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I. IFTRODUCTION

The maintenance of a nitrogen balance in the soil hass long been recog-
nized as vital to scientific sgriculture. Among the lower organisms involved
in this phase of agricultural economy, the Azotobacter group deserves close
study. According to Bergey's Manual, (Breed, et al,, 1948) the genus Azoto-
bacter is characterized as follows:

Cells without endospores, Relatively large rods or cven cocei,
sometimes almost yeast-like in appearance. The type of flagellation
in this genus has been definitely established as peritrichous. Grame-
negative, Obligate aerobes, usually growing in a film on the surface
of the culture medium, Capable of fixing atmospheric nitrogen when
provided with carbohydrate or other energy source, OCrow best on media
deficient in nitrogen. So0il and water bacteria,

The manual describes the species, Azotobacter agile, as rods four to six
mierons in length, almost sphericel, The optimum temperature for the species
is 25°C, to 28°C, Azotobacter agile was originally isolated from canal water
at Delft, Holland. It oeccurs in water and soil., Bergey's Manual (Breed, et

al., 1948) gives the following chemical analysis of Azotobacter agile:

Four-day cultures grown upon mannitol agar when dried, contain
more than four percent of hemicelluloses, more than 45 percent of
erude protein, more than seven percent of ash, and less than four
percent of lignin-like materials,

¥ueh of the early knowledge of morphological variation and of life cycles
of bacteria was derived from the study of Azotobacter. It has gserved as a
standard of reference for the study of 1life cycles of other bacterial species,
and the size of the organism makes it ideal for cytologlieal study.

Because of the minuteness of the bacterial cell, knowledge of its struce
ture had to wait for adequate development in optical instruments and in micro-
scopic techniques. According to Knaysi (1938), the eytology of bacteria
started with Cohn's work, first published in 1872, immediately following the

introduction of Abbe's Condenser in 1870. Since then, the structure of the



bacterial cell has been the subject of numerous investigations.

This interesting phase of mierobiology whieh deals with possible morpho-
logieal life histories of bacteria has been subordinated in the past., Cytology
in all applications of baeteriology was considered unnecessary and unimportant.
Aceording to Stevens (1949), Lohnis' studies upon bacterial life eycles were
considered preposterous by most bacteriologists. MMembers of the National
Academy of Seience were profuse in their apologies that their organization should
have sponsored such a paper as Lohnis'., Stevens further points out that today,
however, every bacteriologist of standing whom he knows accepts the Lohnis
ideas as a matter of course.

Currently a great deal of interest 1s being developed in this phase of
bacteriology, and with our present methods there is a possibility of study-
ing changes in bacterial structure with greater accuracy than has been possible
in the past.

The present study is concerned with the eytology of Azotobacter with
speeial reference to the eytological changes undergone with age by the cells
of that organism. The nigrosin negative stain, the Robinow nuclear stain,
and the electron mieroscope were employed in an attempt to determine those

changes.



II, REVIEW OF LITERATURE

Horphological variation in bacteria was observed by many early bacteriod-
ogists. Some held the view that morphological differentiation was coupled
with a complex life eycle, while others believed that bacteria exhibited con-
stancy of form and size, These followers of the "monomorphistic™ theory main-
tained that ehange of a culture in form was proof of either "contamination,™ or
incorrect classification of an organism, or of the existence of "involution"
forms,

Lohnis and Smith pointed out in 1916 that progress in bacteriology had
been severely checked by the inclination to consider only conventional concepts
of constant species characters as being worthy of investigation. A more
scientific study of sueh "abnormsl" forms long before would have revealed the
fact that life cycles of bacteria are no less complicated than those of other
miero~organisms, according to these authors, They further point out that the
statement that bacteria multiply exclusively by fission has been sufficient to
prevent thorough research in this direetion, and the adherence to "standard
methods™ explains why the life cycles of the bacteria have been completely
overlooked,

Lohnis and Smith (1916) made a comparative study of 24 Azotobacter
cultures and eighteen strains of other bacteria. From this study they reached
the following conelusions:

All bacteris studied live alternately in an organiged and in an
amorphous stage. The latter has been called the "symplastic®™ stage,
beeause at this time the living matter previously inclosed in the
separate ecells undergoes a thorough mixing either by a complete dis-
integration of eell wall, as well as cell content, or by a "melting
together” of the content of many eells which leave their empty cell
walls behind them. In the first case a readily stainable, in the
later case an unstainable "symplasm™ is produced.

According to the different formation and quality of the symplasm



the development of new individual eells from this stage follows
various lines. In all cases at first "regenerative units"™ become
visible. These increase in size, turning into "regenerative bodies,"
which later, either by germinating or by stretching, become ¢ells of
normal shape. In some cases the regenerative bodies also return
temporarily into the symplastic stege.

Besides the formation of the symplasm, another mode of inter-
action between the plasmatic substances in bacteria eells has been
observed, consisting of the direct union of two or more individual
cells., This "econjunction™ seems to be of no less general occurrence
than the process first mentioned, The physiological significance
remains to be studied.

