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Abstract—Twenty pure cultures isolated from formation waters of the Daging oil field were studied with
respect to their capacity to produce surface-active compounds in media with individual hydrocarbons, lower
alcohols, and fatty acids. Aerobic saprotrophic bacteria belonging to the genera Bacillus, Brevibacillus, Rhodo-
coccus, Dietzia, Kocuria, Gordonia, Cellulomonas, Clavibacter, Pseudomonas, and Acinetobacter decreased
the surface tension of cultivation media from 55-63 to 28-44 mN/m. Strains of Bacillus cereus, Rhodococcus
ruber, and Bacillus licheniformis produced biosurfactants most actively. Bacteria of the genera Rhodococcus,
Dietzia, Kocuria, and Gordonia produced exopolysaccharides in media with hydrocarbons. Culture liquids of
the strains of R. ruber and B. licheniformis exhibited an oil-releasing effect. Thus, the Daging ail field isinhab-
ited by aerobic bacteria capable of producing effective oil-releasing agents.

Key words: aerobic bacteria, oil fields, surface-active compounds, exopolysaccharides, MEOR.

Biogenic surface-active compounds (biosurfactants)
are produced by bacteria, archaea, yeasts, microscopic
algae, and some mycelial fungi. Biosurfactants are
biphilic molecules consisting of a hydrophilic (polar)
moiety and a hydrophobic (nonpolar) moiety; they tend
to bind to each other, interact with surfaces of various
polarity, adsorb at water—air or water—oil boundaries,
cause wetting of hydrophobic surfaces, form structures
analogous to lipid films or membranes, and reduce the
surface and interfacial tension of solutions [1-3].

Thefunctions of biosurfactantsin the cell are poorly
studied. Biosurfactants are known to be secondary
metabolites involved in the transport of hydrophobic
water-insoluble compounds into the cell, formation of
biofilms, and adhesion of cellsto various surfaces; they
promote microorganism survival in communities; in
pathogenic microorganisms, biosurfactants are an
important factor of pathogenicity [1-3].

Biosurfactants can be conventionally subdivided
into two groups. The first group comprises biosurfac-
tants with a low molecular weight, such as glycolipids
(rhamnolipids, trehalosolipids, sophorolipids) and
lipopeptides (surfactin, strepofactin, polymyxin, gramici-
din). The second group includes high-molecular-weight
polymeric surfactants: polysaccharides, lipoproteins,
lipopolysaccharides, and complexes of these compounds.
The best studied are biosurfactants of the bacteria Rhodo-
coccus erythropolis, Pseudomonas aeruginosa, Bacil-
lus subtilis, B. brevis, B. polymyxa, B. licheniformis,
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and Acinetobacter calcoaceticus and of the Torulopsis
yeasts [2-4].

Like chemically synthesized surfactants, biosurfac-
tants can be used in various fields of medicine, agricul-
ture, and industry, including oil extraction and process-
ing; they can also be used for ecosystem bioremedia-
tion (removal of water-insoluble pollutants), cleaning
of vessels from oil fractions, acceleration of well drill-
ing, and enhancement of oil recovery [1, 4-6]. Due to
their physicochemical properties, activity at high salt
concentrations, and lack of adsorption to limestones
and sandstones, biosurfactants, applied in a mixture
with other (e.g., nonionic) surfactants, can be efficient
in the enhancement of oil recovery [1, 5, 6, 10]. Intro-
duction of surfactant-producing microorganisms into
oil reservoirs, followed by their development and sur-
factant production in situ, can significantly increase oil
recovery.

With the use of microorganisms, surfactants with
definite physicochemical properties can be obtained. In
this respect, hydrocarbon-oxidizing bacteria deserve
specia attention, since their growth on oil is always
accompanied by the formation of surfactants, which
promote hydrocarbon penetration into cells [2, 3].
Some hydrocarbon-oxidizing bacteria also form, in
addition to surfactants, exopolysaccharides, which can
change the rheological characteristics of injected lig-
uids, increasing their viscosity and thereby extending
the compass of flooding of the oil stratum; these prop-
erties are especially pronounced in xanthans produced
by bacteria of the genus Xanthomonas[5].
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The effect of biosurfactants on the displacement of
oil and on bioremediation of oil-contaminated soilswas
studied in model experiments that employed cores of
oil-bearing rocks and pure cultures of B. subtilis,
B. licheniformis, and Pseudomonas fluorescens[1, 2, 7].

Microbial production of surfactantsin natural habi-
tats has been insufficiently studied. It has been shown
that surfactant producers inhabit both unpolluted soils
and soils polluted with hydrocarbons; in the latter soils,
the population of surfactant producers reaches 10-35%
of the total population of aerobic heterotrophs [8]. A
high emulsifying activity was characteristic of aerobic
microorganisms (hydrocarbon oxidizers in particular)
inhabiting subsurface horizons contaminated with avi-
ation fuel [9]. However, the surfactant-producing
capacity of oil field microorganisms remains unstudied.

