the
normal spore-forming rods typical of B. subtilis.
This behavior was observed, only slightly modified, with all cultures of
spore-forming rods. Figure 28 (PL E) shows this regerneration of the new
threads from the symplastic stage as it was found in a 2-day-old transfer
of the "yellow bacillus" (No. 41), made from a 12-day-old peptoneglycerin solution into the same liquid substrate. The thread on the right
side of the field illustrates the situation especially well. As the upper
part is broken off, the gonidia inside the cell, which caused the formation
of the short branch on the lower part, become visible. The symplasm
still contains several regenerative units which apparently are checked by
the vigorous absorptive action of the thread.
The special appearance of many types of growth of Bad. bulgaricum is
plainly discernible in figure 29 (PL E), made from a 6-day-old stab culture
in yeast-whey agar. Large and small rods (types E and F), pointed
forms (type M), the formation of regenerative bodies (type I) budding
(type K) are clearly visible. On the left side of the figure two long, thin
threads grow ("branch" or "bud") out of the same point in a larger rod.
Below this another thick rod, showing granular decomposition (type C),
is reproduced. In the middle of the field some thin, pale symplasm (D)
is spread out. Above, a thin pale thread containing darker stained
bodies (type G) crosses the field. Some small cells of type E are lying
close to it. That the round cells budding out of the rods are indeed
regenerative bodies is proved by their germination, the new rods growing
out in one or in two directions. This frequently happens when the
regenerative bodies are still connected with their mother cell.
42721°—16
2
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The formation of the syinplasm in an 11-day-old ammonium-citrateglycerin solution of B. fluorescens is shown in figure 30 (PL E). This
figure should be compared with figure 11 (PL B), showing the formation
of stained symplasm of B. azotobacter. The dark rods also visible in
the former figure are of the H type.
In figure 31 (PL F) cells of Sarcina flava from a 1-day-old beef-agar
slant are reproduced partially disintegrating into the symplastic stage.
The small symplasm in the center has already entered the formation of
regenerative units. Many of the cells are in the conjunct stage.
Figure 32 (PL F) illustrates the transformation of the symplasm of
Streptococcus lactis into many normal forms and some round regenerative
bodies, as observed in a 5-day-old peptone-lactose solution. * As far as
this transformation has already taken place, it is clearly discernible that
indeed, as mentioned before, the whole material is used again for the reproduction of new cells practically without leaving any remnants. Figure
33 (PL F) shows another "flake" of symplasm of Streptococcus lactis from
a 3-day-old milk culture containing many regenerative units and some
globular regenerative bodies. This illustration is of special interest for
the following reasons: Such globular bodies of different diameters are
produced by all kinds of bacteria (cf. fig. 13 of PL C; fig. 25, 26, 27 of
PL E). If they are dispersed in their symplasm and this is embedded
in the equally deeply stained casein of the milk, it looks nearly as if the
albuminous substances of the milk were forming granules which later
produce normal bacteria by germinating or stretching. The center of
figure 33 (PL F), where a rather compact symplasm is lying above a very
thin film of casein, shows that these things are entirely separate and different. However, in the lower left part of the field some symplasm is
embedded in a thicker layer of casein, and here the situation is much
less clear. Now, Fokker (5), one of the few authors who are still fighting
in favor of spontaneous generation, has repeatedly pointed out that his
standpoint is strongly supported by the fact that the albuminous substances in animal tissues, as well as in milk and in blood, produce small
granules which later develop into normal bacteria. The assumption that
his subtrates were not sterile, of course, does not furnish a complete
explanation of these peculiar observations. We believe, however, that
our discovery of the symplasm and of its regenerative units settles this
question.
That the formation öf the symplasm and the regeneration of new cells
are by no means an abnormal occurrence merely caused by the unnatural
conditions under which our cultures are compelled to live in the laboratories can be deduced without great difficulty from different facts already
mentioned. However, we thought it useful to add to the illustration of
