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Previous methods for genetic transformation in Adzoto-
bacter vinelandii have employed poorly defined genetic
markers or crude DNA extracts. An impréved transformation
technique has been developed for use in Adzotobacter. The
technique was used to. transform several strains of Azoto-

bacter with DNA carrying a defined genetic marker. A method
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recording densitometer (Joyce, Loebl and Co, Ltd.).

Melting Profiles of DNA. Thermal denaturation pro-

files of DNA samples were obtained by monitoring the in-
crease of absorbance at 260 nm according to standard pro-
cedures outlined by Mandel and Marmur (1968).

The spectrophotometer used was a Gilford 2000, fitted
to a Beckman DUR monochrometer. Between these two com-
ponents, a cuvette chamber section was constructed using a
Beckman sideless carrier (four position) and two water
jackets separated by bakelite spacers. The inner jacket
was heated by circulating water from a Haake model F water
bath. Protective cooling of the outer jacket was provided
by circulating water from a Heto four-liter bath without
heating. An insulated 1id was fabricated from 2 cm thick
styrofoam to cover the entire chamber-jacket section.

Quartz cuvettes with a 1 cm light path were used.
These were fitted with tapered teflon stoppers which pro-
vided an excellent seal because they expanded with increased
temperatufe to prevent vapor 1loss.

Internal cuvette temperature was monitored by copper-
constantan thermocouples attached to a Fluke digital multi-
meter which read millivolts electro-motive force. These
EMF values were converted to temperature readings using
published values (Lange, 1967). The reference junction of
each thermocouple was placed in an ice bath. The test junc-

tion was placed in the DNA solution within the cuvette as
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follows: The wire was inserted through a hole drilled
through the center of the teflon stopper and bonded in
place with a slow-drying, two-part epoxy. Care was taken
so that the junction did not interfere with the light path
when the cuvette was in place.

DNA samples (2ml) were dialysed for 36 hr against
0.1 X SSC as follows: Three changes of the buffer were
made, 100 volumes each, at 12 hr intervals. Dialysis was

carried out at 4°C.

Transformation Procedures

Attempts were made to transform Azotobacter by the
liquid trasformation procedures developed for Bacillus
(Anagnostopoulos and Spizizen, 1961), MethyZobacteri@m
(O'Connor, et al., 1977) and Azotobacter (Sen and Sen, 1965
and Sen, et al., 1969). The plate method of transformation
developed for Bacillus (Gwinn and Thorne, 1964), and modifi-
cations thereof for Acinetobacter (Juni and Janik, 1969),
for Moraxella (Juni, 1973) and for Adzotobacter (Page and
Sadoff, 1976a,b) were each used.

Further, a method of plate transformation which yields
semi-quantitative results was developed during this study.
Plates were prepared using 12.5 ml T agar. A desired amount
of DNA (200 ug) in 1.0 ml SSC was mixed with 1-2 X 107 recip-
ient cells (early log-phase) in 1.0 ml T medium in a test

tube. The mixture was poured into 2.0 ml of melted and






RESULTS

Development of Improved DNA Extraction Method

DNA isolated from Azotobacter by the method of Marmur
(1961) was of low apparent molecular weight, and yields
were less than expected. Development of a better method
was based upon stepwise improvement of both viscosity and
yield. Viscosity was used as a qualitative indicator of
molecular weight.

It was observed that lysates of fresh cells appeared
more viscous than did lysates of frozen cells. Only freshly
harvested cells were used thereafter. It was then discov-
ered that viscosity increased after lysis if the temﬁerature
during lysis was increased from 60°C to 70°C. This temper-
ature is well below that necessary to melt Azotobacter DNA.
By preheating the detergent solution (SDS) to 70°C and by
using a large volume of it, relative to the volume of the
cell suspension, a rapid and more complete mixing could be
achieved. Lysis suspensions resulting from the addition of
an equal volume of preheated 4% SDS were more viscous than
were those obtained with Marmur's procedure. Further in-
crease of the final SDS concentration to as much as 6% did
not improve lysis, but interfered with subsequent steps.

Microscopic examination of lysates revealed that many

cells remained intact with the above treatment, regardless
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of the time of incubation. In order to improve cell dis-
ruption and to inhibit nuclease activity, protease type VI
(Sigma, 0.5 mg/ml final concentration) was added for its
proteolytic action. Preliminary tests were made to deter-
mine whether the protease would be active under conditions
of 70°C and 2% SDS. This was shown by hydrolysis of BSA
under these conditions.