All bacteria multiply not only by fission but also by the forme

ation of "gonidia"™; these usually become first regenerative bodies,

or occasionally exospores, Sometimes the gonidia grow directly to
full-sized cells, They, too, can enter the symplastic stage. The
gonidia are either liberated by partial or complete dissolution of

the cell wall or they develop while still united with their mother

cell. In the latter case the cell wall either remains intact or it

is plerced by the growing gonidia, which become either buds or branches.

Some of the gonidia are filterabls. They also produce new bac-
teria either direectly or after having entered the symplastic stage.

The life ecycle of each species of bacteria studied is composed of
several subcycles showing wide morphological and physiological differ-
ences. They are connected with sach other by the symplastic stage.
Direct changes from one subeyecle into another ocecur, but they are
rather rare exceptions. The transformation of spore-free into spore-
forming bacteria seems to be dependent on the conditiomns acting upon
the symplasm and regenerative bodies,

The discovery of the full life cycles of bacteria may be helpful
in many directiona, Systematie bacteriology now can be established
on a firm experimental basis. Physiological studies will win consider-
ably in conformity and accuracy when connected with morphologiecal
investigations along these new lines. Seweral problems in general
biology sre brought under more promising aspects, Agricultural
bacteriology and medical also will derive much benefit.

A short time before the appearance of the work on bacterial life eycles

by Lohnis and Smith, Honazzi, (1915) made a study of Azotobacter chroococcum

to determine the comstitution of the eellular granules. At this time there
were many different opinions as to the nature and function of these bodles.
Beijerineck (1901) spoke of these granules as fat bodies. The presence of

volutin was reported by Fischer (1906). Others have regarded the granules as



chromidia and the equivalent of a true nucleus (Memcl, 1911)., Jones (1913)
distinguished two types of granules on the basis of reaction to stains., He
regarded the stainable granules as reproductive bodies and designated them
as gonidia, The non-stainable granules appeared to be glycogen. In his cyto-
logieal studies, Bonazzi used various microchemical tests, As a result of

these, he pointed out that the granules found in Azotobacter ehroococcum did

not give the reaction for glyeogen, but that they responded to all of the

tests carried out to distinguish their metachromatic character, He further

indicated that these granulations seem to have their origin from the nucleus,

but they seem to have no relation to the reproduction of the cell since their

disposition in the c¢ells is noct regular but changes in different individuals,
Whereas Bonazzi (1915) concluded that the granules of Azotobacter have

no relation to reproduction, Jones (1920) reported the presence of granules

which appear to represent reproductive bodies or gonidia, His conclusions

are in agreement with Lohnis and SEmith's theory regarding the fusion or mixing

together of the protoplasm of Azotobacter cells which constitute symplastic

clusters., However, what Lohnis and Smith refer to as conjunction of two
individual eells is termed the incomplate fission of individual cells in the
process of division by Jonea.

Lohnis and Snith report the presence of normal heat-resistant endospores
in fifty percent of all Azotobacter cultures. Their observations support the
coneclusion of Mulvania (1915) who noted the presence of spores in Azotobacter.
"From his studies, Jones showed that Azotobacter did not produce heat-resistant
spores.

"From his studies in 1920, Jones further reports that with Azotobacter
there is an irregular occurrence of abnormal forms which merit the term

"involution" forms. He found these forms to be common in old cultures (one



or two months) of Azotobacter grown in Ashby's solution or on Ashby's agar at
25°C, They were more numerous where grown at 37°C. In cultures more than
fourteen days old, large, spherical thick-walled cells were common. These
appeared to be resting cells or arthrospores.

Lohnis (1921) reviewed the literature from 1838 to 1918 on the life eycles
of the bacteria. He concludes that numerous facts prove that all bacteria are
pleomorphic, All well studied species, including Azotobacter, are able to
grow in various, round, straight, and curved, small and large, regular and
irregular cell forms, Budding and branching are common with all bacteria., He
pointed out that the life cyecles of bacteria are composed of several subeycles
showing wide morphological and physiological differences, OSuccessive transfers
made repeatedly during several weeks from and to various substrates will reveal
the pleomorphic character of a bacterial speeies. According to Lohnis, bacteria
possess various organs of reproduetion., These are gonidia, regenerative bodies,
exo~- and endospores, arthrospores, and microeysts. All of these are made up
of nuclear substances, Gonidia and regenerative bodies participate actively
in the process of multiplication, whereas the other reproductive organs are
resting forms, according to the Lohnis report.

In continuing their studies upon life cycles, Lohnis and Smith (1923)
made a study of the life history of Azotobacter. They pointed out that from
every Azotobacter culture not less than seven different growth types ecan be
developed and stabilized. These types are (1) large non-sporulating cells,

(2) coccoid forms, (3) dwarfed cell types, (4) fungoid cell types, (5) small
non-sporulating rods, (6) small sporulating rods, (7) and large sporulating
cells.,

According to Lohnis and Smith, the reproductive organs of Azotobacter

are (1) gonidia, in part filterable, (2) regenerative bodies and exospores,



(3) arthrospores, (4) microcysts, and (5) endospores. They conclude that
gonidia form the basis for the development of regenerative bodies, arthrospores,
and endospores.

