
Abstract The bioconversion of high concentration

isopropanol (2-propanol, IPA) was investigated by a

solvent tolerant strain of bacteria, which was identified

as Sphingobacterium mizutae ST2 by partial 16S rDNA

gene sequencing. This strain of bacteria exhibited the

ability to utilise high concentration isopropanol as the

sole carbon source, with mineralization occurring via

an acetone intermediate into central metabolism. The

biodegradative performance of this strain for IPA was

examined over a 2–38 g l–1 concentration range, using

specific growth rate (l) and conversion rate analysis.

Maximum specific growth rates (lmax) of 0.0045 h–1

were routinely obtainable on IPA. In addition, the

highest specific IPA degradation rate was obtained at a

concentration of 7.5 g l–1 with a corresponding value of

0.045 g IPA g cells–1 h–1. While the highest acetone

yield reached its maximum value of 0.940 g acetone g

IPA–1 at 7.5 g IPA l–1. This is the first report on bio-

conversion of isopropanol at such high concentration

by this solvent tolerant strain of S. mizutae and may

allow its application in novel biocatalytic processes for

effective biological conversion in two-phase solvent

systems.
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Introduction

The world-wide production of 2-Propanol, or isopropyl

alcohol (IPA), exceeds 1.8 million metric tonnes per

annum [38]. It is used particularly as a solvent in quick-

drying oils, inks, cosmetics, anti-freeze compositions,

and as a cheap replacement for ethanol [7]. Since it is

widely used industrially, this has resulted in an in-

creased production of organic solvent waste streams,

where it can be shown that IPA represents the largest

volume solvent release compound in the UK, at nearly

7% of the total emission [10].

Biological methods offer an attractive, cost effective

method of converting solvent wastes [8], where bio-

logical processes would be considered to be substan-

tially more attractive to industry if bacteria were able

to operate in high concentrations of solvent. The rea-

son being that smaller and cheaper waste treatment

facilities would be possible, thus widening the appeal of

pollution abatement strategies by biological tech-

niques. In order for the biodegradation process to take

place, good physical contact between the compound

and the microorganism is essential, but in fact numer-

ous problems appear in the application of biological

systems to solvent treatment [4], due to the toxic ef-

fects of such organic solvents on the bacteria. A direct
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relationship exists between the accumulation and par-

titioning of a particular solvent in the cell membrane

and the effect on cellular function [35]. These effects

include: (a) alteration in the composition and integrity

of both the outer cell and cytoplasmic membrane [22],

hence changing the permeability of the membrane and

subsequently affecting its function, which often results

in lysis of the microorganism [9]; (b) decreasing the

proton motive force, and thus ATP synthesis by leak-

age of protons and ions out of the cell; (c) increasing

the fluidity of the membrane; (d) inhibiting functions of

membrane proteins via transfer of proteins extracel-

lularly.

Such harmful effects of organic compounds on cer-

tain strains of bacteria have been studied, for example

the effect of butanol on Clostridium acetobutylicum [6],

where it was found that at a high butanol concentration

of approximately 18.5 g l–1 resulted in inhibition of

ATP levels, and disruption of the membrane fluidity.

Similarly, the combined effect of temperature and

ethanol was characterized for Clostridium thermocel-

lum, and its mutant, at up to 20 g l–1. This bacterium

was not able to utilize ethanol as its carbon source, but

exhibited increased membrane fluidity as a response to

the presence of high ethanol concentrations [16]. A

similar effect has been reported during growth of

Escherichia coli in a medium containing 31.6 g l–1

ethanol [11], which caused a change in membrane lipid

composition. In addition to E. coli, similar changes

have been characterized with Bacillus cereus during

growth on ethanol or 1-propanol medium, at concen-

trations of 9.21 and 4.81 g l–1 respectively [24].

Several mechanisms have been adopted by micro-

organisms in order to overcome the effect of the

accumulation of organic solvents, including increasing

the degree of saturation of the bilayer lipids in the

membrane, for example. This behaviour reduces the

fluidity of this membrane, which can be achieved by

cellular synthesis of the lipids, or by cis/trans isomeri-

zation of the unsaturated fatty acids, thus preventing

the leakage of protons, ions, and proteins from the cell

[15]. This process changes the configuration of the

double bond of the fatty acid from the cis configuration

(condition of high fluidity of the membrane due to

their bent structure) into the long, extended trans

configuration. This process allows the membrane

unsaturated:saturated fatty acid ratio to increase, thus

improving the integrity of that membrane [19].

