BACTERIAL ALTERATION OF BILE SALTS

of interference between virus inocula given
at distant sites(9). However, the lack of
effectiveness of mumps vaccine in older mice
may make the role of interferon unlikely.

From these considerations it seems likely
that viral multiplication was partially sup-
pressed by interference, and was further in-
hibited as the immune mechanism developed.
This interpretation takes into account the ob-
servation that vaccinated animals developed
encephalitis, though less severely than unvac-
cinated controls, and further that there was
evidence of recovery between the 16-18 day,
when according to Overman(3,4) mice have
fully developed antibody-forming mechan-
isms. The possible sparing effects of other
myxoviruses, as well as unrelated viruses will
be studied.

Summary. A striking degree of protection
from fatal mumps encephalitis is afforded
mice if they are injected intravenously with
mumps vaccine when less than 4 hours old.
A less marked but very significant degree of
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protection is also afforded by influenza vac-
cine used in this same way, but none at all
using the formalin diluent alone. With ad-
vancing age above the four-hour group this
sparing effect diminishes. These results may
be due to combined effects of viral interfer-
ence and antibody production.
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A variety of studies of the effects of micro-
organisms on sterols and steroids has been
made. Talalay(1) has reviewed many of
these, including certain studies of bile acids.
The use of aerobic conditions in which hy-
droxyl groupings were converted to ketones
has been the most commonly reported experi-
mental technic. The influence of bile salts
on growth of microorganisms has also been
studied extensively, particularly in working

* This research was supported in part by grants-
in-aid from Nat. Heart Inst.,, N.LH., Bethesda, Md.;
Life Insurance Medical Research Fund, New York;
John A. Hartford Memorial Fund, and Fund for
Research and Teaching, Harvard School of Public
Health.

t The research was carried out during the tenure

of an Established Investigatorship of the Am. Heart
Assn,

out methods for isolation of bile salt resistant
organisms(2).

In the whole animal the bile salts present
in the intestinal tract undoubtedly account,
in part at least, for the paucity of microor-
ganisms in the small intestine and the charac-
ter of the microflora in the large intestine.
The microorganisms of the large intestine
modify the chemical nature of the bile acids
and cholesterol carried from the upper gastro-
intestinal tract. The most prominent bile
acid in the feces of animals(3) and man(4)
is often deoxycholic acid. It has been dem-
onstrated that cholic acid in the intact mam-
malian organism is reduced to deoxycholic
(3a, 12e-dihydroxycholanic) acid(5,6,7,8),
although keto-bile acid derivatives of cholic
acid have also been found in feces(6,9).
Bergstrom(10) considers that deoxycholate
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exists in mammalian bile and feces only as
a product of bacterial action. Norman and
associates have studied bile acid metabolism
in bacterial cultures, as well as in rats in-
fected with single organisms(11,12), and have
observed the hydrolysis of conjugated bile
acids and formation of keto bile acids, al-
though the conversion of cholic to deoxycholic
acid does not appear to have been demon-
strated in cultures of pure organisms.

This report describes the isolation of or-
ganisms which could be grown aerobically or
anaerobically in bile salt-containing media.
A series of cultures of bacteria commonly
found in intestinal contents (obtained from a
commercial source) were also evaluated. The
chemical transformations which occurred were
determined. An increased growth response
and capacity to convert cholic acid in acute
trials to the analogues with ketone groupings
was demonstrated in 3 species of bacteria
which were serially transferred in cholate-
containing media. The capacity of mixtures
of rat cecal organisms and of one apparent
single colony isolated from rat cecum to con-
vert cholate to deoxycholate in vitro was
demonstrated. Conversion by the apparently
pure culture was obtained in only 2 instances.