the milk culture another one reproducing an entirely "natural'' occurrence. Figure 34 (PL F) was taken from a smear made directly from the
content of a root nodule of red clover. The irregular, frequently branched
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large forms 1 are passing over into the symplastic stage. Many bright
gonidia, some deeply stained regenerative bodies, and a few normal slender rods are seen. This illustration should be compared with figures 26
and 27 of Plate E.
The two salt-water spirilla included in our experiments were also
inclined to produce symplasm, globular and irregular regenerative
bodies like the representatives of all other groups of bacteria. We
have preferred, however, to show in figures 35 and 36 (PI. F), which
were made from a salt-beef-agar slant only 4 hours old, some facts
which confirm and explain two observations made several decades ago.
In 1887 Sorokin (19) published a preliminary communication upon
his "new species" Spirillum endoparagogicwm, of which, so far as we
know, a full description has never been given. His illustrations, reproduced in several textbooks, show clearly that he also found a budding
bacterium without becoming aware of this fact. That the bright
granules contained in the large spirilla and budding out of it, forming
new small rods and spirilla, were not endospores, as the author asserts,
seems to be beyond question. No test was made of their heat resistance,
and in our opinion the fact that many of them were produced in the
same cell proves sufficiently that they were gonidia. Their globular form
is also much more in agreement with this opinion than with the assumption that they were endospores. Figure 35 (PI. F) shows the same
budding of our salt-water spirillum. Many of the irregular uinvolution''
forms, so frequently observed with other spirilla, belong also to this type
of growth. Furthermore, in figure 35 (PL F), as well as in figure 36 (PL F),
several round regenerative bodies are reproduced, some of them being
in the germinating stage. They are either dark-stained like those of
other bacteria or they remain unstained when treated with aqueous
anilin dyes. If such unstained forms are budding out of the end of a
spirillum, as can be seen in the center and at the right side of figure 35
(PL F), we have apparently before us the same occurrence which was
described by Prazmowski in 1880 (17, p. 43). We have not yet tested
the heat resistance of these bodies. It is possible that they are parallel
forms of the exospores found in the spore-forming L type of B. azotobacter. In the meantime they may be registered as unstained regenerative bodies. Some different types of germination are exhibited by the
three regenerative bodies in figure 36 (PL F). The lower right part of
figure 35 (PL F) contains several spirilla which may be in the conjunct
stage. They are wound closely around each other, forming apparently
one thick cell, only the end parts being separated. An analogous occurrence with Spirochaeta obermeieri has been recently observed by Levy
1
They have been called "bacteroids" by Brunchorst because this author conceived the wrong idea that
they were not bacteria, but ceil products looking somewhat like bacteria. We are unable to understand
how such an entirely incorrect term can still be used in modern scientific publications.
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(12), who is also of the opinion that some "copulative" process takes
place.
In future publications we will have to give more illustrations showing
the different forms of the various kinds of regenerative bodies produced
either directly by the different bacteria or by their symplasms. It seems
as if such irregular, sometimes monstrous-looking formations as reproduced, for example, in figure 26 (PI. E), are very constant and very
characteristic for the species to which they belong. This is already well
known in the case of B. radicicola, and our figures 37 and 38 of Plate G
may demonstrate the same fact in relation to Micrococcus candicans. The
préparâtes were made from 6-day-old cultures in an ammonium-citrate
solution. One strain (No. 44) had been isolated about six years ago
from Russian black soil; the other (No. 45) nine years ago from evaporated milk. The characteristic appearance, as well as the uniformity
of both illustrations, deserves our full attention.
Figures 39 and 40 (Pi. G) show the formation of well-stained gonidia
by the yellow bacillus (No. 41) and by B. fluorescens (No. 40). In both
cases the transformation of gonidia into regenerative bodies is clearly
visible (cf. fig. 29 of PI. E). Eigure 39 (Pi. G) contains also in its lower
