STUDIES UPON THE UFE CYCLES OF THE BACTERIAPART II: LIFE HISTORY OF AZOTOBACTER l
By F. LöHNiS, Soil Bacteriologist, and N. R. SMITH, Assistant Bacteriologist, Bureau
of Plant Industry, United States Department of Agriculture 2
INTRODUCTION

In a preliminary communication, published in this Journal in 1916 (28) ,*
it was pointed out (1) that the life history of Azotobacter is much more
complicated than was generally assumed and (2) that the same holds
true with regard to all other bacteria. The correctness of this general
statement was further demonstrated by the senior author in a critical
review of the bacteriological literature, published as Part I of these
Studies (25). It was shown therein that all findings briefly recorded
in our preliminary communication are in complete agreement with
numerous analogous observations made between 1838 and 1918. That
these older findings had failed to lead to a more accurate knowledge of
bacterial pleobiosis was caused by their being widely scattered in a
gigantic literature and by their being not in accordance with timehonored, though incorrect, theories concerning bacterial monomorphism
and constancy.
Since Part I was written, several contributions have been published
which further support our standpoint. Bergstrand (4, 5) studied the
wide pleomorphism of a yellow diphtheroid and advocated that all
bacteria, on account of their budding, branching, etc. should be classed
among the Fungi Imperfecti. Brown and Orcutt (7) recorded bacillary,
fusiform, filamentous branching, diphtheroid, and streptococcoid growth
of Bacterium pyogenes. Thompson (42) noticed that B. proteus, when
grown in symbiosis with B. tuberculosis, with other mycobacteria or
actinomycetes, changed to a diphtheroid, anaerobic organism in 62 per
cent of all cases. A fuso-spirillary organism was seen by Mellon (51)
to grow (1) as a yellow actinomyces-like organism, (2) as a diphtheroid,
making small semitransparent colonies, (3) as a white, aerobic, gelatine
liquefying coccus, (4) as a typical anaerobic Fusiformis, and (5) as an
anaerobic spirillum-like organism; filterable gonidia, "giant cocci*'
(evidently gonidangia) and phases of the symplastic stage were also
recorded. By the same author (52, jj) the "giant cocci" of Corynebacterium Hodgkinii were isolated and stabilized, and their " schizogony, "
dividing, budding and germination were carefully studied. Wade and
Manalang (44) made an interesting report upon the various growth
forms of Bacterium influenzae, wherein they state:
The familiar bacillus is but a simple form of an organism capable of complex development.
1
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They are inclined to place it therefore among the Actinomycetes, but
a comparison of their findings with those discussed in Part I of our
Studies (25) leaves no doubt that Bacterium influenzae, too, follows
exactly the same general lines which are recognizable in the life history
of all bacteria. The general occurrence of filterable gonidia is further
indicated by observations made by Heymans (13) with regard to anthrax
and tuberculosis. It was found that the bacteria pass the filter in an
ultramicroscopic form. Hort (14) published additional details concerning the various modes of bacterial reproduction; Howe and Hatch (75)
confirmed Noguchi's finding that B. bifidus can grow as an aerobic,
sporulating bacillus; and Orla-Jensen (38) pointed out that certain
aerobic plectridia can be easily transformed so that they are no more
distinguishable from the typical Proteus bacteria. Studies upon the
conjunction of bacterial cells were made by Potthoff (jp) with Chromatium and sulfur spirilla, and by Enderlein (8) with Vibrio cholerae. The
results obtained are in good agreement with earlier findings (25, p. J95,
202). The same holds true in regard to more recent observations made
by Lutz (30a) upon the different types of globoid bodies produced by
B. anthracis. Almquist {2d) and Mellon {33a) have again emphasized
that a thorough knowledge of the various developmental phases in the
life histories of pathogenic bacteria is essential for gaining a correct view
of epidemiológica! problems.
Our observation upon the life cycle of Azotobacter, as recorded in
our preliminary paper {28), were partially confirmed and partially contested by D. H. Jones (Jó). Confirmed were the data on pleomorphism
and symplastic stage, contested those on conjunction and on the ability
of Azotobacter to assume endospore formation. The discussion of these
differences of opinion will be taken up at the end of this report after our
experimental results, obtained since 1916, have been presented.
METHODS OF INVESTIGATION
To obtain compkte and accurate information upon the life cycles of
the bacteria is no more difficult but much more time-consuming than to
make an ordinary bacteriological diagnosis. Single-cell cultures and
continuous microscopic observation of the living organisms are by no
means so absolutely indispensable as is sometimes asserted (25, />. jp,
203). The generally used methods of isolating, cultivating, and studying
the bacteria are, as a rule, quite sufficient to collect complete information,
provided they are applied judiciously and the investigator himself is not''
too preoccupied by the wide-spread prejudices concerning <<norma^, and
"abnormal" growth, "involution forms/' and "contamination,^
A sufficient number of parallel tests, the frequently repeated microscopic
control of the cultures held for a sufficient length of time (not less than
a month, preferably longer), and the regular repetition of all experiments
are three points of major importance. Accordingly, apparent changes
of growth can be correctly accepted as such, only if they have been ascertained repeatedly in parallel tests and if they have been closely followed
under the microscope. Furthermore, an apparently new type of growth
must always be tested in regard to its inclination to return to its origin,
or to pass over into another well-known developmental stage of that
particular organism. Sometimes the patience and persistence of the
investigator is taxed very much by such experiments; it may take years
before positive results are secured. A few examples in this respect were
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mentioned in Part I (25, p. 2c, 34) and others will be discussed on the
following pages. On the other hand, the instability of a new form mayprove vexatious. Even if a new type of growth is represented by a
sufficient number of cells in a culture, and its separation by plating, therefore appears to be promising, nevertheless a complete failure may result,
due either to an immediate return to the original type of growth or to
the disinclination of the new form to grow in pure culture on the substrate
used. Occasionally the stabilization of the new form proceeds very
slowly and gradually; its colonies may appear very late on the plates,
or they may at first simulate those of the mother form so closely that only
microscopically can a differentiation be made. However, these particular
difficulties are rather an exception to the rule; usually the n^w type of
growth will be isolated if it is represented in the original culture by a
sufficient number of cells. To reduce the chances for contamination as
far as possible we prefer for plating flat bottles with a neck not much
wider than a test tube. The dilutions are made directly in the bottles
wherein the substrate was previously sterilized.
Besides beef agar, beef gelatine, beef broth, milk, and potato the substrates most frequently used in our Azotobacter experiments were manmte-nitrate solution and mannite-nitrate agar. The composition of
these media was given in our preliminary communication {28, p. 686).
Our recipe was changed by E. R. Allen {2) with very unsatisfactory
results; it is, however, only his substrate, not, as he asserts, the "medium
of Löhnis and Smith'' which proved to be unsuitable for Azotobacter
growth. We studied for example, the alternation between the varied
cell life and the symplastic stage of this organism in the original cultures,
made in mannite-nitrate solution, for more than a year and then kept
these cultures four years longer (most of the time sealed) ; transferred to
new solution at the end of the whole period, 60 per cent of the cultures
gave new vigorous growth. The hydrogen-ion concentration of these
substrates was usually kept approximately at PH 6.8; occasionally it
was increased to 6.0 or lowered to 7.5-8.0. Potato agar (15 gm. agar
and 10 gm. peptone added to 1,000 cc. filtered potato water, prepared
by boiling 200 gm. potato in 1,200 cc. water, to which an excess of CaCOa
was added) was also found to be very useful, as was the case, although
less frequently, with soda agar (beef agar with 34 per cent Na^jCO,),
phosphate agar (beef agar with yi per cent Ca(H2P04)2), salt agar
(beef agar with 2 to 8 per cent NaCl), and water to which 5 cc. beef
broth per 1,000 cc. were added. Most instructive results, however,
were secured from cultures kept in sterilized soil (about 5 gm. in test
tubes heated in the autoclave for 1% hour at 20 pounds pressure) moistened with 0.5 per cent mannite solution. Within a few weeks all
developmental stages were passed in this substrate with greatest regularity.
Some experiments upon the effect of symbiosis of Azotobacter and
Radiobacter were also included. It was pointed out in an earlier paper
(26) that especially the regeneration of large spore-free Azotobacter cells
from the sporulating growth is favored by the presence of Radiobacter.
The following cultures of Azotobacter were used in our experiments :
A. chroococcum Beij. (Laboratory Numbers 1, 2, 10, 11, 12, 14, 17 to
25)-

A, Beijerinckii J. G. Lipman (Laboratory Numbers 3 to6,13, and 15).
A. agile Beij., syn. A. Vinelandii J. G. Lipman (Laboratory Numbers
7 to 7c, 16 to 16c).
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A. vitreum Löhnis (Laboratory Number 9).
A. sp. (Laboratory Numbers 26 and 27).
Cultures No. 1 to 11 are identical with those studied in 1914 (26) with
the exception of No. 7b and 7c, two strains of Azotobacter agüe recently
received from Krai's Museum in Vienna (^4. Vinelandii Lipman-Ambroz
and A. agilis Dahlem). No. 12 and 13 are old stock cultures of the
Laboratory of Soil Bacteriology. No. 14 to 16 and 16c were received from
Dr. J. G. Lipman, New Brunswick, N. J.; No. 16b, 17, and 20 are subcultures of No. 112, 141, and 522 of the New York Museum of Natural
History. No. 18 and 19 were received from Prof. D. H. Jones, Guelph,
Ontario, in 1912 (his strains 1 and 3). No. 21 to 25 are new isolations
obtained in the spring of 1916 from soil samples received from Dr. C. B.
Lipman, Berkeley, Calif. No. 26 and 27 were sent to us by Dr. M. Mulvania, Knoxville, Tenn.
Fifteen of these strains (No. 7, 9, 10 to 14, 16, 16c, 18, 21 to 25) grew
as typical large nonsporulating cells, when the investigations were started ;
4 cultures showed only large sporulating cells (No. 2, 3, 4, and 7b), 2
small sporulating rods (No. 5 and 6), and 3 irregular fungoid cells (No. 15,
17, and 19); 4 were made up of small nonsporulating rods (No. 7c, 16b,
26, and 27), 1 of coccoids (No. 20), and 1 of dwarfed cells (No. 1). Although it was known in only some of the cases where atypical growth
occurred that this was not due to contamination, we decided to include
all atypical strains in our studies and to base our ultimate decision upon
the outcome of these experiments.
Each of the 30 Azotobacter strains was tested in about 100 to 200 and
sometimes more transfers. Each transfer was subjected to 4 to 6, but
occasionally to many more microscopic tests. The results presented in
this paper are therefore based on over 20,000 observations. Numerous
additional tests were made with cultures of several other "species,"
which proved to be identical with the newly evolved growth types of
Azotobacter—namely Bacillus petasites A.M. et Gottheil, Bacillus inalabarensis Löhnis et Pillai, Bacillus danicus Löhnis et Westermann, Bacillus
pumilus A.M. et Gottheil, Bacillus Freudenreichii (Miquel) Mig., Bacillus
fusiformis A.M. et Gottheil, and Bacterium lactis viscosum (Adametz)
Lehm, et Neum. Some of these cultures were kept in the senior
author's collection; others were obtained from New York or from Vienna.
LIFE CYCLE OF AZOTOBACTER
In Figure 1 of our preliminary paper (28) we gave a schematic sketch
of the various cell types and modes of reproduction of Azotobacter. Four
types or subcycles of growth were considered to be most characteristic.
The more thorough study of the problem, however, led to the discovery
that from every Azotobacter culture not less than seven different growth
types can be developed and stabilized; all of them are interchangeable.
The cells characterizing these seven types of growth are the following
(the letters in parentheses referring to the designations used in our preliminary paper) :
Large non-sporulating cells (types A, B, La, Ka, and J).
Coccoid forms (type I).
Dwarfed cell type (types Ea, Eß, and Kc).
Fungoid cell type (types G and K7).
Small non-sporulating rods (type Fa).
Small sporulating rods (type F/3).
Large sporulating cells (types L, M, and KX).
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Inspection of figure 1 of the preliminary paper {28) will show that the
increase in the number of growth types from four to seven is due to the
fact that types I and G (with K7) could also be stablized, and that the
three types E, Fa, and Vß could be grown separately.
In accordance with the arrangement made in Part I of these Studies
(25) the different cell types, the various modes of reproduction, the symplastic stage, and the conjunction of vegetative and reproductive cells will
be discussed consecutively. The cultural characteristics of the different
developmental stages, however, will be given separately in a special
chapter. The morphological features of vegetative and reproductive cells
were found to be fundamentally the same with all our Azotobacter strains,
while the cultural peculiarities allow a clear separation of the four species
(or varieties) Azotobacter chroococcum, A. Beijerinckii, A. agile, and A.
vitreum. Accordingly, the morphological facts observed with the different
strains will be considered jointly, while the cultural characteristics of the
four groups will be discussed separately.
I.—DIFFERENT CELL FORMS OF AZOTOBACTER