Another physiological mechanism adopted by

microorganisms to decrease the amount of toxic sol-

vents in the cell, is the extracellular transportation of

the solvent molecules out of the cytoplasm. This occurs

through the outer membrane, via efflux transporters

consisting of consecutive efflux pumps [25]. The

importance of such a system arises from the suggestion

that increasing tolerance towards organic solvents in

microorganisms is often not as a result of the solvent

metabolism, but rather the efflux pump system.

In recent years, several different strains of solvent

tolerant bacteria have been isolated. For example, a

Flavobacterium sp. was able to tolerate benzene at

concentrations up to 43.83 g l–1 [31], while a Bacillus

sp. demonstrated survival in both benzene and toluene

at concentrations up to 43.83 and 86.60 g l–1 respec-

tively [30]. Furthermore, a Rhodococcus sp. was shown

to tolerate a lower concentration of benzene up to

17.53 g l–1 [31], and exhibition of ability to survive a

very high concentration of toluene up to 433 g l–1 has

been observed in Pseudomonas sp. [21]. It has also

been reported that Pseudomonas putida can degrade

toluene in liquid culture at the concentration range of

0.0092 up to 0.0138 g l–1 by either of two ways: oxida-

tion of methyl group to alcohol, or the attack of the

aromatic nucleus by the oxygenase enzyme [39].

Previously, we have shown that a mixed consortium,

isolated and enriched from oil to contaminated soil, is

capable of degrading up to 7.9 g l–1 IPA as its sole

carbon source [7]. One species isolated from this con-

sortium is investigated here in terms of its ability to

metabolize high concentrations of the secondary alco-

hol, IPA [7]. In this study, we describe the minerali-

zation of IPA up to 38 g l–1 by this strain for the first

time. These conditions are five times higher than pre-

vious reports of IPA-degrading bacteria, and at least

one order of magnitude greater than other microbial

IPA/acetone aerobic degradation reports in the litera-

ture [20].

Methods and materials

Isolation, enrichment, and maintenance

of bacterial strains

Bacteria were isolated from hydrocarbon enriched

cultures as described by Bustard et al. [7]. Samples of

an oil/soil mixture (0.2 g) obtained from a waste

sump at Heriot-Watt University, UK, were placed in

a 250-ml Erlenmeyer flasks containing 7.3 g –1 dec-

ane in 100 ml of mineral salt medium (MSM) con-

taining the following constituents per litre of

deionized water, 3 g NaHCO3, 1 g NH4HCO3, 0.2 g

K2HPO4, 102.5 mg MgSO4.7H2O, 36.75 mg CaCl2.2-

H2O, 10 mg FeSO4, 1 ml trace elements solution) at

pH 6, the formulation of MSM was adapted from

Angelidaki et al. [3].
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Enrichment was carried out with 7.9 g l–1 2-propa-

nol as carbon source, within 100 ml mineral salt med-

ium (MSM), the liquid cultures were allowed to grow

at 20�C on an KS250 orbital shaker (IKA Werke,

Germany) at 150 rpm. Once bacterial growth was ob-

served, and 2-propanol utilized (approximately

7 days), liquid samples (5 ml) were extracted and used

to inoculate new flasks under the same conditions as

used previously. This cycle was repeated several times.

Pure bacterial cultures were obtained by appropriate

dilution of the final cell suspension, and were spread on

nutrient agar plates. The pure strains obtained were

either stored at 4�C for the short term, and transferred

onto new agar plates every 6 weeks, or stored in 60%

glycerol stocks at –80�C for the long term, until re-

quired.

Cultivation of solvent utilizing microorganisms

Single colony forming units were selected from the

nutrient agar plates, inoculated with this 2-propanol-

utilizing culture. Subsequently, these single strains

were inoculated in MSM with 7.9 g l–1 2-propanol as

carbon source. They were cultivated in an incubator/

shaker at 150 rpm and 20�C. The growth was moni-

tored periodically, by observing culture densities, and

measuring cell concentration. Cultures were also

examined under a CH–2 light microscope (Olympus

America Inc., US) to ensure single strain purity. Peri-

odically, nutrient agar spread plates were generated for

additional confirmation of strain purity.

Isolation and analysis of 16S rDNA

Genomic DNA of the strain was extracted using the

Prepman purification kit and stored on ice until use.