Methods. The media used for aerobic and
anaerobic cultures were respectively modifica-
tions of Marcus and Talalay’s(13) medium
(including 1% Difco yeast) and a thioglycol-
late medium. Some of the anaerobic incuba-
tions were carried out in Talalay media in a
nitrogen atmosphere. Agar slants and plates
were prepared from the same media by addi-
tion of 2% Bacto-agar. All anaerobic prepa-
rations were stored in desiccators that were
repeatedly exhausted and filled with high
grade (oxygen-free) nitrogen. Cholic acid
neutralized to pH 7.4 was added to media to
final concentrations of 0.019, 0.1%, 0.2%,
0.4 and 1.0%. Other bile acids were also
used in media at the 2 highest dilutions.
Routine inoculations were carried out in 3
cc of media in screw cap culture tubes with
teflon-lined caps (which were suitable for
subsequent bile acid extractions). Acute
aerobic growth studies were carried out in
250 ml Erlenmeyer flasks containing 50 ml
of media and equipped with special aerators
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connected by manifold to an air line. The
incubation temperature used was usually 38°.

All samples used for bile acid measure-
ments were immediately treated with 0.5 ml
of 2N KOH and autoclaved for 1 hour at
125°C. This procedure resulted in nearly
complete clearing of the medium. The me-
dium was then acidified with concentrated
HCI to the methyl orange end-point, and ex-
tracted with three 8-ml aliquots of diethyl
ether. The ether was then washed once with
one ml of distilled water. This subnatant
layer was separated with a Pasteur pipette;
the ether was evaporated under a stream of
nitrogen, and the residue dissolved in an ap-
propriate volume of ether from which aliquots
were taken for analysis.

Assay of test bile acids in incubation me-
dia was performed using the reactions of
Minibeck(14) at 390 mu for cholic acid and
of Eriksson and Sjovall(15) at 385 mg for
dihvdroxycholanic acids. Identification of
the conversion products was made using sepa-
rations based on the procedures of Sjovall
(16) and of Mosbach et al.(17) or by gas-
liquid chromatography. The following radio-
labelled bile acids were used: cholic acid-24-
C' at either 2.0 or 4.5 uc/mg, and deoxy-
cholic acid-24-C'* at 3.5 puc/mg(18).
Both acids appeared to be radio-chromato-
graphically pure (Sjovall(16) and Mosbach
et al.(17)) and to have satisfactory ab-
sorption spectra (Eriksson and Sjovall(15)
and Wysocki et al.(19)).

Results. Growth of various bacteria in
cholate media. Initially 12 aerobic species
and 2 anaerobic species were evaluated for
their ability to grow in cholate-containing
media and on cholate-containing agar plates.
Three of these: E. coli, Proteus vulgaris and
Streptococcus faecalis, grew particularly well
aerobically in media containing 0.1% cholate
and could be adapted to grow at 0.4% cho-
late. Therefore, most subsequent work un-
der aerobic conditions on the effect of bile
salts on growth of pure cultures and of bac-
teria in the modification.of bile salts was
carried out on these 3 species. Neither of 2
species of Clostridia (sporogenes or butyri-
cum) grew well initially in cholate-containing
thioglycollate media, although they were
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adapted by serial transfer to grow at 0.01%
cholate and eventually at 0.1% cholate.

Effect of serial transfer in cholate media.
Fig. 1 demonstrates the growth of a culture
of E. coli (as measured by optical density at
600 mu) which had been serially cultured in
cholate-free media and of a culture that had
been through § transfers in an otherwise iden-
tical medium containing 0.2% cholate. Re-
gardless of concentration the cholate “adapt-
ed” culture grew more rapidly than the un-
adapted culture in the aerated system. In the
test system containing cholate at 0.4% the
adapted organisms grew at a substantial rate
whereas growth of the unadapted culture was
almost completely inhibited.

The disappearance (modification) of cho-
late (as evidenced by reduction of optical
density at 390 mp with the reagent of Mini-
beck) from these same cultures is illustrated
in Fig. 2. With the conditions of aeration
of the media used the Minibeck reaction of
cholate in uninoculated media was not al-
tered. The extent of removal of cholate from
the media paralleled the growth of the cul-
ture. When cholate-24-C'* was included in
the growth media containing unlabelled chol-
ate, the bile acid fractions recovered from the
media contained all of the label added.