To improve the effectiveness of the buffer, TRIS-EDTA
at pH 8.0 was employed. The killing effect of this combi-
nation on 4dzotobacter was established by Goldschmidt and
Wyss (1966), and the effectiveness of its chelating power
is well known. Lysis using various ratios of buffer to cell
mass indicated that 4-5 ml:1 gm of wet cells was most effec-
tive. Lysis with this combination of conditions was complete
within 15 min. This time coincided with the appearance of
maximum viscosity.

Having established optimal lysis conditions (see Meth-
ods), it was important to maintain viscosity of the suspen-
sion through the balance of the procedure. The lysis sus-
pension was quickly cooled to room temperature under running
water. Cold sodium perchlorate was added to a final concen-
tration of 1M in order to increase the ionic strength and
for the deproteinizing effect of the perchlorate. A series
of deproteinizations was then begun by adding an equal vol-
ume of chloroform:isoamyl alcohol. It was>found that the

amount of long-stranded DNA which could be precipitated fol-
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lowing deproteinization was enhanced if, instead of shaking,
the emulsion was rapidly swirled by hand in a large Erlen-
meyer flask (5 volume capacity:1 volume emulsion). Viscos-
ity of the emulsion during deproteinization also remained
high with the more gentle treatment. After swirling for
20-30 min at room temperature, the emulsion was centrifuged
at 13,000 X g for 10 min at 4°C. The aqueous phase was
then removed to a clean flask and deproteinization was re-
peated until little or no denatured protein was found at
the phase interface after centrifugation.

In order to consolidate steps and minimize excessive
handling, the nucleic acid solution was treated with RNase
prior to any.precipitation steps. Most effective digestion
of RNA was accomplished using two enzymes (RNase T; at 30
units per ﬁl, and RNase A at 50 ug/ml, final concentrations)
similar to the method of Schilperoot (Patt, et al., 1974).
RNase treatment was continued for 45 min at 40°C with occa-
sional swirling, after which the ribonucleases were removed
by another deproteinization. Following this, the aqueous
phase was removed to a small beaker. (The wide mouth of the
beaker allowed easy removal of the precipitate later.)

Preliminary experiments had shown that DNA could be
effectively precipitated using either isopropyl or ethyl al-
cohol. Because isopropanol should selectively precipitate
DNA from a mixed nucleic acid solution (Marmur, 1961), the

DNA was precipitated by the slow, dropwise additon of 0.3-
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0.35 volume of isopropanol while swirling the beaker by
hand., The resulting precipitate could by wound out of the
solution with a glass rod, whereupon it was simultaneously
sterilized and dehydrated by washing in 70% ethanol. After
draining, the precipitate was suspended in a flask contain-
ing 0.5 volumes (relative to the initial volume) of 0.1 X
SSC. The DNA was dissolved by gentle swirling, after which
the solution was adjusted to SSC concentration by the addi-
tion of 0.1 volumes of 10 X SSC. The solution was again de-
proteinized. After centrifugation, the aqueous phase was
again transferred to a beaker and was subjected to DNA pre-
cipitation according to Marmur (1961), including the addi-
tion of 0.1 volume acetate-EDTA prior to precipitation with
0.5-0.55 volumes isopropanol. Mixing, however, was effected
as before:‘gentie swirling rather than mechanical agitation

or shaking.

Characterization of Extracted DNA

In order to test the effectiveness of the purification
procedure, a series of analytical experiments was performed
on a representative sample. Recovery analysis is summarized
in Table I. Purity of the final solution was assayed accord-
ing to standard procedures (see Methods). The preparation
contained 2.6% carbohydrate. Analysis of this and several
other samples for RNA and for protein indicated that neither

could be detected in any quantity.
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Determination of DNA Molecular Weight

As a further assessment of the DNA extraction proce-
dure, boundary sedimentation techniques were employed (see
Methods) in order to estimate the molecular weight of a DNA
isolate.