The wide pleomorphism of Azotobacter was discussed to some extent
in earlier publications (j, 9, 26, 30, and 40). But how really bewildering
the multitude of cell types is which this organism is able to produce in the
course of its life cycle may be gathered from the photographs reproduced
on the plates attached to this paper. Even they, of course, do not exhibit all forms which were observed in the course of our studies. But
combined with the data presented in our preliminary report (28) and in
Part I (25) they will suffice to indicate that an approximately complete
picture of the form cycle of a bacterium is very different from the customary meager description of a so-called bacterial species.
The relatively large globules, ovals, or rodlike cells, measuring about
2 to 4 by 3 to 5 to 7JLI, motile either (ovals) by polar or (rods) by peritrichous flagella, mostly Gram-negative, are in most cases very unstable.
Figures 1, 2, 4, and 6 to 8 of Plate 1 demonstrate how even in young
cultures (2 to 7 days old) the typical large cells are inclined to change to
small globular forms (coccoids) or to more slender pointed rods, characteristic of the sporulating type of growth. In older cultures large and small
rods, irregular fungoid, as well as very small dwarfed cells are always
present, as is shown in figures 3, 5, 9, 11, and 12 from growths 3 weeks
to 11 months old. All these forms are viable, and therefore not to be
classed as involution forms. Figures 1 to 5, 9, and 11 make it fairly
clear that the decrease in cell size is largely due to a loss of voluminous
slimy cell elements and to the liberation and multiplication of nuclear
material, which according to the quality of accessory substances presents
itself as either well or weakly stainable, or as entirely unstainable when
treated with aqueous dyes. Potato agar favored especially the appearance of globular cells; slightly acid mannite-nitrate agar (PH 6.0)
strengthened the tendency to produce small rods and coccoids. Only
two of our cultures (No. 13 and 18) grew permanently on all substrates
in the large typical form, but also in these cases the microscope always
revealed the presence of the other cell types in small number.
The varying appearance and behavior of the coccoid cells of medium
and of small size is illustrated on Plate 2. Figures 13 to 15 demonstrate
their budding out of the larger cells; figure 16 shows multiplication by
budding and by fission; figures 17, 18, and 21 represent the fairly uniform
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growth of the coccoids, which were always found immotile and Grampositive. Figures 19 and 20 illustrate the upgrowth to larger globular
cells, and figures 22 to 24 the streching to small and large non-sporulating
and sporulating rods. The coccoids shown in figures 17 and 18 look very
much like typical micrococci, and the)'" may, in fact, assume a great
stability of growth. But sooner or later they, too, will either return
to the large cell form or elongate to regular or irregular rod forms. One
of our strains (coccoids of Azotobacter agile, No. 7) remained fairly stable
as a pink " micrococcus, " for not less than five years in 71 transfers,
and then it returned to the large original growth type only if kept either
in milk or in mannite-nitrate solution for one to two months. Milk
and potato agar were usually most favorable for a return to the large
cell type, while beef agar, beef broth, and mannite-nitrate solution induced the develpment of rodlike and fungoid forms.
The dwarfed cell type, first discovered in an old culture of Azotobacter
chroococcum (26), can be evolved from Azotobacter cultures as easily as
or even more easily than the occcoid growth. It is either immotile and
Gram-negative or (the smallest units) motile and Gram-positive. The
liberation of these smallest specks of mostly nuclear material from the
larger cells (by budding or by so-called granular decomposition) can be
seen in every culture (fig. 3 and 5 of PL 1). But separate development
is usually slow and inconspicuous, and the isolation of this type of growth,
therefore, not always easy. Pure cultures once established, however, are
much inclined to reproduce larger cells, especially rods and fungoid growth.
Figures 25 to 36 on Plate 3 show the typical growth and the alterations
most frequently observed. A close study of the minute forms characteristic of this stage (fig. 25 and 26) reveals the tendency to present a
more or less irregular, often wedge-shaped appearance. This tendency
becomes more noticeable when the upgrowth takes place either by a
uniting of the small granular bodies in slimy threads (fig. 28 and 29) or
by their stretching to small rodlike cells (fig. 30 and 31). On the other
hand, very regular, weakly staining small ovals may appear, or the small
irregular cells may assume globular shape (fig. 27), simulating in this
case small micrococci. The latter process is always ascertainable in
cultures several weeks old, whose miscroscopic appearance is very similar
to that shown in figure 18 on Plate 2. Large rod-shaped, threadlike,
or large globular cells are comparatively rare in cultures of this type;
if they appear they are probably always produced by the symplasm
(fig. 32 to 36). The simultaneous reproduction of small cells, of long
slimy threads, which are occasionally branched, and of large ovals and
globules deserve special attention (fig. 33 and 36; both pictures made from
the same slide). The gradual upgrowth of rods from small to large size
(shown in fig. 34) is equally of great interest. The pale, small ovals,
mentioned above, seem to be able to assume directly the qualities of
an endospore, able to reproduce a fairly large sporulating rod. This
transformation was repeatedly observed with our cultures No. 1 and 2.
The fungoid cell type is represented by figures 37 to 48 on Plate 4,
Figures 37 to 39 illustrate that this irregular cell type may in fact assume
distinctly fungoid appearance; figure 11 on PL 1 deserves also renewed
inspection. Figures 37 and 38 picture the cells most frequent and
most typical ; they are made up of unstainable slime and darkly staining
granules of nuclear material. Temporarily this slime is soluble in boiling water, and therefore the fungoid type of growth was not recognized
as such in our preliminary report (28). But from the unstainable
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granulated slime threads of the dwarfed cell type shown in figures 28 and
29 on Plate 3, the development proceeds over the steps illustrated by
figures 37 to 39 on Plate 4 further to a very stable type of irregular,
fungoid growth, which ultimately acquires all the qualities characteristic of a Mycobacterium. Wedge-shaped cells, budding and branching,
club formation, etc. are all noticeable, and the same holds true concerning the cultural features of this "genus". The clubs again are no "involution forms," but steps in the development of rods with terminal
spores (fig. 45). Dwarfed cells, coccoid forms, rods of various size, as
well as large non-sporulating globules and ovals were all evolved from this
type of growth, as illustrated by figures 40 to 48 (PI. 4). Cultivation
on potato was found useful for stimulating the tendency to produce
clubs and rudimentary endospores. Potato agar favored again the
development of coccoid forms. In water, broth, and milk branching
was very pronounced, but continued cultivation in milk established a
growth of regular spore-free, slime-producing rods. Alkaline mannitenitrate solution and agar (PH 7.5) proved helpful for reestablishing the
typical Azotobacter growth. It is especially noteworthy that this was
secured on these substrates with one of our cultures of Azotobacter
Beijerinckii (No. 15) which had grown for six years in 145 transfers
on practically every substrate as a highly pleomorphous mycobacterium.
It had been plated repeatedly, strains representing the dwarfed growth,
coccoid growth, sporulating and non-sporulating rods had been branched
off, until ultimately after a passage on potato agar (fig. 44) the restoration of the original Azotobacter type was effected (fig. 47).
The typical form of the small spore-free rods of Azotobacter chroococcum
and A. Beijerinckii is shown in figures 49 and 50 on Plate 5, while those
of A. agile and A. vitreum are usually of more slender shape, similar to
that type of growth of A, chroococcum visible in figure 51; fairly typical
rods of A. agile are also to be found in the left upper comer of figure 60
on Plate 5. All these rods are Gram-negative, those of A. chroococcum
and A. Beijerinckii immotile, those of A. agile and A. vitreum motile by
usually three polar flagella. It should be noted that to start the
cultures reproduced in figures 49 and 50 the same inoculation material
was used ; the difference in the substrates was the only cause of the very
marked difference in appearance. A comparison of figure 49 with figure
9 and figure 24 will demonstrate the gradual changes from the large to
the small non-sporulating cells, while the small coccobacilli in figure 50
should be compared on the one side with the dwarfed growth shown in
figures 25 and 26 on Plate 3 and on the other hand with the short rod
forms which always accompany the mycobacterium type, as demonstrated
in figures 40 to 45 on Plate 4. The larger rod form producing a short
branch, which is visible in the lower right corner of figure 50, is also of
interest in this connection. A direct transformation from the original
cultures of A. chroococcum and A. Beijerinckii to small non-sporulating
rods was recorded only three times, while they were more frequently
derived from the fungoid growth (nine cases observed). A. agile ana
A. vitreum behaved differently; several changes from the large cells to
small rods, but no direct transformation from the fungoid growth could
be ascertained. Figures 51 to 53 on Plate 5 demonstrate the trans
formation from the short non-sporulating rods to coccoid and fun_
goid growths, the latter identical with that of figures 43 and 45 on"
Plate 4. That sporulating bacilli which have lost their ability to
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produce regular endospores may display a very similar morphology may
be derived from a comparative examination of figure 54 with figures 51
and 53. Bacillus pumilus, shown in figure 54, is identical with the sporulating rod form of A. chroococcum, as will be discussed presently. The
return from the small rods to large globular cells is illustrated by figures
55 to 57î figure 58 pictures the transformation into the typical fungoid
growth, similar to that of figures 37 and 38 on Plate 4, and in figures 59
and 60 the simultaneous upgrowth of small and large rods from the
symplasm is demonstrated, figure 59 making a counterpart to figures 34
and 35 on Plate 3.
The small sporulating rods are of special interest because, when the
endosporulation first becomes noticeable in an Azotobacter culture,
nearly always these small rods, not the large sporulating cells, are the
first ones to appear. Referring to what was said in Part I (25, p. 137,13c)
about the transformation of terminal regenerative bodies into polar
exospores and endospores, it is evident that this observation is in full
agreement with all earlier findings. On the other hand, it must be
pointed out that these rather fragile, Gram-negative, slender rods with
large polar spores are by no means a frequent occurrence in our laboratories. To discard them lightly as ' 'contaminations' ' would be entirely
unjustified. Identical strains were isolated from various Azotobacter
cultures in Leipzig, Washington, D. C, Urbana, 111.; and a culture
recently received from Vienna gave again the same small sporulating
rod. But never in our experience, and especially not in any one of
approximately 5,000 transfers made in the course of these experiments,
were such sporulating small rods found as contaminations. On account
of their weak growth we even lost two of them by replating; but in view
of this experience it is especially interesting that in old Azotobacter
cultures kept undisturbed for years on mannite-nitrate agar or in mannite-nitrate solution just these small sporulating rods were the only
survivors. Figure 62 on Plate 6 shows such a strain, which should be
compared with the typical picture reproduced as figure 61. Figures
63, 71, and 72, on the other hand, illustrate the tendency to pass over
into large sporulating rods. That transformations from small to large
sporulating cells were seen occasionally in our preliminary experiments
was mentioned before (28, p. 681), But as the first appearance of these
small sporulating rods caused considerable surprise in 1912 (2(5), so it
was again the case when one of these cultures (No. 6), after having displayed a very constant behavior, ultimately in the spring of 1921, when
cultivated on alkaline mannite-nitrate agar, reverted to the large-cell
type and assumed gradually all the characters of the original strain
(No. 3), from which it had been branched off nine years before. A
tendency to change to the fungoid growth is noticeable with some of the
cells in figures 64, Figures 65 to 70 illustrate certain reproductive
phases to be discussed on the following pages.
The large sporulating cells are shown in figures 73, 74, 76, and 77 on
Plate 7 in what may be accepted as their typical appearance. They are
motile by peritrichous flagella and are Gram-positive. The tendency of
the threads, very common in the cultures of this type, to make short,
oval, Gram-negative cells is very pronounced. Figure 78 illustrates the
analogous behavior of a thread in a spore-free Azotobacter culture. In
figure 75 many branched rods and threads are visible, representing the
fungoid type of the large rod form, which, however, could not be stabilized, although with Bacillus anthracis, B. subtilis, and B. mycoides-
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positive results had been obtained (^5, p. 62-64). Figure 80 deserves
special attention because it illustrates a mode of fission which has been
observed by very few authors and which thus far has never been photographed. Large round bodies appear, which later split on their diameter,
beginning in the center, into two large, comma-shaped bacilli so characteristic of B. Megalerium and related "species." As was said in Part
I (25> P* I25> I26)i Schroen has described this occurrence more than 30
years ago, and at the same time E. Klein and Dowdeswell made analogous
observations with Vibrio cholerae. The small non-sporulating rod forms
of Azotobacter seem to act occasionally in a similar manner. In figure
55 on Plate 5 an intact globule is visible and also several pairs of slightly
curved, plump rods, of which especially those located near the upper
edge of the photograph are very suggestive. Figure 84 on Plate 7 illustrates the return to the normal large spore-free cells (after passage of the
symplastic stage). In potato cultures this reversion occurred most frequently. The cells shown in figure 79 and 81 to 83 are related to reproductive processes; they represent various types of gonidangia and
sporangia.
2.—DIFFERENT MODES OF REPRODUCTION