A single transfer of adapted cultures to
cholate-free media and of unadapted cultures
to cholate-containing media prior to the
standard test procedure resulted in significant
loss and gain respectively of tolerance to the
test media and of capacity to alter the cholate
of the media. The adaptation phenomenon
seen with E. coli was also observed in cultures
of Proteus vulgaris and Streptococcus fae-
calis, the only differences from the above
studies being the more rapid growth of Pro-
teus vulgaris and the slower growth of Strep-
tococcus faecalis (compared to E. coli).

Specificity of cholic acid structure in the
adaptation phenomenon. Deoxycholate and
hyodeoxycholate were used in the test media
to test whether the adaptation phenomenon
was specific for cholate. There was a sug-
gestion that the cholate adapted organism
grew better in the 0.01% deoxycholate test
media than did the unadapted organism. De-
oxycholate appeared to be highly disruptive
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of cell structure as indicated by decreased op-
tical density after transfer of a standard in-
oculum to medium containing the 0.1% test
concentration of deoxycholate. Similar re-
sults were also obtained for hyodeoxycholate.
At the 0.01% concentration both of the dihy-
droxy bile salts appeared to be rapidly modi-
fied, as followed by the pertinent spectropho-
tometric measurements described by Eriksson
and Sjovall(15) (60°-60' in 65% H,SOs;
385 mp). The products of deoxycholate from
the incubation media have not been definitely
identified. When deoxycholate-24-C'* was
included in incubation media, all of the radio-
activity was recovered in the bile acid frac-
tions after the 180-minute incubations.

Effect of added fatty acids to cholate-con-
taining media. Fig. 3 and 4 illustrate growth
curves and modification of cholate by un-
adapted E. coli when tested in the 0.4%
cholate media supplemented with palmitate
or linoleate at 0, 10, or 100 pg/ml. Both
fatty acids appeared partially to overcome
the growth inhibition of cholate and to accel-
erate the rate of modification of cholate.
Palmitic acid had a greater influence than
linoleic acid. There was also a stimulatory
effect of the added fatty acids in cultures of
adapted E. coli, as well, although as in pre-
vious experiments rates of growth and cholate
alteration of the adapted cultures were
greater than those for the unadapted cultures
regardless of composition of the medium. In
the tests of added fatty acids to bile salt-free
media (optimum growth media) there was no
significant effect on growth of E. coli except
that at the higher concentration (100 pg/ml)
linoleic acid was inhibitory.

Demonstration of ¢ DPN-linked dehydro-
genase from E. coli. Cell-free extracts from
cultures of E. coli were recovered either from
alumina pastes and centrifugation or by ultra-
sonic fragmentation, centrifugation, and
quick freezing of the supernatant in liquid
nitrogen. Both preparations were active. The
enzyme in pH 7.2 phosphate buffer plus
cholate (100 ug/ml) and DPN (100 ug/ml)
could be demonstrated to be active both from
reduction of DPN as measured by optical
density at 340 mpu and in the disappearance of
cholic acid (as measured by the Minibeck re-



BACTERIAL ALTERATION OF BILE SALTS

1.000
* Unodapted
0.800| *02% cholote
pregrowth
0.6 3
1 0400 Testcone. &
o of ¢holote e
8 --oo1x %
a 4
© 0.400 e O1% E
— 04% b4
"
—t &
0.200 °
] €0 120 180

TIME (MINUTES)

0.600

0.400

0.200

0.800
Test conc. of cholote « Poimitic acid
* Unodapted - — 001% * Linoleic ocid
*0.2% cholate === 0.1% ~— no supplement
pregrowth 04% 0.6001 ~--- 10y
~= 100y

0.0. 600ms

0o

®

60 120
TIME (MINUTES)

