uranium, a superconductor in which 5f
clectrons might play a role (5).

In the light of the present results
on B-uranium, we would like to offer
an entirely different explanation. Name-
ly, that the reported superconducting
behavior of the a-phase of uranium at
and above 0.7°K may be due only to
superconducting filaments of retained
stabilized o’-, 8-, and y-phases, or per-
haps even filaments of superconducting
compounds. Either the y-phase or the
superconducting compounds could ac-
count for the transition region above
0.8°K. This transition region can easily
be destroyed by mechanical means, such
as filing, pulverizing, or rolling. By such
means we succeeded in reducing the
superconductivity of all uranium sam-
ples to the transition temperatures near
0.8°K. The reproducible coincidence
between transition temperatures near
0.8°K found for the -stabilized phases
and those found for the q-uranium
phases points to the existence of an
additional network of what might be
B-stabilized filaments of a much finer
mesh. We believe that both networks
of filaments, which might be retained
B- and y-phases, are situated in the
grain boundaries. They are stabilized
by impurities insoluble in the «-phase
and, therefore, precipitated in just those
grain boundaries. Preliminary results of
electron microscopic investigations by
Arrhenius and collaborators (6) show
two different domain patterns which
could well correspond to the two net-
works we postulate. The fine mesh net-
work is on such a scale that it cannot
be destroyed by mechanical means. It
has been shown 'in detail for the LaRh
system (7) how an extremely fine and
well-distributed network of filaments
can give rise to complete diamagnetic
shielding even though the total con-
centration was only on the order of a
few percent.

The similarity in superconducting
behavior recently reported for -uran-
ium and protactinium (&) suggests that
aside from the tetragonal form of pro-
tactinium, stable at room temperature,
there may be other crystallographic
modifications which, again, could be sta-
bilized in the grain boundaries. Most
elements in which the possibility of 5f
clectrons exists also show different crys-
tallographic modifications. Why should
protactinium be an exception since the
5f series starts with protactinium (9)?

The phase stable at temperatures
above those of the B-phase is y-uran-
ium. Specific heat data on y-uranium
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stabilized with 13.7 atomic percent of
molybdenum have already been shown
to have the expected anomaly with sharp
transitions near 2°K (/0). We have also
found that UyFe, the uranium com-
pound with the highest known transition
temperature, 3.8°K, equally displays
the expected caloric features of a nor-
mal superconductor. The failure to ob-
serve a superconducting heat anomaly
(4) above 0.15°K for q-uranium, to-
gether with the broad transition can be
simply explained by the absence of
superconductivity of the q-uranium
above 0.15°K as was postulated by
Dempesy et al. for their sample, or by
the presence of some state involving the
coexistence of magnetic order and su-
perconductivity (/7). Further heat ca-
pacity measurements will be necessary
to decide if and where q-uranium be-
comes superconducting.

Finally, we would like to point out
that an anomalous superconducting be-
havior will frequently be caused by an
anomalous  metallurgical  situation.
While previous metallurgical investiga-
tions have not clearly shown evidence
for the presence of other phases in -
uranium we believe that the present
results give strong evidence to the con-
trary.

B. T. MaTTHIAS*, T. H. GEBALLE
E. CoreNzwiT, K. ANDRES
G. W. HuLy, Jr.
Bell Telephone Laboratories,
Murray Hill, New Jersey
J. C. Ho, N. E. PHILLIPS
Inorganic Materials Research Division,
Lawrence Radiation Laboratory and
Department of Chemistry,
University of California, Berkeley
D. K. WOHLLEBEN
University of California, La Jolla
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Direct Evidence for the Cathodic
Depolarization Theory of
Bacterial Corrosion

Abstract. Cathodic depolarization of
mild steel by Desulfovibrio desulfuricans
was demonstrated with benzyl viologen
used as an electron acceptor. Direct
measurement of the cathodic depolari-
zation current indicated a maximum
current density of 1 microampere per
square centimeter. Aluminum alloys
were also cathodically depolarized by
the organism.

In 1934, von Wolzogen Kiihr and
van der Vlugt proposed a theory for
the anaerobic corrosion of iron by bac-
teria (7). In brief, the theory states that
bacteria, primarily those of the genus
Desulfovibrio, remove hydrogen that
accumulates on the surface of iron as
a result of their hydrogenase activity
and reduce sulfate, yielding hydrogen
sulfide. The electrons removed as a re-
sult of hydro~en utilization permit more
iron to be «'ssolved or corroded at the
anode. The hydrogen sulfide and the
hydroxyl ions combine with the fer-
rous ions to form secondary reaction
products at the anode.