All types of bacterial reproductive organs have been found with Azotobacter—namely, gonidia and gonidangia, regenerative bodies (zygospores, etc.), arthrospores, microcysts, endospores, and exospores. It
was pointed out in Part I (25, p. iiç-143) that all these organs of reproduction are fundamentally not so different as might be assumed. As
the pleomorphism of the vegetative bacterial cells finds its explanation
in the varying participation of nuclear material and of other cell elements
in cell construction, so also in the various modes of reproduction nuclear
substances always play the dominant rôle, supported to a smaller or
larger extent by reserve material, cell membrane, etc. When the nuclear
material is accompanied by very little other cell elements, gonidia are
produced. More reserve material and a more or less durable membrane
characterize the regenerative bodies and arthrospores. When the whole
cell assumes a globular or oval shape and thickens its membrane a microcyst results, while the contraction of most of the cell content and the
formation of an exceptionally tough membrane leads to the formation of
an endospore, or of an exospore if the growing spore buds out of the
mother cell. Gonidia and regenerative bodies may multiply as such,
producing the dwarfed and the coccoid growths discussed above; arthrospores and microcysts, endospores and' exospores are true resting forms,
although a secondary transformation to regenerative bodies or to gonidia
was also observed repeatedly with these types of reproductive organs.
While bacteria of the usual small dimensions as a rule form only one to
two to four gonidia in each cell, the larger cells, for which the term gonidangia was introduced in Part I (25, p. 121) may contain a much larger
number or in their place two to three or more endospores; in the latter
case the gonidangium becomes a true "sporangium."
Figures 85 to 87 on Plate 8 demonstrate formation and liberation of
the gonidia by normal large globular Azotobacter cells, while figure
77 Plate 7 illustrates the analogous process with the large threads
of the large sporulating type. A comparison of figures 86 and 87 shows
how either (in the latter case) the nuclear material practically alone
may persist and give rise to the dwarfed growth discussed above, or
(in the former case) how other cell elements may participate in the
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regeneration of larger, in this case of coccoid cells. (See also figure 5 on
Plate A of our preliminary paper, (28) where both processes became
visible simultaneously, and figures 3 and 4 on Plate 1 of the present paper.)
In figure 77 on Plate 7 the two granulated threads in the lower left part
of the field deserve special attention, because the regular arrangement
of the unstained gonidia contained therein is very characteristic of
Azotobacter, as is the stainability of the same bodies as soon as they
have left their mother cell. (See especially the dark bodies budding from
several threads in figure 77 and analogous occurrences photographed
in figure 60 on Plate 5.) Other types of budding, as well as the transformation of regenerative bodies into larger cells, are pictured in figures
13 to 16, 22 to 24 on Plate 2. Figure 65 on Plate 6 demonstrates the
formation of gonidia in the small sporulating cells, and also their development to regenerative bodies and to endospores.
Typical gonidangia of Azotobacter may be seen in figures 5 and 11
of Plate 1 and in figures 88 to 92 on Plate 8, those of the sporulating cell
type in figures 79, 81, and 82 on Plate 7; in the latter case the swollen
ovals are replacing the sporulating cells, while in the two former instances
the globular, branched, or spindle-shaped cells are acting as true sporangia. If small cells swell up to gonidangia they look much like regular
Azotobacter cells (fig. 20 on PI. 2 and 57, on PI. 5), and as the latter
are always able to produce numerous gonidia, it seems as if the true
physiological reason for the occurrence of this developmental stage
lies in the ability of these cells to act as gonidangia. The peculiarity
of all bacterial gonidangia to assume either globular, oval, club-shaped,
or thread-like forms is also characteristic of the large spore-free cells
of Azotobacter. That they frequently multiply as such without acting
as reproductive organs places them parallel to the dwarfed growth (of
the gonidia) and to the coccoid growth (of the regenerative bodies).
Instead of gonidia or endospores new cells of normal size may be directly
formed within these large receptacles. Figures 6 on Plate A and 21
on Plate D of our preliminary paper {28) illustrated such cases; similar
préparâtes are shown in figures 90 to 92 and 94 on Plate 8 of the present
paper.
The fungoid type of growth was shown to be the result of a consolidation of slime threads containing numerous gonidial bodies. Accordingly
it is easy to understand why in this case the formation of arthrospores
is very common. The gonidia simply increase somewhat in size at the
cost of the cell and surround themselves separately with cell walls.
Occasionally, but much more rarely, normal rods or threads act in an
analogous manner. Figures 51, 54, and 55 on Plate 5, and figure 66
on Plate 6 illustrate the arthrospore formation of the small non-sporulating and sporulating growth types. An upgrowth of other globular cells
from the encapsulated symplasm also visible in figure 66 will be discussed
later. The fragmentation of the large threads shown in figure 78 on
Plate 7 could also be accepted as another instance of arthrospore formation, but as the globular cells produced in this case are able to multiply
as such, this occurrence is to be considered more similar to that pictured
in figure 21 on Plate D of our preliminary paper {28) and mentioned
above.
Terminal swellings—that is, regenerative bodies in a polar position,
but still inclosed in the mother cell—are the first step toward the formation of endospores, as was fully discussed in Part I (25) and frequently confirmed in the course of these investigations. Figures 45 and 46 on Plate 4,
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52 to 54 on Plate 5, as well as figure 83 on Plate 7, represent the characacteristic picture of cultures inclined to begin or to resume endosporulation.
Heating of such strains first to 70o C, later to 750-900 C, provided that the
tendency to produce such terminal bodies could be stabilized, leads eventually to the production of typical polar endospores or exospores. Negative results are frequent in such experiments, but they do not disprove
the less numerous positive ones. As was pointed out before, these newly
evolved small sporulating strains often grow very slowly and weakly, a
fact which also deserves full attention. When completely developed, the
endospores of the small-cell type withstood 95o C. for4 to 5 minutes, 98o C.
for 1 minute, and those of the large rods 98o C. for 2 to 4 minutes; the
germination was mostly polar in both cases. Budding exospores were
most clearly visible with the large sporulating rods, as was illustrated by
figure 20 on Plate D of our preliminary paper (28). The spores do not
always germinate directly; sometimes they first swell up to fairly large
weakly staining ovals which are indistinguishable from microcysts. On
the other hand it is no rare occurrence, especially when the small sporulating rods are cultivated in broth or milk, that the normally produced
spores do not germinate but reproduce, either by budding or by dividing,
2 to 4 gonidia or regenerative bodies, which again may multiply as such
(fig. 70 on PI. 6). As was pointed out in Part I (25, p. 141), similar observaions were made before ; they demonstrate anew that the formation of
gonidia is in fact the fundamental mode of bacterial reproduction.
The transformation of vegetative cells to microcysts is most conspicuous with the large-cell types. The large sporulating rods produce weakly
staining ovals (sometimes discarded as "shadows") which germinate
readily to darkly staining, short, broad, mostly pointed rods (fig. 74 on
PI. 7). With the large spore-free cell type the microcysts are equally
common; here they are the well-known thick-walled cells of globular,
oval, or pointed shape, frequently united to two or four, whose germination was carefully studied by Prazmowski {40) and others. That the
germ may be of coccoid or of threadlike shape is illustrated by figures 93
and 94 on Plate 8. With the small-cell types microcysts are less conspicuous. The coccoids are either thin-walled or thick-walled; in the
latter case they may act as microcysts. With the dwarfed growth small
pale ovals are not infrequent, perhaps a counterpart to those of the large
sporulating cells. The large microcysts of the spore-free as well as of the
sporulating cell type were found to be able to become gónidangia, as was
to be expected.
3.—^FORMATION

OF THE SYMPI^ASM AND THE REGENERATION OF CELLS

In figures 7 to 18 on Plates B and C of our preliminary paper (28) the
gradual dissolution of Azotobacter cells and the regeneration of various
types of cells was first illustrated. Other pictures were published in
Part I of these Studies (25, Pis, XVIII to XXI), here together with
analogous findings of other authors. On Plate 9 of the present paper
some additional photographs are reproduced, all pertaining to the symplastic stage of Azotobacter. Figures 21 (PI. 2), 33 to 36 (PI. 3), 38, 47,
and 48 (PL 4), 56, 59, and 60 (PI. 5), 66, 71, and 72 (PL 6), and 84 (PL 7)
are also of interest in this connection.
All growth types of Azotobacter, vegetative as well as reproductive
cells, were seen to enter the symplastic stage regularly. If vigorously
growing vegetative cells were transferred, practically without exception
25622—23
2
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and on all substrates used the dissolution took place after 10 to 20 days,
and about a week later the regeneration became general. If old material
is transferred, typical symplasm or regeneration of cells may be seen, of
course, from the start. If the transfers are repeated at short intervals
the characteristic change between cellular and amorphous stage may
occur much more frequently. For instance, transfers were made from a
young culture of normal spore-free Azotobacter cells on mannite-nitrate
agar and repeated each morning and each evening for several weeks.
For a few days normal development took place, the next 6 to 8 transfers
gave only very little dewlike transparent slimy growth made up of typical
symplasm, later normal development became again visible, and so on in
regular alternation. The tubes which first showed only symplasm gave
normal growth after 2 to 3 days* delay, while with transfers made from
vegetative cells no lag was noticeable (25, />. 189). Occasionally symplasm was also found in young colonies. On the other hand, cultures
kept without change in mannite-nitrate solution for several years exhibited the regular alternation between symplastic and cellular stage
quite clearly as long as the microscopic tests were continued.
As was described in our preliminary paper {28), the newly formed
symplasm may be either homogeneous and not stainable with aqueous
dyes or of a more or less hairy structure and easily stainable. These
differences may persist until the new cells are formed, or changes from
one to the other type may occur. Amoeboid motility, recorded by several authors (25, p. 183), was never observed, but strong inner movements in the amorphous clumps could be easily seen in the hanging
drop. Encapsulated symplasm, as was described by Lankester in 187Ó
(^5, p. 170), was only found in very few instances (in some, but not in
all, milk cultures of the small sporulating rods). Figure 66 on Plate 6
shows three such <<macroplasts,,, as they were called by the British
author, intact but of relatively small size (most of them were twice as
large as those photographed), and one which has liberated its sarcina-like
mass of small globular cells, which on account of its thickness could not
be properly focused in the picture. The streptococcus-like chains also
visible are the next step in the development which led to a uniform
coccoid growth of typical regenerative bodies. The regenerative units
which first become visible in the symplasm may either gradually increase
in size, as illustrated by figures 98 to 100 on Plate 9, or may agglomerate
to full-sized cells (figs. 56 and 59 on PI. 5; fig. 84 on PI. 7; figs. 103 and
106 on PI. 9). The regeneration of small sporulating rods is shown in
figure 102; it should be compared with figure 15 on Plate C of our
preliminary paper {28). Figure 104 illustrates the possibility of the
newly-formed rods growing in a radiate arrangement, while figure 105
indicates that in other cases the new cells may appear along and parallel
to the edges of the lobes of the symplasm. If the lobes are torn apart,
as easily happens in making a prepárate of such growth, a picture results
which very closely resembles Bacillus pediculatus A. Koch et Hosaeus,
while the appearance of the intact symplasm of this kind is very similar
to B. vermiformis Ward and practically identical with Newskia ramosa
Famintzin (j^, pp. 5J-55, PL I). There is no doubt that a thorough
study of this type of bacterial development will release these species and
the so-called genus Newskia from their isolated position in the system of
bacteria. The bacteria visible at the edges are not the cause of the
slime, as was assumed, but it is the (slimy) symplasm which produces
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these cells first at the periphery, later also in the center. The short rods
visible in figure 105 became long threads, which closely followed the outlines of the lobes of the remaining slime, until this was completely converted. Irregular spirochaetoid cells, similar to those of figure 12 on
Plate 1, are shown evolving from the symplastic stage in figure 107 on
Plate 9. And in figure 108 queer whiplike and fungoid forms are presented which are fairly frequent in old potato cultures of the small-cell
types of Azotobacter as well as of Radiobacter. They often assume
much larger dimensions, in which case no clear photographic picture is
obtainable and are probably identical with what was described by
Winkler as "filidia" (¿5, p. 175). As, however, not always filiform but
often very irregular forms are assumed by such agglomerated symplasm
(fig. 21 on PI. 2), it seems recommendable to adopt the term <ísclerotia,'
for these comparatively solid formations. They are no "involution
forms" but produce either by fragmentation or by a second passage
through the symplastic stage cells of normal shape. The term "filidia,"
however, may be properly applied to those more or less solid large
threads which often appear temporarily in the course of the regeneration
of new cells from the symplasm. Figures 33 and 36 on Plate 3 illustrate
this possibility, which was also discussed in Part I (¿5, p. IQ2).
4,—CONJUNCTION
Conjunct cells were regularly observed in young Azotobacter cultures
of large as well as of small-cell types, usually when 2 to 4 days old.
In older cultures the process may repeat itself, after new cells have
emerged from the symplastic stage. It is quite evident that this uniting
of two or more cells at the time preceding the formation of gonidia, of
regenerative bodies, or of endospores is not without physiological significance. Especially convincing in this respect is the formation of regenerative bodies at the point where two cells united; this represents the
exact counterpart to the formation of zygospores among fungi and
algae. Figure 30 on Plate 3 and figure 68 on Plate 6 illustrate this
occurrence very clearly.
The various modes of cell union described in Part I (25, p. 1^-203)
as characteristic of bacterial conjunction, including that of free endospores, were all observed with Azotobacter. Pictures of lateral connections and bridges, as well as the uniting of large and small cells,
were demonstrated by figures 1 to 3 (PI. A) and 22 and 23 (PI. D) of
our preliminary paper (28), Conjunction by bridges and by beaks are
also visible in figures 278 to 294 of Part I (25); and figures 95 and 96
on Plate 8 of the present paper illustrate a mode of cell union which
again, as the making of bridges and beaks, duplicates in a striking manner certain copulative processes known from yeasts (25, />. 199). That
the development of endospores and of gonidangia is preceded by cell
conjunction is fairly clearly indicated by the pictures shown in figures
7 (PI. 1), 61 and 69 (PI. 6), 81 (PI. 7), and 89 (PI. 8). Especially
spindle-shaped and triangular gonidangia are probably always the result
of the uniting of two or three cells. They are produced regularly by
the large sporulating cell type as well as by the fungoid growth of Azotobacter, and they make a very interesting counterpart to analogous
formations observed with spirilla. (Compare especially figure 12 on
Plate 1 and figure 81 on Plate 7 of this paper with figures 86 and 87 on
Plate VIII of Part I (25).) Undoubtedly these facts would deserve
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more detailed investigation; but in view of the experimental difficulties already encountered in such studies with the comparatively large
yeasts, the outlook is not very promising.
DIFFERENT TYPES OF GROWTH OF AZOTOBACTER—COMPARISON"
WITH OTHER BACTERIA
If the seven cell types characteristic of the life cycle of Azotobacter
are separated and fully stabilized, they naturally exhibit pronounced
differences in physiological and especially in cultural behavior. But
our experiments revealed that there may be more than one type of
growth pertaining to one type of cell form, due to different pigmentation
of the bacterial growth. The large nonsporulating cells may grow white,
yellowish, or brown, and the large sporulating cells either white, or
yellow, or brown; but in these two cases stabilization of the differently
colored strains remained more or less incomplete. On the other hand,
the coccoid, the dwarfed, as well as the fungoid growths of Azotobacter,
may show white, yellow-orange, or red pigmentation; and all these
strains could be brought to a very marked stability. The small nonsporulating rods grew usually white, more rarely yellow; and although
the small sporulating rods did not exhibit any pronounced pigmentation, they, too, showed differences of growth which thus far have been
accepted as sufficient for establishing different bacterial "species/'
But even if only the pronounced and fairly constant differences in pigmentation are taken into account, we are confronted by the truly astonishing result that Azotobacter may present itself in not less than 14
types of growth, all so different from each other that, according to the
customary methods of defining bacterial species, they all would have
to be accepted as separate species belonging to five or six different
genera.
Before entering upon the characterization of these different types of
growth of Azotobacter a summary may be given in Table I, showing how
often each type of growth was observed in our experiments, how many
transformations were effected in each case, and in what direction these
transformations took place. Most of the dwarfed type strains grew
yellow; therefore all of them are listed in one column.
These 188 transformations effected among approximately 2,000 transfers may not appear very impressive. However, several points have to be
considered in this respect in order to reach a fair valuation of these
results. First, it has to be kept in mind that under the microscope the
seven different cell types have been seen in all cultures, although the
number of cells of different shape was frequently not large enough to
permit separation by plating. Secondly, it frequently happened that
when plates were made the changed cells returned to the original type
of growth, or their colonies were at first so similar to the others that they
escaped detection. And the third point is that the new strains, once
established, repeatedly proved themselves very persistent; it was mentioned above that retransformations took place occasionally not before
five or more years had elapsed, and after hundreds of transfers had been
made. It might be assumed that single-cell cultures should have given
better results, but as pointed out before we do not share this view.
As most of our experiments were made with Azotobacter chroococcum and
A. Beijerinckiiy their types of growth will always be discussed first,
and then the differences obtained with regard to A. agüe and A. vitreum.
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I.—Types of growth and transformations observed in strains of Azotobacter
Number of transformations to different types of growth.