Conjunction was regularly seen in young cultures. Lohnis and Smith main-
tain that part of the regenerative bodies are zygospores.

This complicated life cycle described by Lohnis and Smith for Azotobacter
has been partially eonfirmed and partially contested by subsequent investi-
gation, Lewis (1939) made a study concerned with the structure and methods
of reproduction of Azotobacter with special attention to the nature and funec-
tion of the granular bodies which oecur in the cells, On the basis of miecro-
chemical and solubility tests, Lewis concluded that the stainable granules of
Azotobacter are volutin rather than chromidia, or gonidia, and that they are,
therefore, not concerned in the reproductive process, The refractile granules
of Azotobacter are lifeless storage products of a fat-like nature which function
as reserve food. Knaysi (1938) is of the opinion that the existence of gonidia
is still in doubt,

According to Lohnis and Smith (1923), young cultures of Azotobacter show
colls in the process of conjugation connected by a tube-like structure. Lewis
points out that such pairs of cells are numerous in cultures, but the appearance
is due to incompleted fission. This view was previously reported by Jones (1920).

According to Lewis, the symplasm consists of a mixture of empty cell mem=-
branes, fat, and volutin balls. He believes that the theory of a symplastic
stage in the life history of bacteria is erroneous and deserves no further place
in bacteriological literature.

The studies of Lewis (1937) failed to reveal endospore formation in any
of the strains of Azotobacter. He reported the failure to confirm the occur-

rence of a filterable phase in the life history, and transmutation of cells



to a different type cultivable as such to form eulture phases different from

the original.

Lewis believes the life history of Azotobacter to be very simple depending
for reproduction upon binary fission and arthrospores.

The question of the presence or absence of a bacterial nucleus has long
besen a subjeet of interest to eytologists, but no wholly satisfactory answer
has yet been found, The difficulty of demonstrating a nucleus in a bacterial
ecell is accounted for partly by size, but also because of a lack of & sure
eriterion for the nuecleus. Knaysi (1938) points out that most investigators
aim at demonstrating a chrometin nature either from dyes or other physiecal
and chemical tests, He further adds that confusion is introduced by the
presence in the cell of volutin which is closely related to chromatin and is
known to be reserve material., According to Knaysi, another criterion for the
nuecleus frecuently used is division. He points out that other cell struetures
may divide, so therefore, division is not a sufficient criterion.

Aceording to Lewis (1941), the theories concerning the nucleus of bacteria
may be divided into the following groups:

1. The bacteria do not possess a nucleus or its equivalent,

2. The cell is differentiated into a chromatin containing central
body and a peripheral cytoplasm,.

3. The bacterial body is a nucleus devoid of cytoplasm: A naked
nucleus or nuclear cell.

4, The nucleus consists of several chromatin bcdies, a chromidial
system, scattered throughout the eytoplasm.

5. The form of the nucleus is not constant throughout the growth
eyele; it may occur as a discrete spherical body, an elongated
chromatin thread, or scattered chromidia depending on the stage
of development; a polymorphic nucleus.

6. The nuclear substance consists of fine particles of chromatin
dispersed uniformly in the cytoplasm but is not distinguishable
as morphologieal units: a diffuse nucleus.

7. The protoplast contains one or more true vesicular nuclei.

8, The nucleus is a naked invisible gene string, or a chromatin-
encerusted gene string analogous to a single chromosome.

There is much conflicting evidence concerning these theories. Lewis



(1941) reports that in the present state of our knowledge no final conclusions
eoncerning the nature of the nucleus can be drawn, If the bacterial cell
contains no demonstrable nucleus, the possibility still remeins that the nucleus
consists of an invisible structure essentially the same as the gene strings
in the chromosomes of higher organisms, but devoid of the usual enerustation
of chromatin, Whether the protoplasm of the bacterial ecell is undifferentieted,
or consists of invisible genes and cytoplaam has not been fully determined,

Recently, extensive use has been made of the Feulgen reaction. Feulgen
and Rossenbeck (1924) used the reaction as a test for thymomucleic acid and
obtained negative results with yeasts and bacteria, Westbrook (1930) also
obtained negative results with yeasts and bacteria., On the other hand, accord=-
ing to Knaysi (1938), Voit, Kuzela, Neumann, and others have obtained positive
results.

There are differences of opinion as to the service which Feulgen's reaction
has rendered in the study of bacterial structure. Knaysi (1938) questioned
the specificity of the reaction. Also he pointed out that it is unsound to
investigate the nucleus of bacteria with a positive assumption that it is made
up of nueleo-protein. Lewis (1941) believes that the Feulgen reaction is dif=-
fieult to evaluate bocause nuclele acid is freaquently present as a reserve
material and the reaction is not suffieiently intense to give a clear differ-
entiation of minute structures. Schaede (1939) who stained bacteria and
actinomycetes by Feulgen's method thinks that the stainable substance is not
true chromatin or gene material and that it probably functions as reserve food.

