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Abstract: Steroid transformation is of great importance in the pharmaceutical industry. The major limiting

factor in this process is the extremely poor solubility of steroids in aqueous media, which lowers their trans-

formation rate and increases costs. This problem can be overcome by using organic-solvent-tolerant bacteria

(OSTB), which can carry out the desired bioconversions in an organic-solvent-saturated system. OSTB are a

relatively novel group of extremophilic microbes that have developed various adaptations to withstand solvent

toxicity. The aim of this study was to isolate marine bacteria producing organic-solvent-stable cholesterol-

transforming enzymes. A Bacillus species, BC1, isolated from Arabian Sea sediment was found to degrade

cholesterol and exhibit excellent solvent tolerance particularly to chloroform. OSTB have tremendous potential

in industrial processes involving nonaqueous biocatalysis and transformation in the presence of an organic phase.
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INTRODUCTION

Organic-solvent-tolerant bacteria (OSTB) are a relatively

new group of extremophilic microorganisms, which are

capable of thriving in solvent-saturated environments

on account of their unique adaptive mechanisms. Most

of the reported and well-studied OSTB are gram-negative

bacteria, particularly strains of Pseudomonas tolerant to

toluene. Far less data is available on gram-positive OSTB in

comparison (De Bont, 1998). However, most of the

gram-positive OSTB reported are of marine origin. In fact,

Kato et al. (1996) have stated that OSTB are found in much

higher numbers in marine habitats as compared with soil.

Many of these OSTB may prove to be important in

industry, particularly in the biotransformation of water-

insoluble substrates in biphasic (organic-aqueous) fer-

mentation systems. Steroid biotransformation is a multi-

million-dollar industry, and the pharmaceutical uses of

steroids are numerous. The major rate-limiting factor in the

biotransformation process is the extremely poor dissolu-

tion of steroids in water (10)2 to 10)3 g/ml), which in-

creases costs. However, steroids like cholesterol are

completely soluble in some organic solvents such as chlo-

roform and butanol. Hence, a biphasic system wherein the

cells are present in the aqueous phase and steroids are dis-

solved in the organic phase is an ideal setup (Aono et al.,

1994; Moriya et al., 1995). The major problem here is the

fact that most bacteria and their enzymes are inactivated or

destroyed in presence of these toxic organic solvents.

It has been stated that for the adequate production of

chemicals by microorganisms in a 2-phase system, it will

be necessary to develop microorganisms that contain the

relevant enzymes in sufficient amounts and with highly

specific activities, even in the presence of the generally de-

structive apolar phase (Schuller et al., 1984). This can

be accomplished by utilizing OSTB having the desired

enzymatic activities. The cells and enzymes of solvent-
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tolerant bacteria, particularly extracellular enzymes, can be

expected to be active in presence of solvents (Ogino et al.,

1994, 1995). The present work was undertaken to isolate

cholesterol-transforming OSTB from the marine ecosystem.

MATERIALS AND METHODS

Several coastal sediment samples from the Arabian Sea were

collected and analyzed. One gram of the respective sedi-

ment was added to a 50-ml flask containing 8 ml of mineral

salts medium. The flask was supplemented with 2 ml of

chloroform (20% vol/vol) containing dissolved cholesterol

(10 mg). The flasks were incubated at 28�C for 2 days on a

rotary shaker, after which 0.1-ml aliquots of the organic

layer were plated on mineral salts agar with cholesterol as

the sole carbon source. The selected culture was designated

as BC1. The culture was identified to the genus level using

standard methods (Sneath et al., 1986).

The growth of the culture in mineral medium with

0.5% (wt/vol) cholesterol and in Luria broth was moni-

tored by performing viable counts on Luria agar at periodic

time intervals. Organic solvent tolerance was determined by

the plate assay (Ogino et al., 1995). Cholesterol transfor-

mation was monitored by thin-layer chromatography

(TLC) in various solvent systems. The plates were devel-

oped by spraying with ferric chloride and in the iodine

chamber (Aono et al., 1994).

A biphasic system for cholesterol degradation was

prepared as follows. Cells of BC1 grown in Luria broth

overnight were harvested by centrifugation, washed, and

resuspended in phosphate buffer (pH 7) to give an absor-

bance of 1.5 at 600 nm. The cells were supplemented with

mineral salts medium devoid of nitrogen source 2% (vol/

vol). This aqueous layer (25 ml) was overlaid with 25 ml

(50% vol/vol) of chloroform containing 0.5 mg/ml cho-

lesterol. The flask was incubated on a rotary shaker for 24

hours, and the chloroform layer was analyzed periodically

by chromatography. The intermediates obtained were pu-

rified by preparative TLC. The proton nuclear magnetic

resonance (NMR) and U/V spectra of the partially purified

intermediate was determined. To determine the viability of

cells in the presence of chloroform, viable cell counts were

made on Luria agar at periodic time intervals.