Type of growth at beginning
of experiment.

Spore-free
Sporulatsmall rods. Fungoid growth. ing rods.

Coccoids.

Large spore-free cells.
Coccoids:
White
Yellow
Red
Dwarfed growth
Spore-free small rods:
White
Yellow
Fungoid growth:
White
Yellow
Orange
Sporulating rods:
Small
Large
Total.

35
17
12
1

18
23
3
27
1

6
20

25
19

16

25

24

14

18

is

188

I.—LARGE NON-SPORULATING CELLS

In another paper, published in 1908 by the senior author together
with T. Westennann (jo), a detailed description was given of all peculiarities of the large Azotobacter cells, based on a comparative study of
21 strains, to which only few additions are to be made. The observations then made upon the tendency of Azotobacter to form branched
threads and to grow occasionally as a yellow or as a white sarcina have
now found their explanation in the discovery of the fungoid and of the
coccoid types of growth. It was also pointed out in that report that in
several respects, especially in its colony formation and in its growth on
potato, Azotobacter may exhibit certain traits characteristic of sporulating rods. Numerous confirmative results were obtained in this direction.
Not infrequently the colonies on mannite-nitrate agar did not show the
typical coarse dark gray granulation, but a more or less hairy and
brownish structure, indicative of the tendency to develop the rod form.
The change from whitish to yellowish to brown growth was seen with
both Azotobacter chroococcum and A. Beijerinckii. In 1908 it was said
that probably A. Beijerinckii should be classed as a variety of A. chroococcum; our new findings prove the correctness of this view. Expècially
a white strain of A. chrooccoccum (No. 10), originally isolated by Prazmowski (40), behaved exactly like A. Beijerinckii. And several typical
strains of A. chroococcum kept for five years in mannite-nitrate solution
assumed the same character—that is, they showed now little inclination
to develop the typical dark brown to black color but produced a light
yellow to light brown slimy growth. On the other hand, typical strains
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of A. Beijerinckii were also found to be able to develop a dark brown or
black color when they were kept for several months in tubes containing
mannite-nitrate solution and partially immersed strips of filter paper.
Directly above the solution the characteristic thick yellowish to brownish
slime was always noticeable, but at the upper edge of the paper strips
after four to six weeks a thin dark brown to black growth became visible,
and the microscopic inspection revealed the fact that the cells in this case
were much more solid and more uniformly stained than those making the
more slimy light-colored growth. The latter are always granular and
only partially stainable, as is characteristic of A. Beijerinckii. With
A. agile analogous observations were made. The slimy growth was
again of light brown color like that of A. Beijerinckii, and at the upper
edge of the paper the same black development appeared in old cultures.
If A. agile does not produce its characteristic green pigment, as frequently
happens, its growth is hardly distinguishable from that of A. Beijerinckii;
but here other types of growth as well as slight differences in morphology
permit a clear differentiation, whereas there are no such differences
between A. Beijerinckii and A. chroococcum. A. vitreum has never shown
any pigmentation of its large nonsporulating cells, which practically
always retained their typical globular shape. The only exception
noticed thus far was discussed in another paper (26) ; the large rodlike
forms seen in this case were inclined to assume endosporulation, which
could not be fully established, however. The large globular cells of
A. vitreum leave no doubt about their being gonidangia or microcysts,
and their behavior and appearance is very similar to that of globular
gonidangia and microcysts of A. agile. A comparison of figure 6 on
Plate A of our preliminary communication (28) with figure 94 on Plate,
8 of the present paper may illustrate this similarity. These large cells
are Gram-negative, as is typical for the nonsporulating large cells of
A. chroococcum, A. Beijerinckii, and A. agile, but the somewhat smaller
globular cells of A. vitreum, which, often occur in sarcina formation, are
Gram-positive. In this as well as in all other respects they display the
character of the coccoid growth common to all Azotobacter strains; in
fact, with all of the latter cultures microscopic pictures were obtained,
especially from potato agar, which looked exactly like A. vitreum. In
the first Azotobacter paper (30) it was mentioned that a white sarcina
was grown from A. agüe, as was a yellow sarcina from A. Beijerinckii.
No explanation could be given at that time; but to-day we know that
it was the regenerative bodies we had before us, and we are now also able
to show that A. vitreum may grow in other types equal to those of
A. agile—that is, A. vitreum.is a variety of A. agile, as is A. Beijerinckii
of A. chroococcum. Cultivation of the large nonsporulating cells in
slightly acid mannite-nitrate agar (PH6.O) always gave during the first
two weeks good typical growth with strong characteristic pigmentation;
in older cultures, however, the tendency to produce small cells became
very marked and was repeatedly used to great advantage. Potato agar,
on the other hand, favored especially the coccoid growth, while in soil
quick changes to all different cell types were observed simultaneously.
2.—COCCOID GROWTH

As was explained before, this type of growth results when regenerative bodies cease to act as such and begin to multiply by fission and by
budding. It is self-evident that in the beginning such strains are often
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very unstable; they either grow up to large cells or reproduce rods either
by germination or by simple stretching. But if they are once definitely
established (cultivation on beef or on potato agar proved best for this
purpose) they may cling tenaciously to their now micrococcus-like habit
of growth. White growth was most frequent (Table I, p. 415), yellow
next, and pink much more rare. Changes from white to yellow and
from yellow to pink were observed in some cases, in full agreement with
the results recorded with Micrococci (25, />. JJ, 43). As A. chroococcum
as well as A. agile produce all three types of growth, it is easily understood why these differences in pigmentation can not be constant.
The white coccoid growth is very similar to that ascribed to Micrococcus concentricus Zimm. On agar smooth circular colonies are formed,
which have a finely granular structure, resembling under the microscope very much those of the Bacterium pneumoniae Friedl. group,
except that the radiate stripes are missing. On gelatine they are distinctly zoned and have lobate edges. The growth on beef agar, as
well as on mannite-nitrate agar, is varying from thin dew-like to thick
aerogenes-like layers. Gelatine is not or only very little liquefied.
Beef broth becomes slightly turbid and has no film or ring, but heavy
sediment. Milk remains unchanged, brom-cresol-purple is slightly
reduced; occasionally a slow peptonization takes place, which, however,
was always accompanied by a change from the coccoid to the fungoid
cell type. On potato a thick, creamy yellowish grayish brownish
growth, similar to that of Bacterium aerogenes, was observed.
The yellow coccoid growth differs from the white one practically only
by the yellow pigment produced in the cells on agar, gelatine, potato,
etc., and the pink growth behaves in an analogous manner, except that
the growth on potato was always very scant and colorless. Gelatine
liquefaction was always absent or very moderate; motility was never
seen. The pink cocci gave sometimes a brown hue to gelatine as well
as to potato agar. According to the customary diagnosis, these yellow
and pink coccoids would have to take their places close to Micrococcus
sulfureus Zimm. emend. Lehm, et Neum. and to Micrococcus roseus
(Bumm) Lehm, et Neum., respectively.
Nitrogen fixation was not noticeable with these coccoid strains.
That, however, occasionally positive results may be obtained is proved
by the fact that a culture, once determined as Micrococcus sulfureus
var. tardigradus and found to be able to assimilate free nitrogen vigorously (27), has shown itself to have been the vegetative growth of the
regenerative bodies of a yellow large sporulating rod, which stands very
close to those developed from Azotobacter.
3.—DWARFED GROWTH