Whereas Knaysi (1938) and others questioned the specificity of the Feulgen
reaction, Stowell (1946) considers it to be very specific. According to him:
"The preponderance of evidence indiecates that with the proper precautiocns the

Feulgen technie for thymonucleic acid is one of the most specific histochemical
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reactions.” Dodson (1946) eoncludes that our knowledge of the Feulgen reaction
and its specificity leaves much to be desired, but as yet no serious experi-
mental evidence against its practical usefulness in the identification of
thymonucleic acid seems to have been brought forth., Barber and Price (1940)
maintain that the Feulgen reaction is speeific for the potential aldehyde
groups of chromatin, Semmens (1940) suggested that the Feulgen reaction with
chromatin may be due to the purine components of the nueleic acids. He observed
that piperidine and pyridine restored to the Feulgen solution its "original"
eolor, and that certain purines gave "positive” color resctions. The studies
of Barber and Price (1940) show that the effect of piperidine and pyridine

is not chemically equivalent to the Feulgen reaction, but is simply due to
their basicity.

The Feulgen reaction, acecording to Hillary (1939), is carried out in two
steps, The first is a mild acid hydrolysis, which breaks the binding between
the purine bases and the carbohydrate complex of the nucleie acid. This split-
ting off of the purines frees the aldehyde groups of the aldo-pentose sugars.
The second step involves a chemical reaction between the liberated aldehyde
groups and luco basic fuchsin (fuchsin sulfurous acid)., Stowell (1945) points
out that desoxyribose sugars react with the fuchsin sulfurous acid to produce
a reddish purple pigment. The reaction is based upon the Schiff reaction for
aldehydes.

In an attempt to clear up some of the confusions and contradictions regard-
ing the Feulgen stain, Hillary (1939), made some studies as to the effect of
fixatives and time of hydrolysis on the reaction., According to Hillary, the
length of the period of hydrolysis is perhaps the most eriticel point of the
reaction. Normal hydrochloric aecid is used, and 60°C, has been adopted as a

standard hydrolyzing temperature because it allows the optimum to be reached
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with a fairly short period of hydrolysis and is not high enough to damage the
structure of the nucleus. As a result of his studies, Hillary concludes that
the constituents of the commonly used ecytological fixative have no deleterious
effect on the Feulgen nuclear stain. He also concluded that for the production
of a satisfactory stain, five minutes' hydrolysis with any of the used cyto-
logical fixatives is sufficient.

According to Hillary, one of the greatest drawbacks to the use of the
Feulgen stain 1s the fact that there have been frequent and often incorrect
reports of a negative stain reaetion, He points out that the various explan-
ations possible for a negative nueleal reaction can be grouped under five
headings, following Milovidor's classification:

1. Unsuitable gensral methods; that is, insufficient fixation and
preparation, or unsuitable objeet (presence of thick cell walls
or heavy cuticle or fats whieh hinder observation of the nuecleus).

2. Incompleteness in the methods employed in the nucleal reaction;
that is, wrong period of hydrolysis, temperature of hydrolysis,
and concentration of HCl.

3. Presence of materials which hinder the normal proecess of the reac-
tion; that is, meutralization or binding of HCl; binding of the
liberated aldehyde groups; disturbances of the penetration of
reagents by resins, tamnins, and slime substances (a slight effect).

4, Strong dispersion of a small amount of chromatin in a large nuclear
volume.

5. Chemical alteration of thymonucleic acid.

Even though the Feulgen reaction may have limitations, Robinow (1942)
maintains that advances that have been made in our knowledgs of the nuclear
apparatus of bacteria have been mainly due to the application to bacterial
eytology of the Feulgen reaction for the detectlon of thymonucleic acid.
Aceording to Robinow, the Feulgen method has shown that in many bacteria the
nuclear apraratus conforms to a simple, ever-recurring pattern., He further

points out that the use of the Feulgen method only, however, has sometimes



given misleading results, His studies of hydrolyzed, Giemsa-stained prepara-
tions have usually been more fruitful. Robinow mentions that in eells of
various non-sporing organisms treated with 1/N HC1l at 60°C., "mucleoids" can
be demonstrated with Giemsa's stain, although such cells appear homogeneous

if stained with Giemsa's stain without this preliminary treatment in acid.

In his studies comparison of parallel preparations has shown a close correspond-
ence between the structures stained by the two methods, but the Giemsa prepar-
ations are optiecally superior, TFrom his studies Robinow (1942) concludes that
the structural unit of the nuclear apparatus of aerobiec, spore-forming bacteria
is a dumbbell-shaped body, giving a positive Feulgen reaction, and possessing

a strong affinity for nuclear dyes.

Several attempts have been made to establish the existence of a nucleus
by studying bacteria with the electron microscope.