The 16S ribosomal DNA gene was amplified using

universal eubacterial primers [28], visualised by elec-

trophoresis on a 1% agarose gel, with the resulting

500 bp fragment purified by spin column centrifugation

and resuspended in sterile distilled water. The purified

DNA product was then sequenced using the dideoxy

chain terminator method as described by Sanger et al.

[33]. Finally, the partial sequence of the 16S rDNA

gene was compared with nucleic acid sequence data-

bases (Microseq and BLAST) [32].

Determination of phenotypic characteristics

An API 20NE test kit (bioMerieux, Marcyl’Etoile,

France) was also used for further identification, by

incubating the bacteria at 30�C and examining test

strips after 24 and 48 h, according to the manufac-

turer’s instructions [2]. This allowed for additional

determination of physiological and biochemical char-

acteristics of the strain.

2-propanol (IPA) batch degradation experiments

Bacterial inocula were prepared by sub-culturing into

MSM with 7.9 g l–1 2-propanol, incubated at 20�C in

a rotary shaker at 150 rpm, samples were taken every

24 h to measure bacteria growth, once the growth

had reached the end of exponential growth phase,

cells were taken to initiate biodegradation studies as

follows: 25 ml Erlenmeyer flasks were set up, con-

taining six different concentrations of IPA in dupli-

cate flasks (concentration ranges between 2 and

79 g l–1). Each flask contained 10 ml of a MSM to

which 1 ml of an inoculum containing 1.4·109 cells

was added, which was equivalent to 0.240 g dry cell

weight (DCW) l–1. In order to correct for volatiliza-

tion/evaporation, multiple control samples were also

set up in parallel using the six corresponding con-

centrations of IPA in addition to 10 ml MSM, on a

cell-free basis. Rates of acetone evaporation were

also calculated. The flasks were stoppered with foam

bungs and placed on an IKA KS250 orbital shaker at

150 rpm at 20�C for the duration of the experiment.

Well-mixed samples were taken from each flask ev-

ery 24 h for solvent concentration and cell growth

analysis.

Microbial growth measurements

Samples were withdrawn periodically for analysis. Cell

growth was monitored spectrophotometrically by

absorbance measurement at a wavelength of 450 nm

(k450) using a DR/2000 spectrophotometer (Hach,

Germany), and the corresponding total cell number

determined using a haemocytometer slide

0.1 mm · 0.0025 mm (Superior, Germany) and an

Olympus CH-2 microscope. A calibration curve for

optical density (OD450) and cell number (CN) ml–1 was

then established.

Dry cell weight (DCW) was determined by mea-

surement of cell concentration as follows; 50 ml culture

broth was harvested by centrifugation at 7,000 rpm for

10 min, on a Mark IV refrigerated centrifuge (Baird

and Tatlock, England), the pellet was washed exten-

sively with distilled water and then scraped into a pre-

weighed aluminium pan, followed by drying in an oven

(Gallenkamp, UK) at 80�C until constant weight and

cooled in a desiccator prior to re-weighing. One OD450

unit of was found to be equivalent to 1.450 g l–1

Sphingobacterium mizutae ST2.
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Solvent concentration determination

A 1 ll sample was extracted by syringe from a well-

mixed uniformly suspended culture from each flask and

analysed with a GC-17A Gas Chromatograph (Shi-

madzu, Japan). This was equipped with a Flame Ioni-

sation Detector (FID) in order to determine the

concentration of IPA and its metabolite, acetone. The

GC was equipped with a Carbowax BP20 column

(length = 15 m, 1 lm film) (Burke analytical, UK).

The flow rate of the He carrier gas was 10 ml min–1,

the temperature of the FID system was 300�C, whereas

that of the liquid injection point was 250�C, and the

oven temperature was 70�C. The run time was 2 min.

Experimental bacteria depository

The Sphingobacterium mizutae ST2 used in this study

has been deposited in the American Type Collection

Culture (ATCC) under accession number ATCC

BAA-327.

Nucleotide sequence accession numbers

The partial 16S rDNA gene sequences obtained in this

study for S. mizutae ST2 has been deposited in the

GenBank database under accession number

AF361550.

Calculations

The kinetics of growth and substrate degradation in

batch culture are described by simple differential

equations [14, 34].

Cell growth is described by

dX

dt
¼lX; X¼X0 att¼ 0; ð1Þ

where X is cell concentration, t is cultivation time, and

l, specific growth rate.