As this type of growth is the result of the vegetative propagation of
the gonidia, it is always at the beginning, and not infrequently for a
very long time, rather inconspicuous and easily overlooked. Very small
whitish circular colonies of about ^-mm. diameter, of finely granular
yellow structure in the center and of white, smooth appearance at the
edge, are most typical. If the growth is more vigorous, a flaky structure may become visible in the center, as with Bacterium septicaemiae
haemorrkagicae Hueppe (iSt Table 18\ VI). It often took two weeks
before the colonies became visible. Transferred to agar, the growth is
again frequently very thin and dewlike, and it may remain so on all
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substrates—that is, a thin, colorless slime appears on solid media,
while milk is left unchanged, and in broth as well as in mannite-nitrate
solution hardly any growth becomes noticeable- More frequently,
however, a better development takes place after a while, and in all
cases observed by us this better growth was characterized by a bright
yellow coloration, with the exception of two cases where later a red
pigment was produced. The microscopical aspect and the other cultural peculiarities were identical in both cases. As no such bacterial
growth was fully described before, as far as we know, the necessary
data may be given here.
MORPHOLOGY (PI,. 3).—Typical >£ to ^/* globular, oval, wedge-shaped, or rodlike
cells, single,
in short chains, or often in clumps, after two to four weeks mostly small
cocci, % t0 Hi*- Changes to small rods, to coccoids, and especially to fungoid growth
were frequently observed; occasionally also upgrowth from the symplasm to large
spore-free and to large sporulating cells.
STAINING after Gram was mostly negative; only in some cases very small granules
showed a positive reaction, while the rest of the cells remained negative.
MOTIUTY was mostly absent, only when Gram-positive granules were present the
cells developed motil ity by one polar flagellum.
CONJUNCTION was frequent, especially in two days old cultures on salt agar and in
salt-broth. Zygospores were formed.
GoNiDiA were produced after the cells had grown up to full size.
GoNiDANGiA of threadlike, clubbed, or globular shape, the latter equal to normal
Azotobacter cells, were produced especially on potato agar, on potato, in milk, and
in mannite-nitrate solution. Thin needlehke outgrowth was seen occasionally.
REGENERATIVE BODIES of globular shape appeared, as a rule, after 2 to 3 weeks,
especially on agar and on potato.
MICROCYSTS.—The small globular or oval cells often became thick-walled and
germinated later to small, pale, thin-walled ovals.
ENDOSPORES.—Pale, small ovals were seen to transform themselves in toto to bright,
heat-resistant bodies, which gave rise to typical sporulating rods.
SYMPLASM.—Nearly always small as well as large cells developed from the symplasm,
the former always and in much greater number in the thinner portions close to the
edge, the latter in smaller number in the inner thicker parts. Filidia and sclerotia
were also produced occasionally, the latter resembling those shown in figure 108 on
Plate 9.
COLONIES.—On beef agar and on mannite-nitrate agar circular, ^ to 1 mm. in
diameter, whitish to yellowish, with finely granular to flaky yellowish structure,
edge white, smooth. Occasionally larger, more slimy, and more whitish colonies
were formed (changing to small rod type), or larger yellow circular colonies (changing
to coccoid growth), or yellow brownish colonies with somewhat irregular edge
(changing to fungoid growth). On beef gelatine small yellow, dense colonies with
smootn, sharp edges were formed; gelatine was not liquefied.
AGAR SLANTS.—On beef agar and on potato agar a flat, bright yellow, especially
greenish yellow, growth with somewhat irregular outlines is most frequent. Occasionally it becomes orange or yellow brownish (and the cells become in these cases
fungoid). On mannite-nitrate agar the growth is thinner than on beef agar, often
only dew-like and transparent. Phosphate agar gave a bright greenish yellow growth.
The two red strains turned from whitish yellow to orange and later to brick red;
their growth remained always very moderate.
BEEF GELATINE cave only meager, thin surface growth, transparent or yellow; the
gelatine remained either firm or showed after three to four weeks a little bowl-shaped
depression, but only very little liquefaction.
BEEF BROTH became slightly turbid, contained some yellowish (or reddish) sediment; but only in one case a loose, thin yellow film and a thin yellow ring were
produced.
MILK remained always unchanged, except in those cases where the cells assumed
fungoid growth. Some yellow (or red) sediment was always noticeable; occasionally
also on the surface a ring and a few flakes of the same color appeared.
POTATO gave growth, as a rule, only after repeated inoculation. Then a little
transparent slime appeared, which changed with well-growing strains to a fairly thick
greenish yellow (or brick red) slimy layer. Occasionally it became dull and dry
(changing to fungoid type), or remained slimy, but turned brown (changing to large
spore-free cells).
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MANNITE-NITRATS SOLUTION gave mostly only very little growth; it showed slight
turbidity and some yellow sediment; in a few cases the solution itself became distinctly yellow.
NITROGEN FIXATION was not noticeable in pure cultures, but a very pronounced
stimulating effect was exerted upon the formation of thick floating membranes in
mixed cultures (with large spore-free as well as with fungoid cells).

Identical transparent and yellow strains of the dwarfed growth were
isolated from Azotobacter chroococcum, A. Beijerinckii, A. agile, and A.
vitreum. The two atypical cultures of red pigmentation came from one
strain of A. Beijerinckii, while two other strains of this kind did not
produce such growth. It can be safely said, therefore, that the various
Azotobacter species and varieties did not exhibit any difference in their
dwarfed growth. Bacterium antityphosum Almquist, discussed in Part I
(25, p. 147), is equally indistinguishable from our dwarfed Azotobacter
growth morphologically as well as culturally; only the agglutination test
would permit differentiation. Furthermore, one culture of Bacillus
pumilus gave us a very similar, although very weak growth, and it is to
be expected that in many other cases analogous results will be obtained,
as soon as the bacterial gonidia and their behavior will be made the object
of adequate studies.
4. FUNGOID GROWTH

As was discussed above, this type of growth is closely connected with
the gonidial development. But whereas the gonidia, when they grow
as such, become similar to a minute yellow Mycobacterium, the fungoid
cells in the majority of cases grew as a white, fairly large Mycobacterium,
which displays on potato a very characteristic dry, raised growth of pink
color. Here the differentiation of Azotobacter chroococcum and A. Beijerinckii from A. agile and A. vitreum is very sharp. Identical strains
of the white-pink mycobacterium were isolated from practically all our
cultures of A. chroococcum and A. Beijerinckii, but never from A. agile
or A. vitreum. A few mycobacterium cultures of yellow or orange color
were branched off in both cases, but these were always closely connected
with the yellow dwarfed growth common to all Azotobacter strains.
According to the descriptions given by Lehmann and Neumann (/<?),
Söhngen {41), and Vierling (^j), our yellow cultures may be identified
with Mycobacterium luteum Söhngen, and the orange ones with Myco-.
bacterium lacticola Lehm, et Neum. ; but we have also to confirm Vierlinge findings that the pigmentation is not absolutely stable. Changes
between yellow and orange were observed and occasionally also a temporary loss of pigmentation—that is, the same instabilities as were found
with the dwarfed growth.
The white-pink fungoid growth, characteristic of Azotobacter chroococcum
and A. Beijerinckii, is perhaps identical with Mycobacterium album
Söhngen. But the description given by the Dutch author (41) is too short
to permit a definite statement. As no other description of this type of
growth seems to have been published, our notes may find a place here.
MORPHOLOGY (PI,. 4).—Pale, irregular, slimy sheaths with dark granules are most
common on mannite-nitrate agar and in mannite-nitrate solution. They are usually
the first outgrowth of the symplasm and assume gradually more regular shape and stain
more uniformly. On beef agar and in beef broth the pleomorphism typical of Mycobacterium is always noticeable. Figures VI and XII of Table 69 and Figure X of Table
70 in Lehmann 's and Neumann's atlas (18) could have been made from our slides.
In milk especially richly branched forms were seen; but continued cultivation in milk
saused the transformation into slime producing small rods. # On potato the inclination
to assume endosporulation was very pronounced, while cultivation on potato agar gave
either small nonsporulatmg rods or white or yellow coccoid growth. In soil and in
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mannite-nitrate solution, especially with PH 7.5, the tendency to reproduce large
nonsporulating Azotobacter cells was sometimes very marked, and transformations
were effected accordingly.
STAINING after Gram was always positive.
MoTiuTY was always absent.
CONIDIA are often liberated in great numbers especially from the slimy sheaths
(fig. 40 on PI. 4) and were frequently seen to grow up to rods or to pass over to the
yellow, dwarfed growth.
GoNiDANGiA.—The large, slimy threads containing numerous gonidia may be
accepted as such. In addition the large, globular cells, produced in soil and in
mannite-nitrate solution, which later grew as regular Azotobacter, are typical gonidangia. Such globules, when developed from the symplastic stage on potato agar,
quickly dissolved into heaps of small coccoid cells (regenerative bodies).
REGENERATIVE BODIES were produced regularly in lateral or in terminal position.
The former were seen to reproduce small spore-free rods, while the latter were inclined
to become endospores.
ARTHROSPORES and MICROCYSTS were frequent on all substrates, but most abundant
in water.
ENDOSPORES were developed from the terminal regenerative bodies in five cases.
When the microscopic picture was similar to that shown in figure 45 on Plate 4, the
material was heated in beef broth or in mannite-nitrate solution first to 70o C, later
to higher temperatures up to 90o C, and from successful tests cultures were made on
potato and on beef agar. Heated material gave at first development intermediate
between normal fungoid growth and small sporulating rods. Plating and repeated
heating permitted final separation.
SYMPLASM produced very manifold growth (Figs. 38, 47, and 48 on PI. 4, Figs. loo,
102, and 107 on PI. 9), although the typical pale, irregular sheaths with dark granules
appeared most frequent. The large spore-free cells originated always from the symplasm. Irregular sclerotia, like those reproduced in figure 108 on Plate 9, were also
found with this type of growth.
COLONIES on mannite-nitrate agar and on beef agar were in the beginning smaller,
but otherwise very similar to regular Azotobacter colonies. When the fungoid growth
was more firmly established,, the colonies appeared macroscopically whitish, fiat, with
raised center and irregular edge, microscopically brown in the center, of hairy structure, with thin, transparent, fringed edge, very similar to Figure X of Table 69 in
Lehmann's and Neumann's atlas (18). When the tendency prevailed to assume a
more regular rod-shaped growth, the colonies became circular with sharp edge and fine
granulation, whereas the inclination to change to sporulating rods caused the appearance of smaller colonies with hairy structure and irregular moss-like edge, similar to
small colonies of Bacillus mesentericus.
AGAR SLANTS.—A flat, dry, grayish or whitish growth with thin, irregular edge is
typical on beef agar as well as on mannite-nitrate agar. Often white spots are scattered
over the surface. If the small spore-free rods are developing a thicker slimy .white or
slightly pink growth appears, while the change to small sporulating rods is accompanied
by a slightly yellowish color of the layer, which may show a few wrinkles. Potato agar
produced a thick yellowish pinkish growth with yellow secondary colonies, from which
a pure growth of yellow coccoids was branched off.
BEEF-GELATINE.—Irregular, thin, grayish or pinkish surface growth, little development in stab; no liquefaction.
BEEP BROTH.—Uniform turbidity, loose grayish film, whitish ring, heavy slimy
white sediment.
MILK unchanged during the first days, then slowly peptonized, turning brown,
becoming alkaline and very slimy; on the surface often a brittle film and a whitish
ring are visible. After repeated transfers from milk to milk the peptonization and
brown discoloration ceased and the milk remained neutral and became very ropy; the
cells had changed from the fungoid type to small nonsporulating rods.
POTATO.—Typical raised, dry, pink growth with irregular surface and edge. Rarely
a yellowish grayish brownish, more or less slimy growth was produced; in these cases
the irregular cells assumed rod shape,
MANNITE-NITRATE SOLUTION became slightly acid, remained practically clear; on
the surface a thin grayish film developed, which often ascended on the walls of the
tubes and frequently showed the white dots characteristic of the growth of Azotobacter
Beijerinckii; on the paper above the solution a thick slime developed, which later
turned brownish, and a heavy, white, slimy sediment was formed in the solution.
NITROGEN FIXATION by pure cultures in mannite solution was not noticeable, but
there was a pronounced tendency to produce the wrinkled dotted film, characteristic
of crude Azotobacter cultures, especially when the fungoid cells grew in symbiosis
with the dwarfed cells.
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The characteristic pink growth on potato reminded the senior author
that some strains of Bacterium ¿adis viscosum, tested by him in 1904 for
nitrogen fixation, had presented a very similar appearance (23). One of
these cultures was still available, as was another strain of the same
organism, isolated in 1909 from slimy milk. When tested, both strains
behaved exactly alike and appeared very similar to the white fungoid
growth of Azotobacter. Cell morphology, colony formation, the characteristic growth in milk and on potato were the same in both cases,
and it was on account of these observations that with the fungoid Azotobacter strains frequently repeated tests in milk were made which, as was
mentioned above, caused indeed a transformation to slime-producing
rods, which proved to be identical with Bacterium lactis viscosum.
5.—SMAU, NONSPORULATING RODS