From their studies of Mycobacteria, Rosenblatt, Fullman, and Gessler
(1942) point out that the tubercle bacillus consists of one or more dense
nuclear masses within a granular eytoplasm. Knaysi and Mudd (1943) studied
certain bacteria with the electron microscope and the results of their study
support the view that different bacteria may contain nuclear material in differ-
ent states, and that the state of the nuelear material may change with the
development of the cell. Baylor, Appleman, Sears, and Clark (1945) made a
study of some nodule bacteria with the electron microscope, and their results

showed the presence of bodies which may be nuclei, Bacillus mycoides was

groun in a nitrogen-free medium and studied with the electron mieroscope by
Knaysi and Baker (1947). From their observations they conclude that there
exists in the cell of Bacillus mycoides one to several nmuclei. According to
van Iterson (1947) the electron-microscopical observations of cells from some

young cultures are in rather satisfactory agreement with the descriptions
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given by authors using the Feulgen technigue,
Several technigues have been employed in the study of bacterial eytology.
The fact that the use of ons should be coordinated with others is emphasized
by Hudd, Polevitzky, and Anderson {1942),
Gronuleg in bacterial protoplasm have been variously inberpreted
as nuclel or nuelear equivalents, regerve food material, reproductive
elements, and ctherwise, without any of these interpretations having
become established., The electron microsecops ghows flne structure within
bacteria with clarity and detail not hitherto possible, and when coordi-
nated with cultural and eytologic rrocedures, should contribute to
eventuzl understanding of theszs fine struetures.

A review of the literature on bacterial ecytoleogy indiecates that there is
much dissgreement among investigators as $o the siructurs of the bacterial
ecell. This interesting branch of bacterioclogy has been noglaected in the past
several years. Reecently, however, this subject bas again bocome one for numerous

investigations. For these reasons, a study concornsd with the cytology of

Azotobacter was consideroed timely and verth while,
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This study is concorned with the eytologieal changes undergene with age

by the cells of Azotobacter. In an

0]

fTort to deteormine these cytologicsl changes,
tho investigator mede use of cultural and cyteologie procedurcs. These proeccdure
included: (1) the nogative staining methed with nigresin, (2) the Robinow

nucleey stsining method, and {3) eleciron microscopy.

The organism selscted for this study was Azctobseier agile Beijerinek.

The organlsm wag cultivated on a 301lid eulture medium., The mediuvm used wmasg
nutrisnt ager, and the »8 nrior to ste“ilization.was 7.2. The orgspism wasg
transferred daily over & period of 60 days. The incubation temperature for all
transfers was 2700, Cultures renging in zge from a few hours to 60 days weps
examined,

Each culture was stained with nigrosin and ezxamined under the light micro-
scopse to determine the morphology of thw organisms at different sges.

For the study of iantsrnal structure, smears were prepared and stalned
according to Robinow {1942). Smears were Tixed in osmiun tetrozide vapor for
& period of 30 minutes, After fixing, the smears were hydrolyzed in 1/N H
at 60°C. for Tive aminubes and then stained for a poriod of one-hall hour with
Glemsa's ghain diluted 1 to 10,

Photomicrographs were obbained from the slides prepared with the negative

(33

)

gtain and ths CGiemsa stain. Dsusch snd Lomb photomicrographic cquipment wa
used. That uced was type J including the vertical camera and illunminating
unrit mounted on & common sunporting bage.
The method uged in preparing the material for cobssrvation with the oleetron
mieroscope was the usual method gecording to Marton {1941) of suspending the

organisme, taken from & solid medium, in sterile distilled water in a tvest



tube and of traneferring a small droplet to the gurfece of the collodion film
over which it is spread and allowmed to dry. The preparation was then iobroduced
into the evacuated chamber of the slectron mieroscops, a zuitable field found

and a picture baken by five secords exposure to the cleetron bheam. Ho fix

other tham that of the drying and electiron bombardment and no staining proece-

e}

~

dures were employed. The R.C.A. type ¥NC elsetron miercscope was used,
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B, Hesults

1. HNegative staining: Smesrs were stained with nigrogin to deternine

tha morphological changes uandergone with aspge by the cells of Azotobacter agile.

Celle from cultures one day old are predominztely large plump rods {figs. 1

and 2). After two days of growsh, cells are somowhat shorter and thinner (figs.
3 and 4). Smears made Trom culbtures one week old show both short irregular
rods and coccobacilli {fig. 5). Long branching rods, thread forms (fig. 8),

and small short rods gre observed in culbures two weeks old (fig. 7). Cul-
tures threes weeks old show long branching rods and thread forms (figs. 8 and

9). Cells frow eultures ons month old are predominately cocci, but a few short
rods and long branching rods are present also (figs. 10 and 11). After two
months of growth, cultures show mostly cocei with a few irregular rods (fig.l12).

2. Robinow Mueclear Staining: Smears were fixed in osmium tebroxide

vapor for 30 minutes, treated with 1/N HBCLl at 60°C, for five minutes, and stained
with Giemsa's stain to determine the cytological changes undergone with sze by
the cells of this organism. Cells from young cultures {up to 24 hours old)

show & definite internmal orpganization when stained acecording to this mebhod
(figs. 13 and 14)., In swears mede from cultures four days old, a few deep
staining intracellular bodies ore still observed after acid hydrolysis and

Giemsa stsining {(fig. 15).