Tracings of the analytical ultracenfrifuge negatives
made by the recording densitometer are reproduced in Figure
1. These were measured to obtain the 50% boundary sedimen-
tation rate (Crothers and Zimm, 1965). The data were plot-
ted to produce a series of lines whose slopes were used to
derive values of observed sedimentation coefficients accord-

ing to the equation of Svedberg:

1 1n X

Sobs T 32 d =I5

where w is the angular velocity in radians per second of the
ultracentrifuge rotor, x is distance in cm of boundary mi-
~gration from the center of rotation during t, the time in
seconds, and Sops 1S given in units of Svedbergs (s=107" 3
seconds). ' Observed values were corrected to standard condi-

tions using

n n 1-v
seo,w = LGy a0 O™

where n¢ and n,, are viscosities of water at the temperature
of the run and at 20°C; n/n, is the viscosity of the buffer
(SSC) relative to that of water; © is the partial specific

volume of the solute (DNA); P20y is the density of
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A 525 ug/mi

B. 10.5 ug/mi

C. 2.0 ug/ml

D. 42.0ug/ml

=y =ah

Figure 1. Sedimentation boundaries of Az17 DNA. A
through D are composites of Chromoscan traces made at
a ratio of 1:3. The origimal negatives were 1:2 re-
productions due to optics employed. The line at the
left indicates the reference which is 5.7 cm from
the axis of rotation.
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water at 20°C; and p the density of the solvent at running
temperature (Schachman, 1957). Standard conditions are
those which would be obtained if water were the solvent and
runs were made at 20°C. This is not practical due to the
instability of DNA in solvents which do not contain monova-
lent cations. After correcting for the effects of the buf-
fer system, S20 y values were corrected for the effect of
DNA concentration by plotting 1/ss,,w against DNA concentra-
tion according to Eigner, et al., (1962). By extrapolating
this curve to the ordinate, the inverse of S2o,w at zero
DNA concentration was obtained. Finally, the molecular

weight was obtained using this value in the expression

0.405

Sgo’w=0.034 MW .

This equation describes a curve which relates a large amount
of empirical data (sz,,w) to the molecular weight values
which had been derived using a combinétion of sedimentation
and diffusion data (Eigner and Doty, 1965).

As may be seen in Figure 1, the tracings made at 5.25
ug/ml were extremely difficult to analyze. This was due to
the use of a 12 mm Kel-F centerpiece which, because the light
path is short, produced negatives which had insufficient con-
trast to detect the boundary with accuracy. As a result, it
was deemed justifiable to disregard the 5.25 ng/ml point in

extrapolating s%,,w. The accepted values produce a sedimen-

tation coefficient of 29.6 S. Applying the above equation,
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a molecular'weight of 18.2 megadaltons was calculated.
Since the minimum molecular weight required for transform-
ing DNA is generally accepted to be 1 megadalton (Spizizen,
et al., 1966), this DNA should be capable of effecting trans-
formation.

The steepness of boundaries in composites C and D,

and the sharpness of the shoulders of these traces can also
be seen in Figure 1. Taken together, these two factors in-
dicate that the preparation was homogeneous as to DNA frag-

ment size.

Determination of Ty and GC content

Ty is defined as that temperature at which the_hyper-
Chromicity of a given sample of DNA (ie. the increase in
ultraviolet absorbance due to denaturation of the doﬁble he-
lix as a result of the thermal breaking of hydrogen bonds
between the bases) reaches its half-maximal value. The gua-
nine plus cytosine content of any class of DNA has a direct
influence on the T, value. Bacteria are thought to contain
a single class of DNA. But it has been reported (Sadoff,
1975) that 4. vinelandii, ATCC 12837, exhibits a bimodal
melting profile, with 30-40% of its DNA comprising a compo-
nent whose T, is five degrees lower than the remainder. This
suggests that the bacterium contains two classes of DNA, each
with a different GC content. Having obtained pure, high mo-

lecular weight DNA from several strains of Azotobacter, in-
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cluding ATCC 12837, it was of interest to substantiate this
finding, if possible, and to extend it to species and strains
other than 4. pinelandit.

Using the apparatus described in Methods, each dena-
turation run included four cuvettes: one contained 0.1 X
SSC as a blank, another contained E. coli DNA as a standard,
and two contained samples of Azotobacter or "Az' DNA. As
the internal cuvette temperature equilibrated with each in-
crease, the OD at 260 nm was measured. These values were
then corrected for the expansion of water in the buffer,
relative to 25°C. The ratio of the absorbance of each DNA
sample, relative to its absorbance at 25°C, was then calcu-
lated. Nofmalized values of the ratios were then calculated

as

Observed increase in 0D

Transition Fraction = - -
Total increase in 0D

according to Mahler and Cordes (1971), and the values plot-
ted against temperature as shown in Figures 2 through 6.
The Ty values obtained from these curves are tabulated in
Table II.