White and yellow nonsporulating rods were observed with all four
types of Azotobacter; but their morphological and cultural behavior
allowed a clear separation, those dervied from Azotobacter chroococcum and
A. Beijerinckii being sharply dififerentiated from those of A. agile and
A. vitreum.
The white slime-producing small rod form of Azotobacter chroococcum
and A. Beijerinckii exhibited all marks of Bacterium lactis viscosum
(18V p. 316; 23, p. 5<?7, 590). A transfer from Adametz's original culture,
which was received recently from Krai's Museum, differed considerably
from the older descriptions, including that published by Adametz (J).
The rods were of very irregular size and shape, motile by peritrichous
flagella; they produced gas from mannite and various sugars, but milk
was still made slimy. They also gave a yellow dwarfed strain, and a
yellow as well as an orange fungoid growth identical to that of A. chroococcum. Furthermore, large globular and oval cells were formed quite
readily which resembled typical Azotobacter cells very closely (fig. 48
on PI. 4 and fig. 57 on PL 5). That Bacterium lactis viscosum is able to
fix nitrogen was shown before by the senior author {23).
The yellow nonsporulating rods developed from Azotobacter chroococcum and A. Beijerinckii were practically counterparts to the white rods,
as well as to the yellow strains branched off from Bacterium colif BacL
typhosum, etc. (18y p. 382; 25, p. 57). On the other hand, they are
directly related to the dwarfed yellow growth, as well as to the yellow
fungoid type, from which they were developed and into which they could
be transformed. Some strains were motile by polar flagella, others were
immotile; all were Gram-negative. They liquefied beef gelatine to a
varying degree, grew on beef agar as a slimy, bright yellow layer, made
milk alkaline and digested it partially, and produced on potato a thick,
greenish yellow to bright yellow to yellow-brownish slimy growth. The
general character of the smallest rods, developed from the dwarfed growth,
was sometimes very similar to that of Bacterium turcosum (Zimm.)
Lehm, et Neum., while the larger motile or immotile yellow rods resembled more those strains described as Bacterium ochraceum and Bacterium
fulvum (Zimm.) Lehm, et Neum,
The white rods observed with Azotobacter agile amd A. vitreum either
produced fluorescence or left the color of the substrate unchanged In
both cases, however, morphology, flagellation, reproductive organs, colony formation, and growth on the various media were those of a Bacterium
fluorescens which did not liquefy gelatine or only weakly {Bacterium
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putidum Lehm, et Neum.).
The fluorescence, when it appeared, was
mostly weak and apparently was favored by a slightly acid reaction (as
is the case with the typical A. agile), while ammonia, contrary to the
usual behavior of Bacterium fluorescens, remained without effect.
The yellow rod developed from the dwarfed growth of Azotobacter agile
retained most of the cultural characteristics of its origin; merely the
cell form was at least temporarily very much like that of Bacterium putidum, and there was a clear tendency, especially in broth cultures, to
assume endosporulation, which, however, could not be fully stabilized in
this case.
Quite different from the white rods of Azotobacter chroococcum, as well
as of A. agile, are the two strains received from Dr. Mulvania (No. 26
and 27). Both produced large amounts of gas and displayed in every
respect the cultural characters of Aerobacter (Coli-Aerogenes group).
However, their tendency to make large Azotobacterlike cells was very
marked, and therefore we did not feel justified to discard them lightly
as "contaminations." Undoubtedly they do not belong to the life cycle
of A. chroococcum or A. agile; but, as Mulvania (j6), too, noticed gas
formation in his Azotobacter cultures, there remains the possibility, or
even the probability, that another species of Azotobacter exists, which
should be more thoroughly studied. The upgrowth from the gonidia to
large cells was very similar to that observed with other Azotobacter
strains (fig. 10 on PL 1). The tendency to assimilate free nitrogen has
been ascertained with several members of the Aerobacter group (24, p*
688).
6.—SMAU, SPORULATING RODS

Aztobacter vitreum did not produce any sporulating rods, but 18 strains
were grown from A, chroococcum, A. Beijerinckii, and A. agile. They
again proved to be polymorphous, and equally so with both Azotobacter
species. Width and length of the rods, as well as the endospore formation, varied considerably, and the cultural features proved to be equally
unstable. But these alterations were by no means erratic; in fact, there
was a gradual increase in the size of the rods, a progressive change from
polar to central sporulation, and a simultaneous passing from weak to
vigorous growth. The smallest rods with polar spores were extremely
fragile and little inclined to grow on the substrates used. Frequently
reinoculation became necessary, and still losses occurred. On the other
hand, when left undisturbed on the same substrate they remained alive
for long periods. Two of these strains first appeared in old stock cultures
{26), and several of them survived when kept for five years in mannite
solutions. When tested at the end of this period in beef broth and in
mannite-nitrate solution those of A. chroococcum and A. Beijerinckii
grew only in the latter, while those of A. ague preferred the beef broth.
Morphologically as well as culturally these small, weakly growing,
Gram-negative rods with polar spores are practically identical with
Bacillus terminalis Mig., as described by Lawrence and Ford (zo). At
first it seemed as if those of the chroococcum type could be clearly
differentiated from the agile type by the appearance of the spores; the
latter showing ridges similar to those of B. asterosporus (A. Meyer) Mig.
But the cultural character was distinctly different from that of B. asterosporus and very similar to that of the other strains. Ford and his
collaborators have seen similar ridges occasionally upon the spores of
B. brevis Mig., B. fusiformù A. M. et Gottheil, and of related forms.
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and it is also our experience that this feature is rather unstable even in
B. asterosporus, as is proved by the permanent absence of ridged star
spores in the original culture, obtained from the New York Museum of
Natural History.
When the strains show a somewhat more vigorous growth and their
cells increase in size, the morphological and cultural characters become
identical to those of Bacillus fusiformis A. M. et Gottheil, according to
the descriptions published by Gottheil (J^) and by Lawrence and Ford
(JO), with the exception that not only globular spores were produced but
also many of oval shape. Comparative tests made with a culture from
the New York Museum gave identical results. Only on potato agar
nearly all spores were globular, and these showed a pronounced inclination
to become normal regenerative bodies. Apparently B. centrosporus Ford
(17) should also be classed as a variety of B. fusiformis. The cultural
marks are very similar, and the particular form of the rods is equally
noticeable with otherwise typical B. fusiformis growth (fig. 63 on pi. 6).
The next step in the development of the small sporulating rods of
Azotobacter chroococcum and A. Beijerinckii proved to be a change in
cell morphology from the slender, frequently pointed forms of Bacillus
fusiformis to a more compact appearance with rounded or square ends,
centrally located spores, and a change in the cultural character to that of
Bacillus pumilus A. M. et Gottheil. Ford was unable to obtain a typical
culture of this strain, and the one we received from Krai's Museum also did
not fully agree with Gottheil's description; it displayed in several respects,
especially on potato, unmistakably the characters of Bacillus fusiformis,
that is, while our cultures gaining in size and vigor of growth changed
from the type of Bacillus fusiformis to that of Bacillus pumilus, the
weakened stock culture of the original isolation had followed the opposite
course. Bacillus pumilus in its typical form makes a very characteristic
grayish pinkish brownish smooth growth on potato, well known to the
senior author from numerous isolations made under his direction by
Bierema (6) in 1908. Two of these cultures were still at our disposal, as
was also one culture of Bacillus Freudenreichii (Miquel) Mig., described
by the senior author in 1905 (23, p. 71c) and later recognized as closely
related to Bacillus pumilus (6). The cultural features were still fairly
similar to those of the original isolations, but the spore-formation had
ceased entirely, and the cells exhibited clearly a mixture of fungoid and
small rod-like growth. As was to be expected from these findings further
testing confirmed that this fungoid growth of Bacillus pumilus is identical
with the white-pink Mycobacterium developed from A. chroococcum and
A. Beijerinckii as well as from Bacterium lactis viscosum. It was not
difficult to change these spore-free strains of Bacillus pumilus and
Bacillus Freudenreichii by continued cultivation in milk into typical
strains of Bacterium lactis viscosum. On the other hand we have not yet
succeeded in reestablishing the endosporulation, which once was very
conspicuous with these strains, whose purity and authenticity are beyond doubt. Successive transfers on potato and heating in beef broth
up to 85 o C. clearly favored the return to a more typical rod form (fig.
58, 54, and 46 on Plates 5 and 4) and also to the production of fairly
resistant zygospores and arthrospores. But a complete success has not
been reached thus far, and this experience makes it easy to understand
why analogous tests with Azotobacter have been and are so often failures.
Still somewhat larger than Bacillus pumilus is a sporulating rod
which was developed directly from the dwarfed growth (No. 2 grown
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repeatedly from No. i). A very similar strain was received from the
New York Museum of Natural History as Azotobacter chroococcum (collection No. 522). Another subculture received from the same source
under the same number in 1915 had not shown endospore formation
but grew very similarly to our dwarfed Azotobacter strains. It died
out after a while, and therefore we can not decide whether the sporulating growth later received from New York was a legitimate offspring
or a contamination. On account of the fact that the analogous change
occurred repeatedly under our eyes, the former possibility seems to us
more probable. The New York strain showed all features of B. circulans
Jordan (77, p. 5x9), and our own culture (No. 2) was fairly similar except that it was more inclined to become a large sporulating rod like
those which we still have to discuss.
The small sporulating rods of Azotobacter agile, while resembling very
closely the smallest type developed from A. chroococcum and A.
Beijerinckii, did not show any tendency to pass over to the Bacillus
pumilus type, and this is again in good agreement with the recorded
absence of the white-pink fungoid growth in the cultures of A. agüe.
In cell form and colony type these sporulating rods first remained very
close to those of the small spore-free rods of A. agile (that is, Bacterium
putidum) ; later however they did not exhibit any sharp difference from
the Bacillus terminalis-fusiformis type. They, too, could be transformed into large sporulating rods.
7.

LARGE SPORULATING RODS

Here again Azotobacter chroococcum, A. Beijerinckii, and A. agile produced very similar growths. The strains derived from the first-named
species proved to be identical, morphologically as well as culturally, with
Bacilluspetasites A. M. et Gottheil (12), while those obtained from A. agile
exhibited more the character of B. silvaticus A. M. et Neide (37), but these
differences are rather inconspicuous. An old stock culture of B. petasites
received from New York was somewhat reduced in size, but otherwise quite
typical. Like all strains developed from our Azotobacter cultures, it grew
on beef agar either white, yellow, or brown. These three types of growth
are not constant on account of the instability of the cells causing the
different pigmentation. The typical, very large, broad, granulated rods
produce the characteristic yellow growth; the weakly staining oval cysts,
which were discussed above, make a whitish grayish layer; and in the
brownish material, which also may give a brown color to the agar, sporulating long rods and threads of more or less regular shape are most frequent (fig. 73, 74, 76, and 77 on Plate 7). Temporarily, of course, one
or the other mode of growth may predominate, and in short-termed tests
such cultures are liable to be erroneously classified as different "species."
Form, color, and structure of the colonies, although very characteristic in
their typical development, may vary considerably, too. Occasionally
colonies were seen which macroscopically as well as microscopically (low
magnification) were indistinguishable from those of the large nonsporulating cells of A. chroococcum; they contained nothing but spores.
Illustrated descriptions, of two large, sporulating, nitrogen-fixing organisms (Bacillus malabarensis, and B. danicus), which were published
by the senior author some years ago (27, 29, 30) can now be accepted as
descriptions of the large sporulating cell type of Azotobacter. A renewed thorough study of our stock cultures left no doubt that they may