By comparison with the nigrosin negstive stain and sother staining proce-
dureg, it 1s observed that only a portion of each cell showsg typical reaction
of desoxyribomucleic acid., The portion of the cell showing the reaction of
degoxyrivonucleic acid scams to be about one-Tifth of the cell volume, The
remzining portion of the cell seems to have been destroyed by hydrelysis, so
that the "eytoplasmic®™ area of these Giemsa stained eells is not visible.,

It should be pointed out, however, that photography failed o record atructures
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that are faintly visible,

fareful observation of smears made from young culbures and stained sccord-

inz to the Hobinow nuclser method indieates deop stainine intracellular bodiss

conforuing 4o a patbern similar to that deseribed by Robinow (1842). Stains

nade from cultures less than 24 hours old (figs. 13 znd 14) show cells with

-

definite bands across them deseribed by Robinow s "chromatinic bodies,™

After cells khave grown for more than £4 hours, the chromatinie bodiss
cagnot bs seen with elarity. Stains made from culturss up to four days old
do, howevsr, show ecells with some internal differentiation {fig. 18}. Cultures
that are one week 0ld show eells in which the chromstinie structures seem to
have disappeared (fig. 16). Cells from cultures older than these {up %o 60
days) 4id not reveal the chromatinic bodiocs, but a statement concerning these

older cslls is difficult becsuse they are exbremcly small at this stage in the

life cycle.

3. Hlectron ifieroseopy: The slectron microscope was used to study further

the morphology and cytology of Azotobacter agile, The routinms procedure {iarton,

Ky

1941) was followed in yreparing the materisl for cbservation. This method

=t

showed those changes 1n morphology with age that have been deseribed by the
observation of nigrosin negative stains. The eleactron microscope showed
granulations within the eslls that were not observed with the ordinary staining
methods. These granules were so gmall that they mers beyond tihe limits ol the
optical rassolution of thse light microscope., Young eolls appesr as large plump

rods (figs. 17 and 18), Preparations made from slightly older cultures show

both mediunm sized rods and swall rods (fig. 12). Cultures that have grown for
about a week show mostly small rods with a Tew coceobzeilli present also (figs.
20, 21, znd 22). Intracellular dilfercntiation is observed in this group of

celle. Cranulation is particulerly evident, but any atbempt to deseribe the
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nature of these gramiles would regquire Turther study. Cells from cultures
two and three weeks old are mostly branching rods and thread forms (figs. 23,
24, 25, 26, and 27), Some internal differentiation is algo evident, In these
cultures there is obgserved an oceasicnal group of cells resembling somevwhat
the symplasm deseribed by Lohnis and Smith (1916, 1923) (fig. 28). Cells from

eultures one to two months old are typically smsll coccobaeilli and cocel

(rigs. 29, 30, 31, and 32).
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Fig., 1. =-= 2 momnths old; stained with vlgrogsin. Coeel and

All Tigures x 600






Plate 11l

Azotobactor agile

Figs, 13 snd l4. --- 20 hours old; fixed in osmium tetroxide vapor, hydrolyszed
in 1/% HC1l, and stained with Ciemsa. Cells showing deep staining
intracsellular bodies.

¥Fig, 15, === 4 days o0ld; {ixed in osmium tetroxide vapor, hydrolyzed in 1/N'
HCl, and stained with Glemsa. Cells showing some intermnal diffcreantia-
ticm.

Fig, 16.~-= B days nld; fixed in osmium tetroxidé vapor, hydrolyzed in 1/H
HO1, and stained with Gismsa., OCélls showing that deep staining intra-
eollular bodies have disappeared.

A1l figures x 2000
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Plote 1¥

Azotobacter acile

Figs., 17 and 18, ~--~ 1 day old; electron micrographs, Large plump rods.

Fipg, 19, === 2 dayes old; slectron micrograph., Medium gized rod and small rod.

21, snd 28, --~ 1 week 0ld; e¢lectron micrographs. Small rods and

Figs. 20,
coceobaeilli,

411 Pigures x BO0O
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23, 84, 25, 26, and 27, --- 2 and 3 wosks old; electron micrographs.
Long branching roda and thysad forms,

55 slectron micrograph. OCells twisted together resembl-
ing eymplasm.

All figoures x 5000






Plate V1

Azotobacter agile

Figs. 29, 30, 31, and 32, =~= 1 and 2 months old; electron micrographs.
Coccobacilli and cocei.