A semi-logarithmic plot of cell concentration versus

time was prepared for each experimental run, and the

specific growth rate (l) for a range of initial 2-propanol

concentrations was determined from the slope of the

linear portion (the exponential cellular growth phase)

by applying non-linear regression.

The specific degradation rate of the substrate, q, was

determined as follows:

� dS

dt
¼ qX; ð2Þ

where S is substrate concentration, and q, specific

degradation rate.

Integrating the above equations yields:

X ¼ X0 exp ltÞð ; ð3Þ

S½ �0 � S½ � ¼ q
1

l
X�ð X0Þ; ð4Þ

where X0 is initial cell concentration, and [S]0, initial

substrate concentration.

Hence a plot of ([S]0–[S]) versus (X–X0)/l should

give a straight line of slope q. Only data confined to the

exponential growth phase was used for analysis.

The volumetric degradation rate, r, is defined as

follows:

r ¼
S½ �0 � S½ �tc

tc
; ð5Þ

where tc is total cell culture time of each batch cycle,

and ½S�tc ; final substrate concentration during the

exponential growth phase of each batch cycle.

Results

Taxonomic characterization of S. mizutae

A Gram-negative strain of bacteria growing in mineral

salt medium (MSM) with isopropanol as a sole carbon

and energy source was identified as S. mizutae ST2.

The phenotypic characteristics of the strain were

determined with the API 20NE test, and were com-

pared with the reference database in the API test

manual, and available reference data [2]. Test results

are summarized in Table 1. The strain was able to

assimilate glucose, arabinose, mannose, malate, citrate,

mannitol, N-acetyl-glucosamine, maltose and adipate

as a sole carbon source. However, comparison of the

results obtained for S. mizutae with other published

information was difficult, since little reference data for

S. mizutae is currently available.

The strain was studied further by 16S rDNA gene

characterization. The sequence obtained was com-

pared to those in the Microseq database. Although it

was not clear if a genus level had been obtained by

Microseq database, which identified the best match to

Sphingobacterium thalpophilum with 89.81% similar-

ity, a further search was carried out using EMBL

database, and the best match from a FASTA search

[27] at 94.10% similarity is S. mizutae. On the other

hand, the phylogenetic tree obtained (data not shown)

indicated that the Gram-negative bacterium Flavo-
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bacterium sp., is the most closely related genus to

Sphingobacterium sp. It has been reported in the lit-

erature, through taxonomic studies, that S. mizutae

should continue to be retained to the genus F. mizutae,

due to their similar phenotypic characteristics [17, 36].

Table 3 summarizes the phenotypic characteristics of

selected Flavobacterium and Sphingobacterium strains

as studied by Takeuchi and Yokota [36].

Cell growth on 2-propanol (IPA)

S. mizutae ST2, demonstrates the ability to grow on

IPA with no further C supplementation in the range of

2–38 g l–1 as shown in Fig. 1a and b. By increasing

2-propanol concentrations, the lag period for S. mizutae

ST2 increased significantly. The lag time was estimated

to be 24 h for an initial IPA concentration of 2 g l–1

(Fig. 1a), while increasing the initial concentration to 15

and 38 g l–1 caused an increased lag time to 69 and

170 h, respectively (Fig. 1b). Furthermore, increasing

the initial IPA feed concentration to 79 g l–1 caused

complete inhibition of bacterial growth for S. mizutae

ST2. It is clear from the cell growth patterns for

S. mizutae ST2 that increasing the IPA concentrations

causes an inhibition in bacterial growth, and this was

demonstrated by measuring the specific growth rate (l)

at different IPA concentration ranges from 2 to 25 g l–1.

The specific growth rate data are plotted versus initial

2-propanol concentration as shown in Fig. 2. It is clear

that specific growth rate is reduced at higher 2-propanol

concentrations. After increasing the initial IPA con-

centration from 7.9 g l–1 a decrease in the maximum

growth rate to 0.002 h–1 was observed at initial 2-propanol

concentrations up to 25 g l–1, thereby indicating possible

substrate inhibition at higher solvent concentrations.