Feb. lo, 1923

Life History of Azotobacter

425

assume the character of this organism, as was already indicated in
those earlier papers. With regard to B. danicus it was said in 1908 that
all cell forms characteristic of Azotobacter were seen except the sarcina
form; with the help of our newly won knowledge this could now be easily
developed from secondary colonies on beef agar. The curious beetshaped large cells of B. malabarensis can now also be identified with the
gonidangia of the sporulating Azotobacter strains, and that the original
isolation produced in mannite solution large globular spore-free Azotobacter-like cells (27) is also easily understood at present.
Bacillus luteus Baker et Smith seems to be identical with B. petasites,
according to the detailed description published by Garbowski (JI). The
three types of growth (white, yellow, or brown), the inclination to produce in secondary colonies yellow spore-free cells (coccoids), and the
various cultural marks are the same in both cases. The ability to fix
free nitrogen is, of course, variable ; B. malabarensis and B. danicus were
found to assimilate 1 to 2 mgm. per 100 cc. 1 per cent mannite soil
extract.
The potato cultures, which proved most helpful for reestablishing the
spore-free typical Azotobacter growth, gave also the only opportunity to
distinguish with some accuracy the sporulating strains developed from
Azatobacter chroococcum and A. Beijerinckii and those of A. agile. For
one or two weeks all of them displayed first the whitish slimy, later
the yellow glossy growth characteristic of Bacillus petasites; but then the
growth became distinctly brown when derived from A. chroococcum or
A. Beijerinckii, while it turned gray with A. agile as with Bacillus silvaticus. However, a much better differentiation was secured if use was
made of the conspicuous inclination of these potato cultures to give rise
to other types of growth. The cultures developed from A. chroococcum
and A. Beijerinckii were found inclined to resume the character of B.
pumilus, or transferred to beef gelatine they even went back to the very
characteristic white-pink fungoid growth, while those of A. agile returned
on beef gelatine to the white, small nonsporulating nonliquefying rod
closely related to Bacterium putidum. Still more convincing, although
more difficult to attain, is of course the reestablishment of the typical
nonsporulating large cells; continued culture on potato alternated with
transplants to alkaline mannite-nitrate agar and solution gave comparatively the most satisfactory results in this respect.
That the large sporulating rods of theMegaterium type are much inclined
to become smaller and to assume other cultural characters was often
observed, and it is equally wTell known that stock cultures of the smaller
sporulating rods not infrequently lose their ability to produce endospores
and become similar to Bacterium coli and related forms. With the anaerobic nitrogen-fixing bacilli of the Amylobacter group these changes are
even more frequent, and the ability of these organisms to produce
aerobic nonsporulating coccoids brings them into closer contact with the
aerobic nitrogen-fixing bacilli of the Azotobacter group. All these
relations should be properly considered and more thoroughly studied.
DISCUSSION OF RESULTS
The observations recorded concerning the different types of vegetative
growth and of reproduction of Azotobacter permit a much more complete
and much more accurate characterization of this organism than has been
given thus far to any other genus of bacteria. In fact, all form genera of
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bacteria, as created by Ferdinand Cohn and his successors, have become
invalid because, in accordance with earlier observations discussed in
Part I (25), our experiments have shown that Azotobacter, like certain
other natural groups of bacteria, is able to grow in all forms which were
accepted as a basis for establishing the so-called genera Micrococcus,
Bacterium, Pseudomonas, Bacillus, and Mycobacterium. Contrary to a
very widespread, although quite illogical, assumption the pleomorphism
of Azotobacter, as of all other bacteria, does not obscure but clarifies and
strengthens the character of the genus as well as of its species. While a
study of the large nonsporulating cells alone made it probable that
Azotobacter Beijerinckii J. G. Lipman might be a variety of Â. chroococcum
Beij., this conclusion has been made certain by the discovery that all
other types of growth are identical in both cases. A. agile, on the other
hand, exhibits in its large nonsporulating cell form certain features which
might be accepted as proof that it should be classed as another variety
of A. chroococcum, as was done, for example, by Prazmowski (40) ; yet its
small nonsporulating rod form and its fungoid growth are so different
that no doubt remains about its being a true species. That A. Vinelandii
J. G. Lipman is identical with A. agile Beij. could be said on account of the
identity of their large nonsporulating cell forms (jo), and all other
developmental stages have now shown themselves equally identical.
A. vitreum Löhnis, in its large nonsporulating cell type apparently quite
different from the other species, has displayed in all other directions so
much similarity with A. agile that its being a variety of this species is
practically certain, although this conclusion had to be drawn from the
results obtained with the only strain available.
Three other Azotobacter species have been described as Azotobacter
Woodstownii J. G. Lipman (22), A. Hilgardi C. B. Lipman (79), and
A. Smyrnii C. B. Lipman et Burgess (20) ; but they all should be canceled.
The first one was never shown to be able to fix nitrogen, and its characterization is not distinct enough. The second one was only very
incompletely described. According to information kindly furnished by
its author it was "very similar'' to A. Smyrnii. This like the other
is no longer alive, but its illustrated description {20) leaves no doubt
that it was identical with the sporulating large cell form of A. chroococcum.
It is true that the original description says motility and spores were
lacking; but the characterization of what was accepted as vegetative
cells makes it certain that only spores were seen and photographed.
Every mark ascribed to A. Smyrnii tallies exactly with those of quickly
sporulating large cells of A. chroococcum (Bacillus petasites).
The ability of Azotobacter to produce in certain stages of growth genuine heat-resistant endospores was accepted by the senior author (26) as
proof that it should be classed as Bacillus azotobacter among the sporulating bacilli. But after our more recent studies have shown conclusively
that all old form genera, including that of Bacillus F. Cohn emend.
Hueppe, will have to be replaced gradually by natural genera, based on
complete investigation of their life histories, it appeared preferable to
retain and to emend the genus Azotobacter Beij. by adding to the large
nonsporulating type of growth the six other growth types described on
the preceding pages.
Contrary to our observations upon endosporulation in Azotobacter
cells it was asserted by D. H. Jones (16), as well as by the Committee of the
Society of American Bacteriologists on Characterization and Classifi-
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cation of Bacterial Types (45) that Azotobacter does not produce heatresistant endospores. As an analogous assertion had been made by
this Committee in a preliminary report, the senior author pointed out
at the Annual Meeting of the Society in 1917 that this opinion was contrary to the facts recorded by him in 1914 and 1916 (26, 28). The
final report of the committee, however, still retains the statement that
Azotobacter does not produce heat-resistant spores. Jones' assertion
is in conflict with our observations and, furthermore, seems to be contradicted by his own data. He reports {i6t p. 328) that some of his
stock cultures—
produced colonies of encapsulated spore-forming rods both large and small.

Because these sporulating rods did not grow like Azotobacter, he concluded that they were contaminations. That this assumption may
have been correct is of course possible, but it is equally possible that the
facts observed are further proof that endosporulating rods may be
produced by Azotobacter. We tried to make it clear in our first paper
on this subject {26) that naturally the sporulating cells of Azotobacter
differ in their growth as in their appearance more or less from the nonsporulating cells, but that the possibility to change them back to the
original nonsporulating form proves beyond doubt that they are really
a type of growth of Azotobacter and no "contamination.'' To assume
that morphologically different cells should display the same physiological
(cultural) character is, of course, quite illogical. This point was emphasized in the following statement in our preliminary paper {28, p.690) :
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 " species' ' 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 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.

Transformations from and to the original type of growth alone are
decisive. That they can not be expected in short-termed experiments
conducted along the customary lines of bacteriological research is amply
proved by the facts recorded in this and in the first part of our Studies
upon the Life Cycles of the Bacteria (25). Negative results based upon
such experiments are not conclusive.
With reference to the question of conjunction of bacterial cells, Jones
(*?! P- 330) states—
that what is here referred to as conjunction of two individual cells is rather the incomplete fission of individual cells in process of division.

That there were "side connections,, which drew our attention to this
point, and that these lateral bridges are clearly visible in our photographs
can not be explained, however, upon the assumption of incomplete
fission. That also in this case we merely rediscovered a fact which
should long have found its place in the bacteriological text books was
shown beyond doubt by the data we were able to collect and to present
in Part I (25, p. 197-204).
That pathogenic bacteria—for example, the causative agents of bubonic
plague, anthrax, cholera, diphtheria, etc.—are just as pleomorphous as
Azotobacter, Nitrosomonas, Bacterium radicicola, etc., and that their
25622—23
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life histories follow the same fundamental lines can no longer be denied,
provided that the facts recorded in the literature are taken under adequate consideration. In morphological, as well as in physiological respects,
much interesting information is to be expected from such investigations.
As was frequently noticed in bacteriological tests of soils, wherein
usually a normal growth of Azotobacter is to be observed, this organism
may be temporarily replaced by other nitrogen-fixing bacteria, such as
Bacterium lactis viscosum and other nonsporulating rods, various large
sporulating bacilli, some micrococci, etc. The possibility that different
developmental stages of the same organism may have to be made responsible for such changes sheds new light upon the very great ability of the
bacteria to adapt themselves to widely varying environmental conditions. It is especially noteworthy that the life cycle of Azotobacter not
only unites several of the best-known aerobic nitrogen- and nitrateassimilating organisms, but also strong ammonia producers and forms
which are known to be very able to make use of the various organic
substances of the soil, first of all of the humâtes, namely, several mycobacteria {411 43).
SUMMARY

Tests made with 30 strains of Azotobacter and with several cultures of
related bacteria have shown that only two species of Azotobacter are
completely characterized thus far: Azotobacter chroococcum and A. agile
Beij. (syn. A. Vinelandii J. G. Lipman). A. Beijerinckii J. G. Lipman
is a variety of A. chroococcum and A. vitreum Löhnis is probably a variety
of A. agile. A. Smyrnii C .B. Lipman et Burgess can not be accepted as
a species; according to all marks ascribed to it by its authors it is the
large sporulating growth type of A. chroococcum. A. Hilgardi C. B.
Lipman and A. Woodstownii J. G. Lipman are both incompletely described
and should not be retained.
The genus Azotobacter is characterized by the morphological and
physiological behavior of its seven different cell types. These are
(1) large nonsporulating globular, oval, or rodlike cells of white, yellowish,
or brown color, with polar or peritrichous flagella, able to act as gonidangia
and microcysts; (2) coccoid cells of white, yellow, or pink pigmentation,
the vegetative growth of the regenerative bodies, identical with Micrococcus concentricus Zimm., Micrococcus suljureus Zimm. emend. Lehm, et
Neum., and with Microcococcus roseus (Bumm) Lehm et Neum., respectively; (3) dwarfed cell type of yellow, white, or of red color, the vegetative growth of the gonidia; (4) irregular, fungoid cells, producing a
yellow, orange, or (in the case of A. chroococcum and A. Beijerinckii) a
white or pink growth; the former two are closely related to tie dwarfed
growth and identical with Mycobacterium luteum Söhngen and with
Mycobacterium lacticola Lehm, et Neum., respectively, while the latter is
probably identical with Mycobacterium album Söhngen; (5) small nonsporulating rods of white or of yellow color, the former being identical
with Bacterium lactis viscosum (Adametz) Lehm, et Neum. in the case
of A. chroococcum and A. Beijerinckii, but with Bacterium putidum
(Flügge) Lehm, et Neum. in the case of A. ague and A. vitreum; (6) small
sporulating rods, identical with Bacillus terminalis Mig., Bacillus ftLsiformis A. M. et Gottheil, and in the case of A. chroococcum and A. Beijerinckii with Bacillus pumilus A. M. et Gottheil; (7) large sporulating
cells, growing white, yellow, and brown, identical with Bacillus luteus
Baker et Smith, Bacillus petasites A. M. et Gottheil, Bacillus malabarensis
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Löhnis et Pillai and Bacillus danicus Löhnis et Westermann; those
grown from A. agile showed some marks of Bacillus silva tiens A. M. et
Neide, which, however, is closely related to Bacillus luteus. All cell
types were transformed into each other.
The reproductive organs of Azotobacter are (1) gonidia, in part filterable, produced in small numbers, one to four, in the small cells, and in
larger quantities in the large ones, which act in this case as gonidangia;
(2) regenerative bodies and exospores, either produced by the cells in
lateral or in terminal position, or growing up from the symplasm; (3)
arthrospores, formed by fragmentation of the rod-like or fungoid cells;
(4) microcysts, that is, small or large globular or oval resting cells; (5)
endospores, produced singly by the rod-like cells in terminal or in central
position, or to two or more in globular or spindle-shaped sporangia.
Gonidia form the basis for the development of regenerative bodies,
arthrospores and endospores; the production of polar regenerative
bodies always preceded the establishment of endosporulation, and endospores were found to be able to reproduce gonidia and regenerative bodies.
The formation of the symplasm and the regeneration of new cells
from this more or less amorphous substance of varying stainability
proceeds with Azotobacter in the same manner as with all other bacteria.
Amoeboid movement of symplasm was never observed, but strong inner
movements were seen, and occasionally globular macrocysts were found
which are analogous to the macroplasts discovered by Lankester. Besides normal cells, relatively solid agglomerations of more or less irregular
shape were produced by the symplasm, so-called sclerotia, which later
either transformed themselves to vegetative or reproductive cells or
reentered the symplastic stage. Large "filidia," representing another
type of more or less irregular and ephemeric upgrowth from the symplasm, were also observed.
Conjunction was regularly seen in young cultures before the formation
of gonidia, regenerative bodies, and of exospores and endospores took
place. Part of the regenerative bodies are clearly zygospores. The
cell union is either temporary, effected by connecting beaks, bridges, or
by direct contact of two or more cells, or permanent due either to a
sticking together of two uniform cells, which retain their identity, or to
a coalescence of two cells of more or less different appearance. These
various modes of conjunction, observed with Azotobacter as with other
bacteria, resemble very closely those recorded with yeasts and with
protozoa.
The fact that the different developmental stages of Azotobacter could
be in part identified with certain so-called species belonging to the
form genera Micrococcus, Bacterium, Pseudomonas, Bacillus, and Mycobacterium demonstrates anew and conclusively that the whole system
of bacteria needs complete revision, which is to be based upon the
results of thorough examination of the life histories of the bacteria.
Some bacteriologists will be inclined to explain the phenomena reported in this paper by assuming accidental contaminations of the cultures studied. However, careful consideration of the data reported
will show that most of the changes shown can not reasonably be explained upon the hypothesis of contaminations and that there are no
changes reported where the reasons that might be imagined for the
adoption of the contamination hypothesis deserve any more consideration than the reasons advanced for considering them to be normal changes
in the life cycle of Azotobacter.
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NOTE.—All

préparâtes (Plates 1-9) were stained with aqueous fuchin. Magnification in all cases X900.