All figures x 5000
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Tour distinet morphological esll types in the life cycle of Azotobacter
apile vero obgerved during this investigetion. These types were large plump
rods, emsll rods, branching rods and thread forms, and small cocei. A more
complicated life cyele was dsscribed by Lohnig and Smith (1916, 1923). They
deseribed seoven AiffTerent cell types eharacteristie of the life eyele of

Azotobacter. In sddition to larsge rods, small rods, fungoid cells, and cocei;

these auvthors deseribed duwarfed cells, small sporulating rods, and large

gporulating rods, Dobnisrend Smithve descripblencef-th Tt trreetT bypes
isepinilar tosthat-given-in-the. pregent papor. Their fungoid cells have been
¢alled branching rods and thread forms in the present study., According to
Lohnis and Smith {1923), separate development of the dwarfed cells is usually
slow and inconspicuous, and the isolation of thiz type of growth, therefors,
is not sasy, Thoy further point out that pure culbures once esbablished are
inclined to reproduce larger cells, especially rods and fungoid growth.
Lohnig and Smith (1923) observed both laree and small sporulating rods in the
life cycle of Azotobacter. Subseguent investigation has not confirmed the
presence of heat-registant endosporss in this organism, Jones (1920), Lowis
(1937).}
There has been much disapgreement among investigators as te the nature of
the granules in the cells of Azotobacter. They have been described as fat
bodiess, volutin, chromidia, and gonidia. Borazzi {1915} and Lewis {1937%)
econcluded that the granules of Agotobacter were not concernsd in the reproduc—
tive process. lMenel {(1911) reparded the granules as chromidia and the ecuiva-

lent of a %rue nucleus, and Jones (1913) meintained that the stainable granules

of Azotobacter wers reproductive bodies.
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In this study, the intracellular bodics obsorved in hydrelyzed Glemsa

stained smesrs of fAgotobscter agile seem to be similar to the chromatinie

bodics described by Robinow {1942) as being pressnt in ssny common bocteria.

It 1s bolioved that tho nuelesr pature of the bodies obssrved is borne oubd by
their presencs after hydrolysls in 1/¥ HOL, their strong affinity Tor the
nuelecar dyeg, and their disapposrance from cells stainod from old eulbures.
Some smears were stained with Giemsa's solution without a prelizinary treatment
in acid, OSuch cells showed no intrmeellular differentiation, Aceording to
Robinow (1948}, it i not clesr why treatment with hydrochloric aeid shoul& be
veecossary Tor the satisfactory demonstration of the chromatinie bedies, He
points out, however, that it is exbremely unlikely that thoe chromatinic bodies
are marely artefscts, The ressons he gives for thiz are firstly, the chropatinie
bodies may alsoe be demonstrabsd by differentistion of Giemsa-stained films with
one percemt watory solution of sosin. lHecondly, hydrolysis is s gentle treat-
ment and du@s not alter the size and shape of fixed chremosomes, :Finally, the
faet that, liks chromosomeg, the chivomatinic bodies of bachteoria are constant

in appearanco and distribution and pass through a regular series of changes,
strongly suggesbts that they represent an actual component of the living

cell. Robinow concluded that the ehromatinic bodies reprosent g true nuclear
structure.

It was obgerved in the present study that the intracellular bodies bogan
to disappeer afbtor the celle had becone 24 hours old. Robinow (1942} reports
the almosgt complote disappearance of the chromstinie bodies from cells after
24 hours incubation on nutriont agar.

Some investigntors elsim that in demenstreting & chrumatin reture copfu-
sion is introduced by the presence in the cell of volutin (Foaysi 1838).

Tewls {1921) neintains that velutin areins ere not found in very yoeung



33

actively growing cells, but may Yoeecoms abundant as the cells meture, In the
present investigaiion, howover, intracellular deep staining bedies were observed

the ecells Lecams older,

[

in young cultures, but thoy disappeared a
The eyiological evidenca, therefore, suggests that the deep staining

intracellular bodiseg cbzerved in the young cells of Azotchbacter agile during

the course of thisg ivvestigation are similar to the nueclear bodies deseribed

by Robinow (1942) as being present in many common bacteria.
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The form and structure of the cells of Azotobacter agile were studisd

with the nigrosin nsgative stain, the Robinow nuclear stain, and the electron
mierogcope.

Over & period of two mombhs, four distinet morphological eell bypes were
observed in the 1ife eyele of thils organism. These types consisted of large
plump rods, szall rods, branching rods and thread forms, and small coced.

intracsllular bodies were obsarved in young cells which stained with
Giemsa solution after hydrolysis in 1/N HCl., The presence of these bodies
after hydrolysis, their strong affinity for nuelear dyes, and thelr disep-
pearznce from old cells sugsests a nuclear nature.

' The results of the present investigation support the view that the Azoto-
bacter may have a complex life ecycle, and the 1ntracellular bodies found in the
cells of this organiss may be similar %o the nuecleer bodiss that have been

deseribed for zoms of the other bacharia.



55

Ve BLDLL

He N,, and Price, J. B, 1940, Nature of ihe Veulgen reaction with

Barber,
aucieic acid, N“tutﬂ, 145, 333,

Sy

Baylor, Iarths B~= fSppleman, #. Do, Jears, . F,, and Clark, G. L. 1948,
Some morphologicel characterizties of nodule bact@ria as ghown by the
ﬂlﬁctrCi nterczeops. 1. J. Zacht., 50, 248-286.