Table 1 Phenotypic characterisation for the identification S.
mizutae ST2

Characteristic/substrate utilization S. mizutae

Nitrate reduction +
Indole production –
Acidification –
Arginine dihydrolase –
Urease +
Hydrolysis (b-glucosidase) –
Hydrolysis (protease) +
b-galactosidase –
Assimilation of:
Glucose +
Arabinose +
Mannose +
Mannitol +
N-acetyl-glucosamine +
Maltose +
Gluconate –
Caprate –
Adipate +
Malate +
Citrate +
Phenyl-acetate –
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Fig. 1 a Growth of S. mizutae ST2 based on dry cell weight at an
initial IPA concentration of 2 (triangle), 3.9 (open square), and
7.9 g l–1 (filled square) in batch cultures. b Growth of S. mizutae
ST2 based on dry cell weight at an initial IPA concentration of 15
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Negligible growth was observed at 38 g l–1 IPA sub-

strate. The specific growth rate (l) versus 2-propanol

concentration (S) data was used to determine the

kinetic parameters of bacterial growth in batch cultures

containing 2-propanol (IPA) at initial concentration

of 2–25 g l–1. Some of the models that were tested in-

clude: Haldane model [37], Aiba et al. [1], Edwards

[12], and Levenspiel [27]. Among these, the best rep-

resentative model to express the kinetic behaviour of

the bacterium over the 2-propanol concentration range

studied (2–25 g l–1) was the Aiba and Edwards model

displaying the following kinetic parameters: saturation

constant (Ks=3.31 g l–1), inhibition concentration

(Ki=20.82 g l–1) and R2=0.95 (Fig. 2). The Aiba Edwards

model could be considered a reasonable kinetic model

to describe the inhibition trend by IPA for S. mizutae,

where at low IPA concentrations of up to 3.9 g l–1 good

agreement between the experimental and predicted

data was evident. However, at higher IPA concentra-

tions (above 10 g l–1) there was a noticeable deviation

from the model indicating a high concentration effect

not taken into account by the Edwards model.

Batch bioconversion of 2-propanol

The ability of S. mizutae ST2 to convert IPA was

examined by studying the volatilisation-corrected bio-

degradation rate of IPA at initial concentrations

ranging from 2 to 38 g l–1. It was observed that acetone

is produced as the main intermediate during IPA

metabolism. Figure 3a and b show the time-dependent

concentration change in IPA and acetone production

for S. mizutae ST2 over the stated range. The results

show that IPA was not fully converted at concentra-

tions of 15.8 and 38 g l–1, with a total degradation of 83

and 49% evident for these respective concentrations.

In order to compare the bacterial growth performance

at different 2-propanol concentrations, the specific

degradation rates, volumetric degradation rates, and

acetone yield coefficient were calculated, results shown

in Table 2 indicate that increasing the initial IPA

concentration results in an increase in the specific

degradation rate and volumetric degradation rate up to

a certain inhibitory IPA concentration, where a trend

change was observed. For example, increasing the IPA

concentration from 2 to 7.5 g l–1 resulted in an increase

in the specific degradation rate from 0.014 to 0.045 g

IPA g cells–1 h–1, with a corresponding increase in

volumetric degradation rate from 0.019 to 0.038 g l–1 h–1

(Fig. 3a). However, a transition point was evident

where a further increase in initial IPA concentra-

tion inhibited the degradation rates, as is clearly

demonstrated via specific degradation values, where

increasing the IPA concentration beyond 7.5 g l–1 re-

sulted in significant decrease where values reached

0.025 and 0.010 g IPA g cells–1 h–1 at IPA concentra-

tions of 15.8 and 38 g l–1, respectively (Fig. 3b). This

transition point was also clear in the volumetric deg-

radation rate data. For instance, the volumetric deg-

radation value reaches its maximum at 15.8 g l–1 IPA,

with a value of 0.057 g l–1 h–1, and increasing the IPA

concentration to 38 g l–1 inhibited the volumetric

degradation rate to 0.024 g l–1 h–1 (Table 2).

It was found that acetone was produced as an inter-

mediate in the aerobic bioconversion of 2-propanol and

Table 2 Specific IPA degradation rate (q), volumetric IPA
degradation rate (r), and acetone yield coefficient (Y) for
S. mizutae ST2

Initial IPA
concentration (g l–1)

q (g IPA g
cells–1 h–1)

r (g l–1 h–1) Y (g acetone
g IPA –1)