left quarter some germinating regenerative bodies. The "budding"
process is very conspicuous in this case, but the second picture makes it
clear that the size of the gonidia frequently becomes so small that even
a very careful observation of the stained prepárate is hardly of any use.
Besides, as many of these gonidia do not take the stain at all, some
filtering experiments and the observation in the dark field seemed to
be preferable.
FORMATION OF FILTERABLE GONIDIA
The formation of gonidia has been observed with all our different cultures, but whenever we saw a large number of gonidia in our préparâtes,
there were always some, frequently many, just at the limit of visibility.
It was to be expected that these would pass through Chamberland
bougies. As our other experiments had shown that these gonidia are
indeed living entities, some tests seemed to be of interest, especially in
view of the many open questions concerning the occurrence and character
of filterable vira.
The following cultures wTere used for making filtering tests :
No. 1 (B. azotobacter), 24 days old in a mannite-nitrate solution; No. 31
(B. subtilis), 11 days old, in ammonium-citrate-glycerin solution; No. 33
(Tyrothrix tennis), No. 35 (Bad. pneumoniae)y and No. 40 (Bact. flúorescens), each from a 2-day-old culture in ammonium-citrate-glycerin
solution.
The filtrates were first tested under the microscope. Stained préparâtes had to show the absence of large forms. By the use of the dark
field the small gonidia could easily be seen, some of them being actively
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motile. These filtrates were then transferred to beef agar, beef broth,
milk and blood serum. After incubating, the macroscopical appearance
was the same in all cases. On the agar slope, especially on its lower
moist part, a very scant, thin, slimy growth, somewhat resembling a very
thin layer of small droplets of dew, became visible. A stained prepárate
from a 4-day-old slant clearly showed the gonidia germinating to minute
rods (ûg. 41 of PI. G). The other substrates also gave no conspicuous
growth.
The dark field proved more efficient in observing these almost invisible
forms. Figure 42 (Pi. G), made from the same 4-day-old slant as figure 41,
shows clearly that the* filterable gonidia also form a symplasm in the same
manner as the larger ones, which, in its turn, produces new small cells.
In order to bring out more definitely the structure of this symplasm, it
was necessary to make a very dark print, thereby obliterating several free
granules which were also visible in the field.
These facts are in good agreement with the observations of various
authors concerning filterable vira. In one of the latest publications along
these lines Healy and Gott (9) described the filterable organism causing
hog cholera as small globules or rods (0.2 to 0.3/*) when growing on
ordinary media appearing in slimy clumps which are either well stained
with aqueous dyes or are not stained at all. *
As a regeneration of larger forms could in no case be observed on the
subtrates mentioned, we also transferred small quantities of filtrates of
cultures 31, 35, and 40 into ammonium-citrate solution. Here a quick
regeneration took place. After two days some sediment was already
formed, which after shaking caused a distinct turbidity of the solution.
Under the microscope in the stained prepárate many pale, stained, small
granules and minute rods were visible, as before, and also larger dark
stained oval forms 0.5 to iß broad, 0.75 to 1.5/x long. These forms still
differ considerably in their appearance from the normal rods of B. subtilis or BacL fluorescens. They may be classified as regenerative bodies.
That they will turn back entirely to the normal large vegetative cells is
not doubtful, but this still remains to be tested experimentally. So far
our tests have been repeated three times with Bact fluorescens and twice
with B. subtilis. The results were identical. For the filtration we used
three different filters, which were controlled in each case by obtaining
sterile filtrates from 1 -day-old cultures of B. subtilis or B. azotobacter 1.
In carrying out experiments like these, however, another possibility
of obtaining erroneous results must be kept in mind. Not only must
the media be carefully prepared and sterilized but all glassware must be
thoroughly treated with some cleaning fluid such as chromic acid, which
destroys entirely all bacterial forms. The fact that mere sterilization
is not sufficient is shown by the following test :
Particles of symplasm containing many regenerative bodies were carried from a mannite-nitrate solution to a similar medium and heated