Over the years evidence for and
against this theory has accumulated.
Much of this earlier evidence has been
reviewed by Starkey (2). More recently,
Raifsnider (3) and Scott (4) have pre-
sented observations that are not in agree-
ment with this classical theory. Booth
and his associates (5), using polariza-
tion techniques and weight loss mea-
surements versus hydrogenase activity,
have presented evidence for the theory.
These methods, although involving stan-
dard techniques, are nevertheless indi-
rect approaches and may be subject to
various interpretations. The key step in
the theory is the removal of hydrogen
or electrons at the cathode and the
subsequent dissolution of iron at the
anode. If the Desulfovibrio cells are
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able to remove hydrogen or electrons
from the surface of iron via an elec-
tron acceptor (sulfate), a deficiency of
electrons should be created at places
where there are no cells (anodes). As
a result, the equilibrium Fe — Fe++ +
2e¢ is upset and the reaction should
be displaced to the right, causing more
Fe++ ions to go into solution (cor-
rode).

Direct evidence for this step was
obtained by substituting the dye, benzyl
viologen, colorless when oxidized and
violet when reduced (6), for sulfate as
the electron acceptor to avoid the com-
plicating factor of H.,S reaction with
the iron and to make the reduction
process visible.

Through use of the medium, trypti-
case soy broth (Baltimore Biological
Laboratory) plus 2 percent agar, it has
been possible to culture Desulfovibrio
readily and in pure culture on the sur-
face of agar plates under a hydrogen
atmosphere. Cells of Desulfovibrio de-
sulfuricans (Mid-Continent Strain A),
possessing hydrogenase activity, were
grown on the surface of this medium,
removed with a bacteriological loop,
and placed on a small area on the sur-
face of solidified washed (Noble) agar
(2 percent) containing 0.01M tris buf-
fer [tris (hydroxy methyl) aminometh-
ane] and benzyl viologen (0.01 per-
cent). This medium was adjusted to
pH 7.0 =1 with HCI and autoclaved
at 15 Ib (6.8 kg) for 15 minutes.
Polished (emery cloth), degreased (ace-
tone), and sterilized (alcohol plus flame)
coupons of 1010 mild steel (8 by 15
mm) were placed on the surface of
the agar plates (Fig. 1) with one end
on the area with the cells. The plates
with the coupons were placed in a jar
suitable for evacuation (Brewer’s jar,
Baltimore Biological Laboratories), and
the atmosphere was replaced by ni-
trogen.

After about 17 to 24 hours in a
temperature of 27° = 1°C, the plates
and coupons were removed. A dark
violet area of reduced benzyl viologen
was observed in the agar underneath
the part of the coupon over the area
previously covered with cells (Fig. 2a).
Lighter areas of reduced benzyl violo-
gen were observed in the agar under-
neath both ends of the coupon not in
contact with the cells. These lightly
reduced areas, probably due to the di-
rect reduction of the dye by the metal,
disappeared {oxidized) and left only the
heavily reduced area produced by cellu-
lar reduction (Fig. 2b). A yellow-brown
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area can be observed on the surface
of the agar surrounding the areas that
were in contact with the coupon. This
material appears to be an insoluble iron
compound, probably Fe,O; or Fe-
(OH),, which was formed as a result
of iron oxidation by small traces of
oxygen present in the nitrogen, the
agar, or the metal surface.

The iron in the agar was made vis-
ible (developed) by adding either po-
tassium thiocyanate (for Fe+++) or
potassium ferricyanide (for Fe” + or
Fe+++) with or without acid (HCI).
In Fig. 2c equal portions of an aque-
ous l-percent solution of potassium
thiocyanate and HCI (10 percent con-
centrated, vol/vol) were added to the
agar surface. Heavy concentrations of
iron were indicated within several min-
utes where the insoluble iron “edge”
was located. Since this iron was lo-
cated at the surface, the iron thiocya-
nate complex was washed away by add-
ing more of the reagents. The area of
reduced benzyl viologen was still visi-
ble. After about 20 minutes, only the
pink iron thiocyanate complex in the
agar that had slowly developed (Fet++
slowly oxidized to Fe+*++) remained
visible (Fig. 2d). The reduced benzyl
viologen had by this time been oxi-
dized (colorless). Within 30 to 45 min-
utes, the pink iron thiocyanate com-
plex began fading and eventually com-
pletely disappeared.