PLATE i
Large non-sporulating cells.
Fig. i.—Large cells made up of nuclear material and slime. Azotobacter chroococcum
(No. 24). Mannite soil extract, 2 days.
Fig. 2.—Large globular, oval, and rod-like cells, cells of medium size with nuclei.
A. chroococcum (No. 14). Mannite-nitrate solution, 5 days.
Fig. 3.—Nuclei of cells of medium size liberated making small cells. A. agile
(No. 16). Mannite-nitrate agar, 6 weeks.
Fig. 4.—Liberated nuclear material making regenerative bodies. A. chroococcum
(No. 22). Mannite-nitrate solution, 7 days.
Fig. 5.—Large cells producing gonidia and regenerative bodies. A. chroococcum
(No. 12). Beef agar, 3 weeks.
Fig. 6.—Regenerative bodies produced by large cells. A. chroococcum (No. 18).
Beef agar, 5 days.
Fig. 7.—Large round and rod-like cells. A. agile (No. 16c). Beef agar, 2 days.
Fig. 8.—Typical mixture of large and medium-sized cells. A. chroococcum (No. 11).
Mannite-nitrate agar, 1 week.
Fig. 9.—Typical mixture of medium-sized and small cells in old culture. A. agile
(No. 16). Mannite-nitrate agar, 11 months.
Fig. 10.—Upgrowth from small to large cells. A. sp. (No. 26). Mannite-nitrate
solution, 5 days.
Fig. 11.—Liberation of gonidia from regular and irregular cells. A. chroococcum
(No. 22). Mannite-nitrate solution, 5 weeks.
Fig. 12.—Spirochaetoid forms, branched and budding cells. A. Beijerinckii (No.
13). Beef agar, iJi month.
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PLATE 2
Coccoid cells.
Fig. 13,—Conidia budding. Azotobacter chroococcum (No. 24). Mannite-nitrate
solution, 1 day.
Fig. 14.—Conidia growing to regenerative bodies. A. chroococcum (No. 18). Potato
agar, 1 week.
Fig. 15.—Small regenerative bodies growing from large pale cells. A. chroococcum
(No. 10). Mannite-ni trate agar, 6 days.
Fig. 16.—Regenerative bodies multiplying by budding and fission. A. chroococcum
(No. 25). Mannite-nitrate solution, 2 days.
Fig. 17.—Typical coccoid growth. A. Beijerinckii (No. 6). Potato agar, 3 weeks.
Fig. 18.—Coccoid cells of small size. A. chroococcum (No. 10). Mannite-nitrate
agar, 4 weeks.
Fig. 19.—Upgrowth from small to large coccoid cells. A. chroococcum (No. 19).
Beef agar, 10 days.
Fig. 20.—Regeneration of large cells. A. agile (No. 7). Milk, 4 weeks.
Fig. 21.—Coccoids and sclerotia from symplasm. Bacillus Freudenreichii (No. 62).
Beef agar, 1 week.
Fig. 22.—Coccoids reproducing small rods. A. Beijerinckii (No. 15). Potato agar,
5 weeks.
Fig. 23.—Coccoids reproducing small sporulating rods. A. chroococcum (No. 19).
Mannite-nitrate solution, 5 days.
Fig. 24.—Coccoids reproducing cells of different size and shape. A. chroococcum
(No. 25). Potato, 4 days.

PLATE 3
Dwarfed growth.
Fig. 25.—Typical gonidial growth. Azotobacter Beijerinckei (No. 6). Beef agar, 3
weeks.
Fig. 26.—Typical gonidial growth. A. chroococcum (No. 17). Mannite-nitrate
agar, 5 days.
Fig. 27.—Dwarfed cells producing regenerative bodies. A. chroococcum (No. 1).
Mannite-nitrate agar, 2 weeks.
Fig. 28.—Conidia and slime, beginning formation of fungoid cells. A. vitreum
(No. 9). Mannite-nitrate agar, 5 days.
Fig. 29.—Formation of fungoid cells from gonidia. A. vitreum (No. 9). Mannitenitrate agar, 7 days.
Fig. 30.—Dwarfed cells assuming fungoid growth. A. chroococcum (No. 17). Beef
agar, acid, 16 days.
Fig. 31.—Gonidia growing to small non-sporulating rods. A. chroococcum (No. 1).
Potato agar, 7 weeks.
Fig. 32.--Gonidia growing to small and large rods. A. chroococcum (No. 1). Beef
agar, 11 days.
Fig. 33.-:-Symplasm reproducing dwarfed growth and large slime threads (filidia).
A. chroococcum (No. 1). Potato agar, 3 weeks.
Fig. 34.—Dwarfed growth and rods of different size from symplasm. A. chroococcum
(No. 1). Mannite-nitrate agar, 6 days.
Fig- 35.—Upgrowth of large rods and globules from dwarfed growth. A. c hroococcum
(No. 1). Beer agar, 11 days.
Fig- 36.—Development of dwarfed cells, large globules, and branched filidia from
symplasm. A. chroococcum (No. 1). Potato agar, 3 weeks.
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PLATK 4
Fungoid cell type.
Fig. 37.—Typical fungoid growth. A. Beijerinckii (No. 15). Mannite-nitrate agar,
ys.
Fig. 38.—Large fungoid growth. A. Beijerinckii (No. 15). Mannite-nitrate agar,
5 days.
Fig. 39.—Large fungoid growth, well stained. .4. chroococcum (No. 14). Potato, 1
week.
Fig. 40.—Slime threads liberating gonidia. .4. chroococcum (No. 17). Mannitenitrate agar, 5 days.
Fig. 41.—Slime threads producing gonidia and small rods. Bacterium lactis viscosum
(No. 90). Mannite-nitrate agar, 2 days.
Fig. 42.—From fungoid to coccoid and rod forms. Bacterium lactis viscosum (No. 90).
Potato, 4 weeks.
Fig. 43.—From fungoid growth to small spore-free rods. A. Beijerinckii (No. 15).
Beef broth, 3 weeks.
Fig. 44.—From fungoid to coccoid and sporulating growth. A. Beijerinckii (No. 15).
Potato agar, 12 days.
Fig. 45.—From fungoid growth to spore-free and sporulating rod forms. A. Beijerinckii (No .15). Beef broth, 4 weeks.
Fig. 46.—From fungoid growth to sporulating rods. Bacillus pumilus (No. 61).
Beef broth, heated to 75o C, 1 week.
Fig. 47.—Fungoid, rod-like, and large globular cells from symplasm. A. Beijerinckii
(No. 15). Mannite-nitrate solution, 2 weeks.
Fig. 48.—Coccoid, fungoid, and large globular cells from symplasm. Bacterium lactis
viscosum (No. 89b).* Beef agar, 1 week.
5
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PLATE s
Small non-sporulating rods.
Fig. 49.—Cöccobacilli derived from large cells. Azotobacier Beijerinckii (No. 15).
Mannite-nitrate agar, 7 days.
Fig. 50.—Typical cöccobacilli. A. Beijerinckii (No. 15). Beef agar, 7 days.
Fig. 51.—Small rods with gonidia and regenerative bodies. A. chroococcum (No. 25).
Potato, 3 weeks.
Fig. 52.—^Tendency to make longer sporulating rods. A. Beijerinckii (No. 15).
Potato, 6 days.
Fig. 53.—From small rods to fungoid and sporulating cells. A. Beijerinckii (No. 15).
Beef broth, 4 weeks.
Fiç. 54.—Tendency to return to sporulation. Bacillus pumilus (No. 60). Beef
gelatine, 7 days.
Fig. 55.—From small rods to fungoid and globular growth. A. vitreum (No. 9).
Salt agar, 3 days.
Fig. 56.—Small rods and large globules growing from symplasm. A. agile (No. 7c).
Beef agar, 3 weeks.
Fig. 57.--Small rods producing Azotobacter-like gonidangia. Bacterium lactts viscosum (No. 89b). Mannite-nitrate agar, 1 week.
Fig. 58.—Small rods assuming fungoid growth. Bacillus pumilus (No. 61). Milk,
2 weeks.
Fig. 59.—Small and large rods growing from symplasm. A. agile (No. 7c). Potato
agar, 1 week.
Fig. 60.—Small and large rod-like and round cells growing from symplasm. A. agile
(No. 16b). Beef agar, 1 week.
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PLATE 6
Small sporulating rods.
Fig. 61.—Typical sporulating rods. Azotobacter Beijerinckii (No. 5). Beef agar, 2
days.
Fig. 62.—Weakened sporulating rods. A, agile (No. 7). Mannite-nitrate solution,
5 weeks.
Fig. 63.—Larger sporulating rods. A. chroococcum (No. 19). Beef agar, 10 days.
Fig. 64.—Threads producing gonidia. A. Beijerinckii (No. 5). Milk, 2 months.
Fig. 65.—Threads producing gonidia, regenerative bodies, and endospores. A.
Beijerinckii (No. 6). Beef broth, 1 week.
Fig. 66.—Arthrospore formation; encysted symplasm. A. Beijerinckii (No. 6).
Milk, 7 weeks.
Fig. 67.—Rods producing gonidia and regenerative bodies. A. Beijerinckii (No. 6).
Mannite-nitrate solution, 2 weeks.
Fig. 68.—Conjunction and zygospore formation. A. Beijerinckii (No. 6). Mannitenitrate solution, 2 weeks.
Fig. 69.—Formation.of gonidangia and regenerative bodies. A. Beijerinckii (No. 6).
Mannite-nitrate agar, 4 weeks.
Fig. 70.—Spores producing regenerative bodies. A. Beijerinckii (No. 6). Beef agar,
2 weeks.
Fig. 71.—Upgrowth to large sporulating rods. A. Beijerinckii (No. 6). Mannitenitrate agar, PH 8.0, 3 weeks.
Fig. 72.—Development to large sporulating rods. A. Beijerinckii (No. 6). Mannitenitrate agar, PH 7.5, 4 weeks.

PLATE 7
Large sporulating cells.
Fig. 73.—Typical large sporulating cells. Azotobacter Beijerinckii (No. 3). Potato,
2 weeks.
Fig. 74.—Microcysts and vegetative rods.—A. ckroococcum (No. 25). Beef agar,
1 week.
Fig. 75.—-Branched rods and threads. A, Beijerinckii (No. 3). Beef agar, 12 days.
Fig. 76.—Threads with different segments. A. Beijerinckii (No. 4). Beef agar»
2 weeks.
Fig. 77.—Threads with gonidia and regenerative bodies. A. Beijerinckii (No. 3).
Beef agar, 5 days.
Fig. 78.—Thread segmenting to globular cells. A. ckroococcum (No. 18). Mannite
soil extract, 3 weeks.
Fig. 79.—Globular sporangia producing 1 to 3 spores. Bacillus danicus (No. 34).
Mannite-nitrate agar, 2 weeks.
Fig. 80.—Globular cells dividing to 2 curved rods. A. ckroococcum (No. 20). Potato»
1 week.
Fig. 81.:—Branched sporangia. ,4. chrococcum (No. 25). Mannite-nitrate agar,
3 weeks.
Fig. 82.—Sporulation replaced by gonidangiaformation. A. ckroococcum (No. 20).
Potato, 1 week.
Fig. 83.—Beginningendosporulation of large rods. A, agile (No. 16c). Beef agar,
3 days.
Fig. 84.—Regeneration of large globular cells from symplasm. A, ckroococcum
(No. 25). Potato, 1 week.
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PLATE 8
Gonidangia; conjunction.
Fig. 85.—Typical globular gonidangia. Azotobacter chroococcum (No. 22). Beef
agar, 3 weeks.
Fig. 86.-—Dissolution of gonidangia. A. chroococcum (No. 22). Beef agar, 1
week.
Fig. 87.—Dissolution of gonidangia. A. Beijerinckii (No. 4). Mannite-nitrate
agar, 9 days.
Fig. 88.—Dissolution of gonidangia. A. chroococcum (No. 12). One percent saltmannite-nitrate agar, 4 days.
Fig. 89.—Globular and threadlike gonidangia; also conjunction. A. chroococcum
(No. 10). Mannite-nitrate agar, 4 days.
Fig. 90.—Regeneration of cells in gonidangium. A, chroococcum (No. 25). Potato,
4 days.
Fig. 91.—Globular and threadlike gonidangia; also microcysts. A. agile(No. 16c).
Beef agar, 2 weeks.
Fig. 92.—Threadlike gonidangia producing new cells. A. agile (No. 16). Potato
agar, 1 week.
Fig. 93.—Microcysts germinating. A. agile (No. 16). Mannite-nitrate agar, 2
months.
Fig. 94.—Microcysts germinating, also liberating gonidia. A. agile (No. 7). Potato
agar, 1 week.
Fig. 95.—Conjunction and fission. A. vitreum (No. 9). Potato, 4 days.
Fig. 96.—Same as figure 95.

PLATE 9
Symplasm.
Fig. 97.—Formation of s/mplasm by regenerative bodies. A. chroococcum (No. 23)
Potato, 9 days.
Fig. 98.—Regenerative units starting to grow. A. chroococcum (No. 19). Beef
gelatine, 4 weeks.
Fig. 99.—Regenerative bodies growing from symplasm. A. chroococcumÇNo. 25).
Beef agar, 4 weeks.
Fig. 100.—Various cell forms growing from symplasm. A. Beijerinckii (No. 15).
Mannite soil extract, 2 months.
Fig. 101.—Branching small cells growing from symplasm. A. chroococcum (No. 1).
Mannite-nitrate solution, $ days.
Fig. 102.—Sporulating small rods growing from symplasm. A. Beijerinckii (No. 15).
Mannite-nitrate solution, 17 days.
Fig. 103.—Beginning formation of rods. A. vitreum (No, 9). Mannite-nitrate
solution, 10 days.
Fig. 104.—Radial growth of rods from symplasm. Bacillus fusiformis Gottheil
(No. 149). Beef agar, 2 weeks.
Fig. 105.—Tangential growth of rods from symplasm. A. Beijerinckii (No. 6).
Mannite-nitrate solution, 2 weeks.
Fig. 106.—Formation of new cells by agglomeration of regenerative units. A. chroococcum (No. 22). Mannite soil extract, 4 days.
Fig. 107.—Formation of filidia by agglomeration. A, Beijerinckii (No. 15). Mannite
soil extract, 8 months.
Fig. 108.—Formation of sclerotia. A chroococcum (No. 19). Potato, 4 weeks.
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