60

120
TIME (MINUTES)

0.800 o
* Polmitic acid
{ * Linoleic acid e . ]
- 400 - CHOLIC -24-C'* + DEOXYCHOLIC-24-C" ¢
— no supplement 200~ A A____
« 0600} === 10y e
S =~ 100y 200- cHOLIC-24-C'* + E coli. ¢
2 100
£ s = " e
P oa - CHOLIC-24-C'* + RC cult ¢
% 0000 ‘\\:} ‘3’ T::_ Ist Tronster - -M
° N i
2 = & 200- CHOLIC-24-C'* 4 RC culture
L . w A 3
. '\ ¥ o00- 2nd Transfer - oerobic P
s 4
0.200} R Z 200~ CHOLIC-24-C'* + C culture .
3 (00— onaerobic i
°
—
I 200- CHOLIC -24-C'*+ RP cultuce
100- c enceronic f
T s N et
o 60 120 180 s 0 [ 20
@ TIME (MINUTES) @ CM FROM ORIGIN
SE-30-6%
. Chromosordb W 60-80
s, 248°C 14psi
S =
£ 2
HE
= >
v &
z: 3 .
Y &
= 3 CHOLATE
£
. + ORGANISM ISOLATED
2 FROM RAT CECUM
4
o
€
2
3
3
©
-
b3
\J =
i s i 1
0 10 20 10 20

TIME (MINUTES)

®O

TIME (MINUTES)

180

FIG. 1. Growth of adapted and unadapted cultures of Escherichia coli in cholate-containing
media. Adapted indicates that the organism had been transferred 5 times in media eontaining
0.2% Na cholate. The media during tests contained one of 3 concentrations of sodium cholate.
Test media were maintained at 38° and continuously aerated.

FIG. 2. Alteration of cholate, as measured by optical density at 390 my using the reagent
of Minibeck(17), in the study described in Fig. 1. Rates of alteration of cholate by adapted
and unadapted cultures of Escherichia coli were tested in 3 concentrations of cholate. :

FIG. 3. Effect of supplements (10 pg or 100 ug/ml media) of linoleic acid or palmitic acid
(neutralized to pH 7.4) in media containing 0.4% cholate on growth of Escherichia coli (un-
adapted). The spectrophotometer readings for the medium unsupplemented with fatty acids
did not increase during 180-min. incubation period (as solid line indicates).

FIG. 4. Rates of alteration of cholate by unadapted cultures of Escherichia ooli (as meas-
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action at 390 mp). Typical enzyme concen-
tration and substrate concentration curves
were obtained. Regardless of enzyme concen-
tration, concentrations of cholate greater than
150 pug/ml were strikingly inhibitory. Re-
moval of either of the 3 essential components:
enzyme, DPN, or cholate resulted in complete
inactivity by the criteria of DPN reduction or
cholate alteration. These observations are
reminiscent of the findings of Hayaishi et al.
(20) using E. freundii.

Nature of the cholate alteration products
in E. coli cultures. In agreement with prior
observations of Norman and Bergman(12),
the cholate conversion products of E. coli (de-
termined both by paper chromatography
(Fig. 5) and gas liquid chromatography)
were largely 7-ketodeoxycholate.

Conversion of cholic acid to deoxycholic
acid by mixed organisms and one apparently
pure culture isolated from the rat cecum. The
ceca of rats or Cebus monkeys were opened
using sterile technics, and a loop of contents
was transferred either to media or to sterile
saline, followed by immediate inoculation into
aerobic and anaerobic media containing eitbher
no cholate, labelled cholate at 75 pg/S ml of
media, 0.01% or 0.1% unlabelled cholate.
0.1% Cholate agar plates were also streaked
and transferred to 38° incubators or to nitro-
gen filled desiccators in incubators. At the
end of 24 hours second transfers of all cul-
tures were made to identical media and homo-
geneity wés again evaluated by streaking agar
plates. In certain cases single colonies were
transferred from plates to cholate media and
cholate agar slants and chen carried, appar-
ently as homogeneous cultures, in serial trans-
fer through cholate-containing media.