The use of nonacidic potassium fer-
ricyanide (10-percent aqueous solution)
is much more satisfactory because the
color complex does not fade, but it
must be added immediately to the agar
surface after removing the plate from
the nitrogen atmosphere to detect the
Fet+ ions. A plate developed with
ferricyanide is shown (Fig. 2e) that in-
dicates a heavy concentration of Fe+ +
ions under the coupon not in contact
with the cells (anode) and relatively
few Fe+ + ions at the cathode (coupon
in contact with the cells).

The results obtained seem to indi-
cate that the steel coupon on the agar
surface has corroded as a result of
three reactions, which take up electrons
or act as “electron sinks”: (i) the com-
bination of electrons with oxygen and
water to form (OH)— ions, which re-
act with the Fe++ ions and more oxy-
gen to form the “edge” effect; (ii) the
direct uptake of electrons by oxidized
benzyl viologen to form the violet
reduced benzyl viologen; and (iii) the
reduction of H+ ijons at the iron sur-
face to form molecular or atomic hy-

Fig. 1. Petri plate with 1010 steel coupon
resting on agar surface.

drogen, which is then removed. The
electrons are utilized to reduce the
benzyl viologen.

The iron that forms the “edge” can
be distinguished from reactions ii and
iii by omitting acid in the “develop-
ment” process. The iron that forms in
reaction ii (both anode and cathode) as
distinguished from reaction iii may be
detected by using control coupons (no
cells in contact with either end of the
coupon). By direct observation of the
color intensity, it can be noted that the
total quantity of Fe++ jons evolved
from both ends of the control coupon
in reaction ii is much less than the
total amount of iron evolved at the
anode in reaction iii.

a b c d e

Fig. 2. Areas in agar under coupon indi-
cating location of reduced benzyl viologen
and ferrous ions. (a) Agar surface im-
mediately after removal of steel coupon.
Dark area due to reduction of benzyl vio-
logen by Desulfovibrio cells. (b) Same
plate 10 minutes later, after the benzyl
viologen that was reduced directly by the
steel has been oxidized (decolorized) by
exposure to the air. (c) A similar
plate to which HCl (10-percent concen-
tration in H.O, vol/vol) and potassium
thiocyanate (10 percent wt/vol) have
been added. (d) Same plate as 2c, 20
minutes after addition of HCI and potas-
sium thiocyanate. (e) Portion of plate
that was developed with aqueous potas-
sium ferricyanide (10 percent wt/vol)
showing a heavy Fe** concentration at
anode (no cells) and none at the cathode
(area surrounded by black border of mask-
ing ink where a heavy concentration of
cells was placed).
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Since there was obviously a flow of
electrons from the anode to the cath-
ode, direct measurement of this catho-
dic depolarization current seemed pos-
sible. Two electrodes (each with a sur-
face area of 1.1 cm?), made from one
of the coupons, were encased in lucite
and secured by means of a holder that
fit over a standard plastic petri dish
bottom. After the two electrodes were
dropped on the agar surface and se-
cured, the petri dish was placed in a
Brewer’s jar and the air was replaced
by nitrogen. The two electrodes were
connected to a very sensitive vacuum
tube voltmeter (Hewlett-Packard, model
412A) equipped with a recorder (Ester-
line-Angus, model AW).

With a very large number of cells
(entire surface growth of 3-day-old
trypticase soy broth 4 agar plate) un-
der one electrode (cathode) and none
under the other electrode (anode), a
sustained current density of about 1
pa/cm? was obtained for a period of
about 9 hours. This corresponds to a
corrosion rate of about 2.5 mdd (milli-
grams/dm? day) or about 0.00046 ipy
(inches per year) with the formula mdd
= ipy X 696 X density (7) and taking
the density of 1010 steel as 7.85. No
appreciable current was obtained in the
absence of cells under the electrode.
The electrode in contact with the cells
(cathode) always showed a positive
polarity and the anode a negative polari-
ty, a standard dry cell being used as
reference.