2 0.014 0.019 0.490
3.9 0.019 0.021 0.555
7.5 0.045 0.038 0.940
15.8 0.025 0.057 0.832
38 0.010 0.024 0.450
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Fig. 3 a The bioconversion of 2 (filled circle), 3.9 (filled square),
and 7.5 (filled triangle) g l–1 2-propanol, and the subsequent
acetone production during the process (corresponding open
symbols). b The biodegradation of 15 (filled triangle), and 38
(filled square) g l–1 2-propanol, and the subsequent acetone
production during the process (corresponding open symbols)
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its concentration in the medium was measured

throughout experiments. A maximum yield coefficient

of 0.940 g acetone g IPA–1 was obtained at an initial

IPA concentration of 7.5 g l–1, followed by a value of

0.832 g acetone g IPA–1 at 15.8 g l–1. In contrast, the

minimum yield of acetone was obtained at 38 g l–1 with

a value of 0.450 g acetone g IPA–1. It may be con-

cluded from the results that increasing the IPA feed

concentration towards 38 g l–1 caused a decrease in the

degradation rates and yield values, which is likely to be

the result of substrate inhibition of microbial growth at

high 2-propanol concentration.

Discussion

The scope of this study was to study the ability of a

solvent tolerant bacterial strain named as ST2 to utilize

2-propanol (IPA) as its carbon and energy source un-

der aerobic conditions. This bacterium was one of the

dominant strains from a soil–oil sump isolated previ-

ously from a consortium used by Bustard et al. [7] in

the study of 1-propanol and 2-propanol degradation.

The dominant strain has been characterized with the

standard API 20NE identification system, and further

identified as S. mizutae ST2 by 16S rDNA gene

sequencing. These results for strain ST2 displayed a

94.10% similarity with Sphingobacterium mizutae,

which could be retained to Flavobacterium mizutae,

due to their similar phenotypic characteristics as sug-

gested by Holmes et al. [17]. In a review by Holmes

[18] the Flavobacterium genus was divided into four

groups, one of those groups included F. mizutae,

F. multivorum, F. spiritivorum, F. thalpophilum, and

F. yabuuchiae. Most of these organisms were shown to

possess novel sphingolipids in their cell walls hence the

name Sphingobacterium was proposed [41]. However,

according to a study conducted later by Bernardet

et al. [5], the Flavobacterium family was reclassified

and the genus Sphingobacterium (with S. mizutae,

S. heparinum, S. spiritivorum, and S. thalpophilum) was

not included.

Both Gram-negative and Gram-positive bacteria are

able to tolerate different organic solvents, although it has

been demonstrated by Isken and de Bont [8] that Gram-

negative bacteria are more likely to show solvent toler-

ance than Gram-positive, due to the presence of an

additional outer membrane. The biodegradation study

carried out here at a range of initial 2-propanol (IPA)

concentrations shows the solvent-tolerant Gram-nega-

tive bacterium S. mizutae ST2 and its ability to convert

high concentration 2-propanol (to 38 g l–1), which may

be as a result of a gradual adaptation the organic solvent.

Sphingobacterium sp. has been reported to biode-

grade certain organic compounds such as:

benzo[a]pyrene at concentrations of up to 0.10 g l–1

[23], and oleic acid at concentrations of up to 8.70 g l–1

[26], for example. Flavobacterium can mineralize hal-

ogenated phenols such as pentachlorophenol com-

pletely into CO2, Cl–, and H2O [29], by dechlorination

and hydroxylation steps through the PCP-4-monooxy-

genase enzyme, which also catalyzes several reactions

of chlorinated phenol compounds [40].

Literature is rich in studies that have been carried

out showing the ability of Sphingobacterium sp. to

degrade various compounds at a range of concentrations,

Table 3 Biochemical
characteristics of the strains
of the genera
Sphingobacterium (Takeuchi
and Yokota [36])

Characteristic/substrate F. thalpophilum S. mizutae F. spiritivorum F. yabuuchiae

Nitrate reduction + – – –
Nitrite reduction – + – –
Urease + + + +
Dnase – + + +
Assimilation of:
Mannitol – – + +
N–acetyl-glcosamine + – + –
Sorbitol – – – –
D-Arbitol – – – –
Glycerol – – – –
L-Fucose + – + +
Melibiose + + + +
Xylitol – – – –
L-Sorbose – – – –
5-keto-gluconate – – –

Enzyme activity:
Lipase – + – +
b-Glucuronidase + – + +
Trypsin + + + +
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but no studies previously demonstrated the biodegra-

dation of high concentration 2-propanol by this strain

of bacteria under aerobic conditions. In our studies, the

conversion capacities of the strain was studied in the

presence of up to 38 g l–1 IPA, with highest specific

degradation rate of 0.045 g IPA g cells–1 h–1 obtained

at an IPA concentration of 7.5 g l–1.