696

Journal of Agricultural Research

vol. vi, No. 18

in the autoclave for half an hour at 20 pounds' pressure. Even after
this harsh treatment the microscopical picture was practically unchanged.
As substrates rich in organic matter, such as beef agar, frequently contain symplasm and regenerative bodies resulting from former bacterial
growth, they are especially liable to give misleading results.
DISCUSSION OF RESULTS
We hope that the facts mentioned in this preliminary communication
will suffice to awake an adequate interest among our fellow bacteriologists, as there are numerous problems which now can be attacked successfully from this new standpoint. It is true that several authors
before us have already spoken of the "life cycles'' of bacteria. In most
cases, however, they meant only the straightforward (not "cyclic")
development, consisting in stretching and dividing of the cells, sometimes combined with the formation and germination of endospores.
Fuhrmann (7, 8), who also wrote upon the "Entwicklungskreise" of bacteria, made some correct observations concerning the formation and further
development of the gonidia. He was wrong, however, in concluding
that these "granula*' which he found in some spore-free bacteria were
practically counterparts to the endospores in the "life cycle" of the
spore-forming bacilli, and his opinion upon the "detritus" resulting from
the disintegrating cells—namely, the symplasm;—was far from being
correct. In this direction Fokker (5) came much closer to the truth.
It is not impossible, of course, that by a thorough sifting of the literature
we shall discover some entirely forgotten author who was already on the
right track. So far as we know now, only one bacteriologist has previously seen all the different stages of growth typical of the full life cycle
of the bacteria. We refer to De Negri's important "Untersuchungen zur
Kenntnis der Corynebacterien" (16), which appeared this spring, when
we had just begun to prepare this paper for publication. A comparative study of the illustrations of his article and those of the present
paper will be very instructive. He registered the following forms produced by the organism which causes the "malignous granulom:"
Large globules (2.5 to 5.5M) sometimes in sarcina form,
eventually developing round or rodlike germs or buds
Large forms containing granules occasionally unstainable
Crumbly agglomerations formed by large forms "melting" together, which later give birth to new small
forms
Small globules frequently in chains
Small short rods (H by IM), small slender rods (# by
1% to 2fjL ), rods containing granules, curved rods, and
rods showing racket form
Granulated threads dissolving into small globules
Entirely unstained bright rods

Our types A and B
i

Our type C
Our type D
Our type B
Our type F
Our type G
Our type H

juiy 31,1916

Life Cycles of the Bacteria

Globular forms of different size sometimes showing a
thin protruding rodlike form, irregular curved or
clublike forms which later produce normal rods
Budding large globules, budding and branching rods
and threads
Large rods and threads
Pointed rods containing large granules
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Our type I
Our type K
Our type L
Our type M

This complete agreement is indeed very interesting, and as we ourselves have not worked with any representative of this group of organisms, De Negri's observations furnish a very welcome extension and confirmation of our statements concerning the life cycles of all bacteria.
De Negri himself unfortunately failed to see that he was touching this
general problem. He confined his studies almost exclusively to those
corynebacteria causing "malignous granulom" and to some closely
related forms. Therefore he was carried away to the entirely incorrect
conclusion that those large budding forms were some kind of "blastomycetes," and the organism studied by him should be separated from the
bacteria and placed among the fungi Imperfecti. A comparative study
of any of the common bacteria—for example, B. subtilis—would easily
have prevented this serious error.
For diagnostic and systematic purposes a full knowledge of the Hie
cycles of the bacteria will naturally be of the greatest importance. In
our opinion the following morphological details should be studied in
every case.
1. VEGETATIVE cEUvS; FORMATION AND GERMINATION OF SPORES
Spore-free and spore-bearing cells
Arthrospores, formation and germination
Bndospores, formation and germination
*
Exospores, formation and germination
2. CONJUNCTION OF DIFFERENT CEU, TYPES
3. GONIDIA, formation and development
Budding, liberating, germination, development in toto to regenerative
bodies, to exospores, or to full-sized cells
4. SYMPLASM, formation by
Spore-free cells
Spore-bearing cells
Arthrosporesi
Endospores and exospores
Regenerative bodies
Gonidia
5. REGENERATIVE BODIES
Formation by
Spore-free and by spore-bearing cells
Arthrospores, endospores, and exospores
Gonidia of different types
Symplasm of different origin
Germination of the different types
Development in toto to vegetative cells or to spores
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The improvement of the present situation is obvious. As the full life
cycle of probably every species of bacteria can be studied without difficulty within a few weeks, provided suitable media are known and used
for the experiment, we may hope that the time of reckless species-making
will soon be ended. As said before, "good" species will win very much
by such renewed and thorough study. The innumerable others, however, will have to take their modest place as links in those life cycles to
which they really belong, or they will have to be canceled entirely. That
the discovery of the conjunct and symplastic stage and further experimental studies upon it are of fundamental importance for reaching correct conclusions concerning species or varieties is beyond question.
Undoubtedly all our physiological studies will gain in much needed
conformity and accuracy when established on the new broad morphological basis. . It is to be hoped that such investigations now will also
meet with more interest in botanical laboratories, where many of the
general problems in bacteriology should be studied, as usually the time
of agricultural and medical bacteriologists is completely taken up by
their more specialized work. For instance, those curious but heretofore
entirely unexplainable regular seasonal variations in the activity of bacteria in soils, quite frequently observed in Europe as well as in America
during the last years, now seem to become explainable as a result of the
seasonal effect upon the different modes of multiplication and propagation of the bacteria. A similar dependency on this factor then would
exist as with other organisms. At least we can hardly consider it being
merely an accidental coincidence that essentially the same annual curve,
showing a maximum in spring and another one in autumn, is also followed by lower fresh-water algae, where, as Transeau's careful investigations (20) have shown, the temporary prevalence of spore formation'and
of vegetative processes apparently represents the principal cause of these
variations.
Concerning pathological problems, we readily admit that we are entirely
laymen. However, we feel sure that this branch of bacteriology also
would win considerably by making use of our observations. They show
that Henri 's (10) very interesting results obtained with B. anthracis could
easily be duplicated with this or other pathogenic species simply by
studying the relation of virulence and type of growth. That those abnormal looking and abnormally reacting forms obtained by the French
author by the application of ultra-violet rays are nothing else than some
of the regular though heretofore unknown types of growth of B. anthracis
needs hardly be emphasized. Investigations upon the relations existing
between pathogenic and nonpathogenic bacteria, as well as the experimental transformation of one type into the other, now undoubtedly become much more accessible and promising. The same holds true concerning the filterable vira. At least some of them are surely to be explained as nothing else than filterable gonidia of well-known bacteria.