Fig. 5 also illustrates the paper radiochro-
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matographs of bile salts isolated from inocu-
lated media containing a trace dose of cholate-
24-C', Culture RC (a mixture) from a rat
cecum converted the trace of labelled cholic
acid almost quantitatively to deoxycholic acid
on the first 3 transfers. The organism or or-
ganisms lost almost all of this capacity at the
fourth transfer. One organism isolated as an
apparently pure culture from an agar plate
from first transfer media also converted cholic
to deoxycholic acid. No organisms either
from cholate agar plates or from media con-
taining traces of radiocholate or unlabelled
cholate at 0.01% or 0.1% have in these ex-
periments been able to perform the cholate to
deoxycholate conversion after more than 3
transfers. One of the most significant fac-
tors which appeared to influence the success
of the conversion of cholic to deoxycholic acid
by the microorganisms studied was the size
of the inoculum, a large inoculum giving
much more consistent conversion of cholic to
deoxycholic acid. _

Fig. 6 and 7 illustrate the separation of
mode] mixtures of methyl esters of bile salts,
and the methylated bile acid fraction from a
0.1% cholate incubation mixture which had
been inoculated with the organism isolated
from a sample of rat cecum contents. The
rat cecal organism had converted approxi-
mately one-half of the cholate present to de-
oxycholate. The relative retention time of
the methyl deoxycholate was identical to that
of authentic methyl deoxycholate in a system
which was capable of partially separating the
3, 12-dihydroxy (deoxycholic) from the 3, 6-
(hyodeoxycholic) and 3, 7-(chenodeoxy-
cholic) dihydroxycholanic acids. Similarly,
the formoxylated mixture contained a peak
with retention time equal to that of formoxy-

ured by reaction of Minibeck(17)) in media containing 0.4% cholate and supplements (10 ug or
100 ug/ml media) of palmitic or linoleic acid (neutralized to pH 7.4).

FIG. 5. Paper chromatographic separation of cholic acid-24-C* and deoxycholic acid-24-C*
and bile acid fractions from several different inoculations into media containing cholic acid-24-
C* (neutralized to pH 7.4). Chromatographic separation was that of Sjovall(19). Stationary
phase was 70% acetic acid; moving phase was 60 isopropyl ether: 40 heptane. Support was
Whatman 3 MM paper. Radioactivity peak in the cholic-24-C* + E. coli chromatograph has
an Rf consistent with 7-ketodeoxycholie-24-C* acid. Designations RC, C, and RP refer to mixed

cultures from rat cecum.

FIG. 6. Separation by gas-liquid chromatography of a model mixture of methyl esters of
cholanie, lithocholie, deoxyeholie, and cholic acids.

- FIG. 7. Gas-liquid chromatographic separation of the methylated bile acid fraction from
media which. contained 0.10% cholate and had been inoculated with an organism from rat

cecum,
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lated methyl deoxycholate.

" Characterization of ome organism (single
colony) which converted cholic to deoxycholic
acid. One bacterium which was isolated as a
pure organism by streaking a loop of rat cecal
contents (diluted with saline) on 0.1%
cholate agar was able almost quantitatively
to convert a trace (75 pg) of labelled cholate
to labelled deoxycholate on two first trans-
fers to liquid media. It was characterized as
follows: a short gram negative non-motile rod
which tended to appear on stained slides as
pairs and tetrads. Colonies which appeared
on cholate-agar were one mm in diameter,
translucent, and non-spreading. The bacte-
rium formed acid and gas on lactose, glucose,
maltose, sucrose, and salicine media. It was
acid-forming in Russell’s double sugar. The
organism was indol negative, methyl red posi-
tive, Voges-Proskauer negative and citrate
positive,