Dol ferinek, L ¥, 1901, VUsbsr Qliconitrophilo Mikroben

£

II #bt., 7, 561-582

Bonazzi, A. 1915. Cytolegical studies of Azotobacter chroococeum. J. Agr,
Res,, 4, 220-839,

Breed, H,, Murray, F., end Hitchens, 4. 1948, Uergey's Masual of Deternina-
tive Bacteriology. 6th Bd, The Villiaems and ¥Wilkins Company, Baltimore.

Dodson, &. O, 1946. Some evidence for the apecilfieity of the Feulgen resce~
tion, Stein Techm., 21, 103-106.

TFoulgsn, 2., and 3ossenbeek, H, 1984, Hikroskopisch-chomischer Fachaeis
siner Hueleinsaure von Typus der Thymonueleinsaurs und fie dsraud beruhends
alsektive Farbung vom Zellksrnsp in nikroskopischsn Praparsten. 5. physiol.
Chem, 135, 203-248.

Figeher, W, 1906, Iwsiter Boitrag zur Xonntnis der Lebens badiﬂﬂuﬂ“un von

ooz e

g

Stickotoff sammelnden Baktericn. Contr. £, Bakt., IX Hbt., 15, RE5~256.

Hillary, B. B. 1922. Use of the Feulgen reaction in cytology. I.
of fixatives or the reactlon. Bot. Gaz., 101, 276-300.

Jones, B. Ho 1913. 4 morphological and cultural study of some Agoltobacter.
Centr., 7. B{.‘i}f‘fm P II sht, s .J&fg 1424,

Jonws, D. H. 1920, Further stufies om the 1ifs cyele of Aszotcbacter. J.
Bact., B, G25-342.

fnaysi, G. 1932. Cybology of bacteria. Bot. Rev., 4, 83-112.
Koaysi, G. snd Baker, R, 1947. Demonstration, witk the =leetron mierescope,

of a aucleus in Baeillus myeoidcs grown in a nitrogen~-froe medium. J.
5@0»., B3, 539-5Ub.

Knaysi, G., and Hudd, 5. 1943, The internal structure of certain bacteria
ag revesled by the slectron microscops -~ a contribution to the study of
the bacterial nucleus. J. Bact., 45, 3542-353.

Lewis, I. M. 1937. Uell inclusions and the life cyecle of Azotobacter. J.
Baet., 34, 151-804.

- £ TS =4 LYl 7y
bacteria. Dact. Revs., 5, iB81-230.
£54

Lowis, I. 7. 1341, The cytology of



Lohais, ¥, 1921, Studies upon the 1ife eycles of the bacberia. Part I.
Review of the literature 1833-1918, Hem. Hat. Aead. Sei., 16 24 men.,

Lohnis, ¥., and Smith, U, R. 1916, Lifes eycles of the bacteria. J. Aérg
Res., 6. 675~702. : ! ‘

Lohnis, F. and Smith, ¥. R, 1923, Studies upon the 1ife eycles of the bae-
teria - Part 11: Life history of Azotobactor. J. Agr. Res., 23, 401-432,

Marton, L. 1941. 7The electron microscope, & new tool for bacteriologieal
"‘“C'\I'VJ. :r. Ba(ﬁi., ‘{EJ'._, 59’?"‘%35. '

Honel, B, 1211. 2Die Hernaquivelentc und Yerne bie Azotobachker ehrobboceam
und seine Sporenbildung. Arch, }rotxsteng.,.aé, 1-19.

ludd, S., Polevitzky, Katherine, and Anderson, T. 1942. Bacterial morpholegy
ss shown by the sleetron microscope. Arch. Path., 54 1§9-007~

lulvania, M. 1915. Obegervation on zot@ban ter, Seieucs, 43, 4635455..

Lobinow, €. T. 1942, A study of the nuclaar apparatus of hacberia. Proc.
Roy. Soc, B, 130, 299-324,

Rosenblatt, M, B., Fallam, ¥. F., and Gessler, A. BE. 1942, Studies of ijyeco-
bacteria with the slsctron microssope. &n. Rev. Tubere., 46, 587-5¢2.

Schaede, R. 1939. Zum Problem des Vorkommens von chromatischer-aubstanz bei
Bakterien und Actinomyceten., Arch, Mikrobiol., 10, 473-507.

Semmens, €. S. 1240, HNature of the Feulgen reaction with nucle1c acid,
Hature, 146, 130-131.

Stevons, H. L. 1949, Fun in rvesearch, Am. Seientist, 37, 119-122.

Stowell, R. B. 1945. Feulgen reaction for thymommeleie acid. Stain Techn.,
20, 45-858, , ' ‘

Stowell, R. B, 1946. 7The specificity of the Feulgen reaction for thymonu-
cleiec acld. BStain T@egn., al, 137»148.

van Iterson, Woutera, 1947. Sone elsctron-microscopical observations on
bacterial eybtology. Biochim, Diophys. seta, 1, 527-548.

Westbrook, M. A. 1930, TVeulgen's "Buclealfarbung® for chromatin. Anu.
Bot., 44, 1011-1012, ‘ o



Typist -- Carol Zaly