juiy 3i, 1916
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That the discovery of the complete life cycles of the bacteria solves
also some problems in general biology has been indicated earlier in this
paper, when Fokker's theory (5) concerning the development of bacteria
from granules in milk or blood was discussed. It may be added that
also those much doubted and disputed strange observations of Bastian
(2, 3), so persistently and extensively defended by their discoverer, now
are coming under entirely new aspects. Readers interested in this question should compare especially Plates IV'and V of Bastiane "Nature and
Origin of Living Matter" (2) and those on Plates X and XI of his "Evolution of Life" (3) with our illustrations of the different kinds of symplasm and regenerative bodies. Figure 33 of the last-named plate (XI)
looks practically like a reproduction of our prepárate shown in figure 14
(PI. C). Bastian was wrong, of course, when he considered those large
cells as being some torula form; but we know that De Negri (16) made
the same mistake recently, which indeed is quite excusable. That the
budding large cell in our figure 14 is really nothing else than a type of
growth of a spore-forming bacillus will probably even now be doubted
by one or the other bacteriologist. It is superfluous to point out that
we do not share Bastiane ideas concerning abiogenesis. Our standpoint,
in this case is the same as in regard to Fokker's hypotheses. The weak
points in Bastiane experiments are sufficiently clear to every expert
reader of his books! This, however, should not lead to discarding indiscriminately all his undoubtedly carefully made microscopical observations.
It goes without saying that we will readily furnish subcultures of the
strains used in our studies to everyone who asks for them. But it probably would be still more interesting and surprising to our fellow bacteriologists if they would make some investigations with their own wellknown stock cultures along the lines discussed in the foregoing pages.
Even a renewed microscopical study of old stained préparâtes may become very instructive. For example, the senior author also did not know
that for more than 11 years he had in his collection, patiently waiting
to be photographed, that fine prepárate now shown in figure 6 (PI. A)
until, as stated before, he decided to take down his " theoretical blinders."
We have already mentioned that a careful study of the illustrations
contained in our daily used textbooks will now reveal several things
which we were so very well trained not to see. Certainly the German
philosopher Lichtenberg made a very wise remark when he said :
Was jederman für ausgemacht hält, verdient am meisten untersucht zu werden.
SUMMARY