RESULTS AND DISCUSSION

Ten bacterial isolates capable of withstanding chloroform

and producing colonies on cholesterol agar were obtained,

most of which were gram-positive bacteria. One of the

sediment samples was found to yield a culture producing

predominantly white colonies on cholesterol agar. This

culture, designated as BC1, was chosen for further studies

as it grew faster (2 to 3 days) and produced larger colonies

in comparison with other cultures, which took 5 to 7 days

to show growth. BC1 was found to be an aerobic gram-

positive, endospore-forming rod and was identified as a

strain of Bacillus.

BC1 had a doubling time of 20 and 162 minutes in

Luria broth and mineral medium with 0.5% (wt/vol)

cholesterol, respectively. The culture exhibited excellent

tolerance to a wide range of organic solvents besides

chloroform, such as hexane, benzene, toluene, and xylene,

in the plate assay. Solvent toxicity is graded based on their

log P values, wherein P is the partition coefficient of the

given solvent in an equimolar mixture of octanol and wa-

ter. Solvents with log P values below 4 are considered ex-

tremely toxic because their degree of partitioning into the

aqueous phase and from there into the bacterial mem-

branes is very high, causing cell death in most of the or-

dinary bacteria (De Bont, 1998).

Every organism has a limiting log P value below which it

cannot grow, called the index value. (*)In almost all of the

reported Pseudomonas strains, this value is 2.5 (toluene),

whereas in the few gram-positive solvent-tolerant bacteria

such as Bacillus and Arthrobacter sp., it is 2 (benzene) (Kato

et al., 1996). Chloroform and benzene have similar log P

values, but the toxicity of chloroform is much higher due to

the presence of the chlorine atom. Although Pseudomonas

sp. strain ST-200 has been found to transform cholesterol in

the presence of solvents, its enzymes are inactivated in the

presence of chloroform (Doukyo and Aono, 1998). To our

knowledge, this is the first report of a culture tolerant to high

concentrations of chloroform. This study showed that free

resting cells of BC1 were capable of transforming cholesterol

in the presence of 50% (vol/vol) chloroform, indicating the

organic solvent stability of the enzyme system involved.

The transformation yielded 2 detectable intermediates

designated as p1 and p2. Intermediate p1 appeared to be

more polar than cholesterol as it was seen below cholesterol

in a chloroform-acetone (9:1) system. Generally, more

polar compounds are known to bind tightly to silica gel and

thus have a slower rate of migration. Also, p1 seemed to be

a transient intermediate as it could be detected within 30

minutes to 4 hours, but not after prolonged incubation. If

the flasks were incubated for 4 to 24 hours, the second

intermediate p2 appeared, which was better resolved in
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petroleum ether–ethyl acetate (8:2) and hexane–diethyl

ether (3:10) systems. Further, p2 was stable and persisted in

the flasks even after continued incubation. p2 appeared to

be a less polar1 compound as its Resolution factor (Rf) value

was greater than that of cholesterol. Cholesterol had Rf

values of 0.80, 0.62, and 0.48, respectively, in the chloro-

form-acetone, hexane–diethyl ether, and petroleum ether–

ethyl acetate systems, whereas Rf values of p2 were 0.87,

0.70, and 0.58, respectively. Its UV absorption maxima (255

nm) suggested the presence of conjugated double bonds,

which are absent in cholesterol (207 nm). The UV ab-

sorption spectra and TLC patterns of p2 were similar to

those of cholest-4-ene-3,6-dione, a ketonic derivative of

cholesterol (Aono et al., 1994). The proton-NMR spectrum

of the partially purified product p2 showed splitting of the

peaks in the region from 0.2 to 1.2 ppm. Also, additional

signals were seen in the region between 2.5 and 5.5 ppm,

besides the signals at 3.5 and 5.5 ppm exhibited by cho-

lesterol, which indicates transformation (Figure 1).

Transformation, however, was not 100%, and residual

cholesterol persisted in the flasks after 24 hours of incu-

bation. It is noteworthy that the cell count remained sig-

nificantly high even after 24 hours of incubation in the

presence of 50% (vol/vol) chloroform. From 7 · 106 at the

start, the cell count becomes 1 · 105 after 4 hours and

4.8 · 103 after 24 hours.

The same products, p1 and p2, were found in growing

cells when inoculated in mineral salts medium with cho-

lesterol in the absence of solvent as were found in resting

cells without solvent. However, the time taken was much

longer (several days), indicating that the biphiasic system

with resting cells was more efficient. Bacteria like BC1 that

possess solvent-stable enzymes may prove to be extremely

useful in a variety of industrial processes.
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Figure 1. Proton-NMR spectra of cholesterol (I) and the partially

purified product p2 (II).
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