Dilute saline-citrate was selected as the buffer be-
cause T, values in it are lower than in SSC (thus lessening
problems 6f evaporation and heating). The GC content was

therefore estimated using the equation

percent GC = (T, - 53.9) 2.44
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Figure 2. Thermal denaturation profile of E. coli DNA.
(o, experiment 1; e, experiment 2; A, experiment 3; € ,
experiment 4)
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Figure 6. Comparison of thermal denaturation profiles
o Z and Z. coli. (o, experiment 1; e, experiment
2)
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landii. They concluded that optimal transformation can be
accomplished by incubating recipient cells through a
period of growth in the presence of transforming DNA prior
to selection. In order to quantify the results, however,
it was decided to plate the mixture in soft agar so that
each immobilized cell which was transformed would give rise
to a single colony after selection (see Methods).

Initial transformation frequencies using this techni-
que ranged from 1 x 1077 to 1 x 107°, Figure 7 presents
data collected in attempts to enhance transformation fre-
quencies with A. vinelandii. Figure 7A shows the effect
of varying the amount of transforming DNA while the number
of recipieﬁt cells was held between 1 and 2 x 10’ per plate
and the time of rifamycin addition was 21 hr. Pretreatment
of the DNA with deoxyribonuclease resulted in no transform-
ation. The time of rifamycin addition was varied in Figure
7B, while 200 ug of DNA was mixed with 1 x 107 cells per
plate. Thé optimum time for addition was found to be at
least 18 hr. Finally, Figure 7C indicates that the minimum
number of recipients required to obtain maximum rate of
transformation was 1-2 x 107 per plate with 200 ug DNA,
when rifamycin was added at 18 hr. After optimal conditions
were established, transformation frequencies of 1 X 10™*
were obtained.

Detection of Transformation. Table III is a eompila-

tion of qualitative transformation data. Each entry is the
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nies detected with Az3 arose from progeny of a very few
spontaneous mutations. Az3 was not found active in inter-

strain transformation using either method.



DISCUSSION

The fact that transformation of Azotobacter using high-
ly purified DNA has not been reported previously suggests
that normal extraction methods induce excessive shearing of
the DNA, or fail to sufficiently inhibit nuclease activity.
Making this assumption, the method for extraction and puri-
fication of DNA described in this thesis should be useful in
further studies of Azotobacter genetics.

Several lines of research might be followed to further
develop a genetic system for Azotobacter. Of paramount im-
portance is research in mutagenesis. Reports of attempts to
isolate mutants in the genus have pointed out that its mem-
bers are very resistant to mutagenesis using standard tech-
niques. This may be due to one of several reasons. The
most obvious reason is that Azotobacter may lack an error-
prone repair system. If this is the case, lesions in DNA
would be repaired without errors. Auxotrophs are especially
difficult to isolate, indicating that the necessary growth
factor transport systems may not be present. It has been
suggested (Sadoff, 1975) that the genome of A. vinelandii
may contain several repeated segments. If this is the case,
or if the life cycle of 4zotobacter has no stage at which
the genome of the organisms is present as a single copy,

only dominant mutations would be expressed while recessive



mutations in the multiple regions may not segregate.

It should be noted that while the transformation meth-
od developed in this study is a definite improvement over
previous techniques, it may not provide absolute transforma-
tion frequencies. The uncertainty arises because it cannot
be determined at which point during the necessary preselec-
tion incubation of DNA with growing cells the transformation
actually takes place. The question of competence requires
further study. Results may provide improved plate transfor-
mation or better, may allow liquid transformation methods to
be developed.

The inability to transform strains other than 4. vine-
landii at high frequency may be explained in several ways:
(1) The possibility exists, especially in light of the dif-
ficulties‘of DNA isolation, that most strains produce an
efficient nuclease or restriction enzyme for which 4. vine-
Zaﬁdii is naturally deficient. When used as recipients,
these strains may not be transformed because their nucleases
attack the transforming DNA. (2) It may be that 4. vine-
landii 1is the only strain whose cell wall allows efficient
uptake of DNA. (3) Non-competent strains may lack the en-
zymes required to recombine transforming DNA into the recip-
ient genome. The answer to this problem might be provided
by a study of the fate of transforming DNA as has been per-
formed in Pneumococcus (Lacks, 1962), but this would require

the isolation of a suitable auxotrophic mutant so that DNA
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