By use of this technique, it has also

been demonstrated that aluminum and
aluminum alloys can be cathodically
depolarized. Metals more noble than
iron and aluminum in the electromotive
series, such as tin, zinc, and lead, ap-
peared to be resistant to this type of
attack. This may be due to the toxic
effects of these metals and their ions
on the hydrogen or other electron trans-
port systems in the cells.

It thus appears that the mechanism
proposed by the theory does indeed
operate, if it can be assumed that sul-
fate acts in a similar fashion to benzyl
viologen at the iron electrode as an
electron acceptor. If such an assump-
tion is made, the corrosion rate ap-
pears too small to account for the ex-
tensive corrosion (attributed to these or-
ganisms in nature) entirely by the Wol-
zogen Kiihr theory.

WARREN P. IVERSON
U.S. Army Biological Laboratories,
Fort Detrick, Frederick, Maryland
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Acrylamide-Gel Electrophorograms by Mechanical Fractionation:

Radioactive Adenovirus Proteins

Abstract. A mechanical fractionator was developed to produce electrophoro-
grams by extrusion of polyacrylamide gels through a narrow orifice in a contin-
uous, sequential stream. The system permits separation of uniform fractions free
of zone distortion. An electrophorogram of radioactive type-2 adenovirus pro-
teins so fractionated gave a pattern in excellent agreement with the pattern ob-
tained by laborious manual sectioning and in agreement with the pattern obtained
on a replicate gel stained with Coomassie brilliant blue R250. The adenovirus
particle yielded about ten resolvable protein components in unequal amounts.
Like picornaviruses, these icosahedral animal viruses have multiple protein com-

ponents in the viral coat.

Electrophoresis in polyacrylamide
gels (1) is a technique for resolving
mixtures of macromolecules. It has re-
vealed previously undetected complexi-
ty in many types of samples and is
especially adaptable to analysis of
protein mixtures. The separated com-
ponents, if not colored, are usually de-

988

tected by stains or chromogenic re-
actions. While such methods may be
qualitatively adequate, they are quanti-
tatively reliable only when pure refer-
ence substances are available for stan-
dardization. Isotopic quantitation of
the fractions is usually less variable and
more direct, and double isotopic label-

ing, or combined isotopic labeling and
staining, permits quite accurate identifi-
cations of mixed components. Auto-
radiographic methods developed for
acrylamide gels (2) give high resolu-
tion but do not permit easy identifica-
tion of components by double isotopic
labeling.

A particularly suitable configuration
for gel electrophoresis is a round
column through which the samples mi-
grate vertically (Z). Methods in which
gels are sliced have been previously
used (/) and I now describe a simple
device for sectioning gels. I also de-
scribe a mechanical fractionator for
round gel columns that produces sam-
ples suitable for determination of radio-
activity by direct counting in planchet
and liquid-scintillation counters and for
other forms of analysis. Uniform frac-
tions permitting high resolution are pro-
duced by continuous extrusion of the
gel through a narrow orifice. When this
fractionator was applied to production
of electrophorograms of radioactive
adenovirus proteins, eight to ten com-
ponents were electrophoretically sep-
arable, indicating a degree of com-
plexity not previously reported for the
adenovirion (adenovirus particle).

The extrusion system is shown
schematically in Fig. 14, and the frac-
tionator and its drive mechanism are
shown in Fig. 1, B and C. Gels to
be fractionated were removed from the
glass tubes in which electrophoresis
was performed, either by rimming with
a 20-gauge 8.9-cm needle and syringe
filled with a viscous lubricant (non-
cross-linked polyacrylamide) or by push-
ing with a tight-fitting plunger. The gels
were completely inserted into the stain-
less steel sleeve (2 in Fig. 1) and the
plunger (3 in Fig. 1) was inserted part-
way. With the gel inside, the sleeve-
plunger assembly was screwed into the
plexiglass block (7 in Fig. 1) and the
plunger was pushed by hand until the
end of the gel was seen to be at the tip
of the needle valve (6 in Fig. 1). The
assembled fractionator was then placed
in the drive mechanism, and 0.05 per-
cent sodium dodecyl sulfate to carry
the crushed gel was pumped into the
carrier-fluid inlet (4 in Fig. 1) at the rate
of 4 ml/min with a peristalic pump
(3). The needle valve was adjusted to
an opening of about 0.125 mm and
the fractionator motor was started. The
gel was crushed as it was pressed
through the orifice and the small frag-

_ments were carried through a flexible

tube, attached to the carrier-fluid out-
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