In order to understand the relationship between

higher initial 2-propanol concentration and the specific

growth rate, several kinetic models were tested to fit the

growth rate at different substrate concentrations, where

the objective was to find a representative kinetic model

to describe the substrate inhibition quantitatively. At

low IPA concentration (to 3.9 g l–1) good agreement

between the experimental and Aiba Edwards model-

predicted data for S. mizutae ST2 occurred but at higher

substrate concentration there was a noticeable devia-

tion from the model. Therefore, this model could form

the basis for future work to formulate a more repre-

sentative model to describe the growth rate inhibition

by 2-propanol at high concentration.

In the literature, several articles exist comparing a

range of kinetic models to express growth kinetics of

microorganisms inhibited by substrate. Most models

have been formulated to describe the substrate inhi-

bition phenomenon at low substrate concentration in

comparison to the IPA concentration employed here.

Nevertheless, there are no references evaluating ki-

netic models for substrate inhibition during biodegra-

dation of high concentration 2-propanol by these

solvent-tolerant bacteria. Thus the deviation observed

between the experimental and correlation data could

be due to the nature of the substrate and the high

concentrations range tested here.

Although several mechanisms have been suggested

for the oxidation of alcohols and ketones, it is still

unknown whether the IPA degradation pathways of

S. mizutae are due to the function of a broad specificity

oxidoreductase enzyme, which may have alternative

binding sites for oxidation and reduction reactions, or

due to the catalytic activity of two enzymes. For

example an alcohol dehydrogenase enzyme, oxidizing

the hydroxyl group, into a keto group, in addition to a

second possible enzyme, which may be acetone

monooxygenase.

In our study, it may be hypothesised that S. mizutae

ST2 shows an ability to aerobically convert IPA to

acetone at high concentration. In fact, a variety of

bacteria are capable of utilizing acetone itself as a

growth-supporting substrate. Studies involving these

bacteria have provided evidence leading to several

proposed pathways for bacterial acetone metabolism

and are discussed elsewhere [13].

Conclusion

This study demonstrates for the first time, the ability of

a single strain of bacteria, identified as S. mizutae ST2,

to tolerate, convert and grow on high concentrations of

2-propanol under aerobic conditions in free suspension,

with a lmax of up to 0.0045 h–1. In this study, degra-

dation rates were strongly influenced by the initial

2-propanol concentrations. The highest specific degra-

dation rate obtained (q) was 0.045 g IPA g cells–1 h–1

for S. mizutae with 7.5 g l–1 2-propanol.

This strain of solvent-tolerant bacteria shows strong

promise for the future development of cost effective

biological solvent conversion processes or biocatalysis.

Ability to tolerate and mineralize high concentrations

of solvent widens the opportunities for biological

treatment into areas traditionally catered for by

chemical and physical techniques, which do not involve

a pre-treatment step for effluents to render them suit-

able for ‘normal’ biological conditions.
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M, Harder W, Schleifer KH (eds) The prokaryotes IV, 2nd
edn. Springer, Berlin Heidelberg New York, pp 3620–3630

19. Holtwick R, Meinhardt F, Keweloh H (1997) Cis-trans
isomerization of unsaturated fatty acids: cloning and
sequencing of the cti gene from Pseudomonas putida P8.
Appl Environ Microbiol 63:4292–4297

20. Hwang Y, Sakuma H, Tanaka T (1995) Denitrification with
isopropanol as a carbon source in a biofilm system. Water Sci
Technol 30:69–81

21. Inoue A, Horikoshi K (1989) A Pseudomonas thrives in high
concentrations of toluene. Nature 338:264–266

22. Isken S, De Bont JAM (1998) Bacteria tolerant to organic
solvents. Extremophiles 2:229–238

23. Kanaly RA, Bartha R, Watanabe K, Harayama S (2000)
Rapid mineralization of benzo[a]pyrene by a microbial
consortium growing on diesel fuel. Appl Environ Microbiol
66:4205–4211

24. Kates M, Kushner DJ, James AT (1962) The lipid composi-
tion of Bacillus cereus as influenced by the presence of alco-
hols in the culture medium. Can J Biochem Physiol 40: 83–94

25. Kieboom J, De Bont JAM, Dennis JJ, Zylstra GJ (1998)
Identification and molecular characterization of an efflux
pump involved in Pseudomonas putida S12 solvent tolerance.
J Biol Chem 273:85–91