Discussion. Our results were in agreement
with many of the findings of Norman and
Bergman(12). The differences were as fol-
lows: 24-hour cultures of cecal inocula in
media containing 0.19% and 0.01% cholate or
15 ug cholate-24-C** per ml resulted in quan-
titative conversion to deoxycholic for the la-
belled material and the 0.01% cholic acid and
about 50% conversion of the 0.1% cholic acid
to deoxycholic acid in 24 hours. Incubations
were carried out in screw cap culture tubes
which may have resulted in relative anaero-
biosis. In certain instances the capability of
converting cholic acid to deoxycholic acid
was carried through 3 transfers from rat ce-
cum, i.e., 2 serial 24-hour transfers by pipette
from the original 24-hour growth of the cul-
ture inoculated from the cecum. One organ-
ism isolated on 0.19% cholate agar was shown
to convert cholic to deoxycholic acid on 2 dif-
ferent first transfers to cholate-C'* contain-
ing 0.1% cholate media, but this conversion
was not demonstrated subsequently. Another
significant difference from the report of Nor-
man and Bergman(12) was the observation
that deoxycholic, when incubated with a
strain of E. coli in the aerated system, was al-
tered as evidenced by reduction of its absorb-
ance at 385 my after heating at 60° in 65%
H,S0,.
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The ability of one apparently single species
of organism isolated on cholate agar to con-
vert cholic acid to deoxycholic acid (even
though it was impossible to maintain this ca-
pacity on subsequent transfer through liquid
media, and morphologically similar colonies
on agar apparently lost or never had this ca-
pacity) suggests that the difficulty in repro-
ducing this biologically common reaction re-
sults primarily in defining the proper com-
position of media and incubation conditions.
The relative inconsistency with which we
could demonstrate and sustain this reaction
on subsequent transfer of organisms suggests
that optimum conditions have still not been
defined. Subsequent to the submission of
this manuscript cultures (probably mixed) of
cecal organisms have been maintained
through 9 transfers in 0.01% cholate-Talalay
media with complete conversion of cholate to
deoxycholate in 48 hours. The reaction oc-
curred most readily in a nitrogen atmosphere
but also occurred in screw cap culture tubes
in air,

Summary. The ability of a variety of com-
mon intestinal microrganisms to grow in bile
salt-containing media and to alter the struc-
ture of those bile salts was studied. Strains
of Escherichia coli, Proteus wvulgaris, and
Streptococcus faecalis were adapted by serial
transfer in cholate-containing media to grow
more rapidly in high concentrations of cholate
and to alter the composition of the cholate
more rapidly than unadapted cultures. E.
coli was also shown to alter the structure of
deoxycholate. Low concentrations of linoleic
or palmitic acids when added to cholate-con-
taining media partially overcame the inhibi-
tion of growth and cholate-altering capacity
of E. coli. 7-Ketodeoxycholate was the prin-
cipal metabolite of cholate in continuously
aerated cultures of E. coli. The conditions
used for transfer of mixed cultures and the
isolation of one apparently pure culture of or-
ganisms from rat cecum which was capable
on 2 first transfers, but not subsequently, of
converting cholic acid to deoxycholic acid
were described. '
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The vacuolating SV-40 virus(1), the most
recently discovered member of the papova vi-
rus group(2), became the object of immedi-
ate and widespread interest when it was dis-
covered as a viable contaminant of killed and
live virus vaccines grown in rhesus and cyno-
molgus kidney cell cultures(1,3,4). It ap-
pears that the virus has been injected as a
live contaminant of formalinized polio- and
adenovaccines into hundreds of thousands, if
not millions, of persons, and that it has been
fed in active form together with live poliovac-
cine to groups equally as large.

American(1) and British(5) investigators
reported that 2 to 3 injections of some formal-
inized adeno- and. poliovaccines .were suffi-
cient to produce vacuolating virus antibodies
in man, though whether from simultaneous
injection of living or inactivated vacuolating
virus could not be established retrospectively.
Intranasal administration of vacuolating vi-
rus has been found to lead.to viral multiplica-

* Aided by a grant from ‘National Foundation and
by a fellowship from Division of General Medical
Sciences, Nat. Inst. Health, P.H.S.

tion and antibody formation(6). In this in-
stance the vacuolating virus was present as a
live contaminant of another virus preparation
being studied in human volunteers. It should
be emphasized that in spite of the large num-
bers of persons injected or fed the virus, not
a single human illness has been attributed to
this agent.

Studies on the isolation of vacuolating virus
from children who had inadvertently received
contaminated lots of oral poliovaccine are re-
ported here. Some negative studies on such
individuals have been reported, but they have
been very few in number(5,7).

Materials and methods. Tissue cultures.
Monkey kidney (MK) monolayer cultures
were grown and maintained in our lactalbu-
min medium, as described previously(8).
Cultures were grown from African green mon-
keys (Cercopithecus aethiops). The animals
were all tested for SV-40 antibody and only
those free of antibody were selected for cul-
turing. In all experiments a number of un-
inoculated cultures were observed to insure
that vacuolating virus was not a spontaneous
contaminant of the test cultures.