A comparative study of 42 strains'of bacteria has shown that the life
cycles of these organisms are not less complicated that those of other
micro-organisms. As representatives of practically all groups of bacteria
have been tested and all, without exception, behaved essentially in the
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same manner, in all probability analogous results may be expected with
all species of bacteria.
All bacteria studied live alternately in an organized and in an amorphous stage. The latter has been called the "symplastic" stage, because at this time the living matter previously inclosed in the separate
cells undergoes a thorough mixing either by a complete disintegration
of ceil wall, as well as cell content, or by a "melting together'' of the
content of many cells which leave their empty cell walls behind them.
In the first case a readily stainable, in the later case an unstainable
"symplasm" is produced.
According to the different formation and quality of the symplasm the
development of new individual cells from this stage follows various lines.
In all cases at first "regenerative units" become visible. These increase
in size, turning into "regenerative bodies," which later, either by germinating or by stretching, become cells of normal shape. In some cases the
regenerative bodies also return temporarily into the symplastic stage.
Besides the formation of the symplasm, another mode of interaction between the plasmatic substances in bacteria cells has been observed,
consisting of the direct union of two or more individual cells. Thi9
"conjunction" seems to be of no less general occurrence than the process
first mentioned. The physiological significance remains to be studied.
All bacteria multiply not only by fission but also by the formation of
"gonidia"; these usually become first regenerative bodies, or occasionally exospores. Sometimes the gonidia grow directly to full-sized cells.
They, too, can enter the symplastic stage. The gonidia are either liberated by partial or complete dissolution of the cell wall or they develop
while still united with their mother cell. In the latter case the cell wall
either remains intact or it is pierced by the growing gonidia, which become either buds or branches.
Some of the gonidia are filterable. They also produce new bacteria
either directly or after having entered the symplastic stage.
The life cycle of each species of bacteria studied is composed of several
subcycles showing wide morphological and physiological differences.
They are connected with each other by the symplastic stage. Direct
changes from one subcycle into another occur, but they are rather rare
exceptions. The transformation of spore-free into spore-forming bacteria
seems to be dependent on the conditions acting upon the 'symplasm and
regenerative bodies.
The discovery of the full life cycles of bacteria may be helpful in many
directions. Systematic bacteriology now can be established on a firm
experimental basis. Physiological studies will win considerably in conformity and accuracy when connected with morphological investigations along these new lines. Several problems in general biology are brought
under more promising aspects. Agricultural bacteriology and medical
also will derive much benefit.

July 31,1916
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PLATE A
Magnification in all cases X 1,000. Préparâtes stained with cold aqueous fuchsin
unless otherwise noted.

Fig. i.—Azotobacter ii. Mannite-nitrate solution, 5 days old. Types A and La.
Some cells in conjunction.
Fig. -s.—Azotobacter 21. Contact prepárate from a colony on mannite agar, 4 days
old. Types A, L. Most cells in conjunction.
Fig. 3.—Azotobacter 23. Contact prepárate from a colony on mannite-agar, 4 days
old. Types A, B, I, Ka, and many conjunct cells.
Fig. 4.—Azotobacter 13. Maiinite-nitrate solution, 17 days old. Type ICX.
Fig. 5.—Azotobacter 14. Mannite-nitrate solution, 5 days old. Type B forming I.
Fig. 6.—Azotobacter 8. Beef bouillon. Type B forming types I and J.
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PLATE B
Magnification in all cases Xi,ooo. Préparâtes stained with cold aqueous fuchsin
unless otherwise noted.

Fig. 7 —Azotobacter 21. Mannite-agar colony, 4 days old. Type C forming types D
and I.
Fig. 8.—Azotobacter 22. Mannite-agar colony, 4 days old. Type C forming D
also A in conjunction.
pjg# g.—Azotobacter 11. From a filter paper strip in mannite-peptone solution, 16
days old. Types A and B forming D.
Fig. 10.—Azotobacter 3. Mannite-peptone solution, 24 days old. Types L and M
forming D.
Fig, 11.—Azotobacter 11. Mannite-peptone solution, 16 days old. Type D (stained)
resulting from type C.
Fig. 12.—Azotobacter 6. From condensation water of mannite-agar slant, 1 day old.
Type D (unstained) containing regenerative units.

Life Cycles of the Bacteria

PLATE

^

/

y

x^fi

70

'

/
7Z

Journal of Agricultural Research

72

Vol. V!, No. II

PLATE C
Magnification in all cases X i,ooo. Préparâtes stained with, cold aqueous fuchsin
unless otherwise noted.
42721°—16
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Fig. 13.—Azotobacter 24. Mannite-nitrate solution kept 5 days after having been
heated 1 minute at 96o C. Types I and F developing from D. Some I
germinating in conjunct stage and inclining to form spores.
Fig. 14.—Azotobacter 1. Mannite-nitrate solution, 10 days old. Types B, Kß, E, and
Fa developing from stained and unstained type D.
Fig. 15.—Azotobacter 15. From condensation water of a mannite-nitrate agar slant,
2 days old. Types Fa and F0 developing from type B.
Fig. 16.—Azotobacter 17. Mannite-soil-extract agar, 2 months old. Types E, Fa,
K<£>, and G developing from type D.
Fig. 17.—Azotobacter 17. Mannite-nitrate agar, 10 days old. Prepárate treated
with hot aqueous fuchsin. Type G, partially dissolved; also K<f>.
Fig. 18.—Azotobacter 7. Mannite-soil-extract solution, 14 days old. Type H
forming D.
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PLATE D
Magnification in all cases Xi,ooo. Préparâtes stained with cold aqueous fuchsin
unless otherwise noted.