26. Kuo TM, Lanser AC, Nakamura LK, Hou CT (2000) Pro-
duction of 10-ketostearic acid and 10-hydroxysteraic acid by

strains of Sphingobacterium thalpophilum isolated from
composted manure. Curr Microbiol 40:105–109

27. Levenspiel O (1980) The Monod equation: a revisit and a
generalization to product inhibition situations. Biotechnol
Bioeng 22:1671–1687

28. Liesack W, Weyland H, Stackebrandt E (1991) Potential
risks of gene amplification by PCR as determined by 16S
rDNA analysis of a mixed culture of strict barophilic bac-
teria. Microb Ecol 2:191–198

29. McAllister KA, Lee H, Trevors JT (1996) Microbial degra-
dation of pentachlorophenol. Biodegradation 7:1–40

30. Moriya K, Korikoshi K (1993) A benzene-tolerant bacterium
utilizing sulphur compounds isolated from deep sea. J Fer-
ment Bioeng 76:397–399

31. Paje MLF, Neilan BA, Couperwhite I (1997) A Rhodococcus
species that thrives on medium saturated with liquid ben-
zene. Microbiology 143: 2975–2981

32. Pearson WR, Lipman D J (1988) Improved tools for bio-
logical sequence comparison. Proc Nat Acad Sci 85:2444–
2448

33. Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing
with chain terminating inhibitors. Proc Nat Acad Sci
74:5463–5467

34. Shuler ML, Kargi F (2002) Bioprocess engineering: basic
concepts, 2nd edn. Prentice Hall PTR, USA, pp 155–200

35. Sikkema J, De Bont JAM, Poolman B (1994) Intercations of
cyclic hydrocarbons with biological membranes. J Biol Chem
269:8022–8028

36. Takeuchi M, Yokota A (1992) Proposals of Sphingobacteri-
um faecium sp. nov., sphingobacterium piscium. nov.,
Sphingobacterium heparinum comb.nov. Sphingobacterium
thalpophilum comb. nov. and two genospecies of the genus
Sphingobacterium, and synonymy of Flavobacterium yabuu-
chiae and Sphingobacterium spiritivorum. J Gen Appl
Microbiol 38:465–482

37. Thomas S, Sarfaraz S, Iyengar M, Iyengar L (2002) Degra-
dation of phenol and phenolic compounds by a defined
denitrifying bacterial culture. World J Microbiol Biotechnol
18:57–63

38. UNEP Publications. 2-propanol. (1995). [online]. http://
www.chem.unep.ch/irptc/sids/volume6/part2/v62_propa-
nol.pdf

39. Worsey MJ, Williams PA (1975) Metabolism of toluene and
xylenes by Pseudomonas (putida(arvilla) mt-2: evidence for a
new function of the TOL plasmid. J Bacteriol 124:7–13

40. Xun L, Topp E, Orser CS (1992) Confirmation of oxidative
dehalogenation of pentachlorophenol by a Flavobacterium
pentachlorophenol hydroxylase. J Bacteriol 174:5745–5747

41. Yabuuchi E, Kaneko T, Yano I, Moss CW, Miyoshi N (1983)
Sphingobacterium gen. nov., Sphingobacterium spiritivorum
comb. nov., Sphingobacterium multivorum comb. nov.,
Sphingobacterium mizutae sp. nov., and Flavobacterium in-
dologenes sp. nov.: glucose-nonfermenting Gram-negative
rods in CDC Group 5 IIk-2 and IIb. Int J Syst Bacteriol
33:580–598

J Ind Microbiol Biotechnol (2006) 33:975–983 983

123


	Bioconversion of isopropanol by a solvent tolerant Sphingobacterium mizutae strain
	Abstract
	Introduction
	Methods and materials
	Isolation, enrichment, and maintenance�of bacterial strains
	Cultivation of solvent utilizing microorganisms
	Isolation and analysis of 16S rDNA
	Determination of phenotypic characteristics
	2-propanol \(IPA\) batch degradation experiments
	Microbial growth measurements
	Solvent concentration determination
	Experimental bacteria depository
	Nucleotide sequence accession numbers
	Calculations
	Results
	Taxonomic characterization of S. mizutae
	Cell growth on 2-propanol \(IPA\)
	Tab1
	Fig1
	Fig2
	Batch bioconversion of 2-propanol
	Tab2
	Fig3
	Discussion
	Tab3
	Conclusion
	Acknowledgments
	References
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