Fig. 19.—Azotobacter 2. Mannite-nitrate agar, 23 days old. Spores forming type D.
Fig. 20.—Azotobacter 2. Mannite-nitrate agar, 6 days old. Types L and F, endospores and exospores and dissolving of spores to type D.
Fig. 21.—Azotobacter 18. From a filter paper strip in mannite solution, 25 days old.
Type L with gonidia, forming B (type JX).
Fig. 22.—Azotobacter 7. Mannite-soil-extract agar, 2 months old. Types K and F
forming B.
Fig. 23.—Azotobacter 7. Mannite-soil-extract agar, 2 months old. Type B, formed
by types E and F, germinating to type G.
Fig. 24.—Azotobacter 7. Mannite-soil-extract agar, 2 months old. Type K7.
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PLATE E
Magnification in all cases Xi,ooo. Préparâtes stained with cold aqueous fuchsin
unless otherwise noted.

Fig. 25.—Bacillus subtilis (No. 31). Beef agar, 2 days old. Types I and D formed
by spores.
Fig. 26.—Bacillus subtilis (No. 31). Beef agar, 6 days old. Formation of type I.
Fig. 27.—Bacillus subtilis (No. 31). Beef agar, 8 days old. Type I forming H and
stained D. Spores forming unstained type D.
Fig. 28.—Yellow bacillus (No. 41). Peptone-glycerin solution, 2 days old. Type I
germinating from D, stretching to type L.
Fig. 29.—Bacterium bulgaricum (No. 49). Whey-yeast agar, 6 days old at 40o C.
Types C, D, E, F, G, I, and K.
Fig. 30.—Bacterium fluorescens (No. 40). Ammonium-citrate-glycerin solution, 11
days old. Types D and H.
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PLATE F
Magnification in all cases Xiiooo. Préparâtes stained with cold aqueous fuchsin
unless otherwise noted.

Fig. 31.—Sarcina flava (No. 43). Beef agar, 1 day old. Type I in conjunction and
forming D.
•
Fig. 2,2—Streptococcus lactis (No. 48). Peptone lactose solution, 5 days old. Type
D, with regenerative units, forming type I.
Fig. 33.—Streptococcus lactis (No. 48). Milk, 3 days old. Types D and I in casein.
Fig. 34.—Bacillus radicicola (No. 39). Types D and I. Prepárate made from a
root nodule in 1908.
Fig. ss.—Spirillum sp. from Great Salt Lake (No. 46). Beef broth plus 3 per cent
of sodium chlorid, 14 days old. Budding and branching forms; stained
and unstained regenerative bodies. Some cells in conjunction.
Fig, 36.—Spirillum sp. from Great Salt Lake (No. 46). Beef broth,plus 3 per cent
of sodium chlorid, 14 days old. Type I germinating.
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PLATE G
Magnification in all cases X 1,000. Préparâtes stained with cold aqtwîous fuchsin
unless otherwise noted.

Fig. 37-—Micrococcus candicans from soil (No. 45). Ammonium-citrate-glycerin
solution, 6 days old. Irregular, thick-walled type I.
Fig. 3&.—Micrococcus candicans from milk (No. 44). Ammonium-citrate-glycerin
solution, 2 days old. Irregular, thick-walled type I.
Fig. 39.—Yellow bacillus (No. 41). Beef agar, 1 day old. Budding gonidia, formation and germination of type I.
Fig. 40.—Bacterium fluorescent (No. 40). Ammonium-citrate-glycerin solution,
2 days old. Budding gonidia, formation and germination of type I.
Fig. 41.—Bacterium fluorescent (No. 40). Beef agar, 4 days old. Filterable gonidia
germinating.
Fig. 42.—Bacterium fluorescent (No. 40). Beef agar, 4 days old. Types D and F
formed by filterable gonidia. Dark field.
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