The present work is a part of a complex investiga-
tion undertaken to determine the population density,
geochemical activity, biodiversity, and metabolic
potential of the microflora of the Daging oil field
(China), whose exploitation involves flooding with
fresh or dightly mineraized waters. Earlier in this il
field, we found aerobic heterotrophic bacteria (includ-
ing hydrocarbon-oxidizing) and anaerobic fermenta
tive, sulfate-reducing, and methanogenic bacteria[11].
Twenty pure cultures of aerobic saprotrophic bacteria
wereisolated, which, according to their phenotypic and
genotypic properties, were assigned to the genera
Bacillus, Brevibacillus, Rhodococcus, Dietzia, Kocu-
ria, Gordonia, Cellulomonas, Clavibacter, Pseudomo-
nas, and Acinetobacter [12]. The aim of our present
work was to study the ability of these aerobic bacteria
to produce surface-active compounds and exopolysac-
charides in media containing individual hydrocarbons,
lower alcohols, or volatile fatty acids.

MATERIALS AND METHODS

The subjects of study. This work was concerned
with the production of oil-releasing compounds by aer-
obic saprotrophic bacteriaisolated from the Daging oil
field (China): Bacillus subtilis strains 32a and 32¢;
B. licheniformis 421; B. cereus strains 7 and 62; Brevi-
bacillus parabrevis strains 13 and 14; Gordonia sp.
321; Clavibacter michiganensis 310-2-3; Cellulomo-
nas cellulans 23; Rhodococcus ruber strains 14H, 33,
and 41; Dietzia sp. 263; Kocuria erythromyxa 32f;
Kocuria sp. 32d; Arthrobacter oxydans strains 32c and
1-3; Pseudomonas putida 1b; and Acinetobacter la.
Physicochemical and microbiological characterization
of the Daging ail field, the phenotypic properties of the
isolates, and the grounds for the determination of their
taxonomic positions were presented earlier [11, 12].

Nutrient media and cultivation conditions. The
cultures were maintained on potato agar. Production of
oil-releasing compounds (surfactants and exopolysac-
charides) was studied on a medium of the following
composition (g/l distilled water): NaNO;, 2.0; MgSO, -
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7H,0, 0.25; KH,PO,, 1.0; CaCl, - 2H,0, 0.01; yeast
extract, 1.0. The carbon sources were sucrose (40 g/l),
glucose (10 g/l), acetate, propionate, butyrate (5 g/l), a
mixture of liquid paraffins (C,;,—C,,, 6 vol %), or
n-hexadecane (2—6 vol %). The medium was also sup-
plemented with trace elements according to Pfennig
and Lippert [13]. Theinitial optical density (ODg) of
inoculated mediawas 0.05. The cultures were grown on
arotary shaker (200 rpm) at 30°C; after 5 days, biom-
ass, surface and interfacial tension, emulsifying activ-
ity, viscosity, and other parameters were determined in
the cultures. Therheological characteristics were deter-
mined in culturesthat were not normalized with respect
to biomass, since the aim was primary screening for
producers of surfactants and exoglycans.

Analytical methods. The growth of bacteria was
judged from the increase of protein content determined
by the method of Lowry et al. [15], using the Protein
Assay Kit (Sigma Diagnostics). The formation of
exopolysaccharides was assessed from the amount of
reducing sugars in the medium (as recalculated to glu-
cose), which was determined in the reaction with phe-
nol and sulfuric acid [14].

Emulsifying activity was analyzed by a method
modified from [4]. Four ml of the grown culture was
added to 4 ml of hexadecane, and the mixture was agi-
tated on aVortex for 3 min; after 24 h, the volume and
the stability of the emulsion formed was recorded.
Emulsifying activity was expressed asthe per cent ratio
of the emulsion volume to the total volume of the mix-
ture. Kinematic viscosity of grown cultures was deter-
mined with aVVPZh-4 capillary viscosimeter at 25°C.

Surface and interfacial tensions were measured in
5-ml culture samples a the medium/air and
medium/hydrocarbon interfaces, respectively, at 30°C
by the ring-tearing-off method on an ST-1 tensiometer
(Shimadzu).

Investigation of oil-releasing properties of cul-
tures. The effect of microbia metabolites on the
release of oil from a sandy matrix [16] was studied in
model experiments. One gram of washed sand was
mixed with 0.1 ml of methane oil (p = 0.73 kg/m?), and
the samples were agitated in 100-ml flasks with 10 ml
of 50 mM Tris—HCI buffer, pH 7.2, containing 10 mM
magnesium sulfate. Varied amounts of the grown cul-
ture were added to the samples; uninoculated flasks
served as controls. The samples were incubated on a
shaker (200 rpm) for 60 min at 30°C and then in a sta-
tionary state for 60 min to let the sand settle. The aque-
ous phase was separated by decantation. The samples
were washed twice with 10 ml of Tris-HCI-Mg buffer,
reunited with the agueous phases earlier separated by
decantation, and treated with diethyl ether. The ether
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extracts were dryed under vacuum. The amount of oil
residing in the sand after the impact of microbial cul-
tures was determined as the amount of material
extracted from the sand by the ether.

RESULTS AND DISCUSSION

In this work, we studied the ability of aerobic
saprotrophic bacteria from the Daging oil field to pro-
duce oil-releasing metabolites, such as surface-active
compounds and exopolysaccharides.

Production of surfactants and exopolysaccha-
rides by aerobic bacteria during growth on various
substrates. The lack of acommon reactive group or of
a chromophore in most of the molecules of surfactants
does not allow a universal chemical or spectra method
for their analysis to be elaborated. Therefore, for the
estimation of surface-active properties of microorgan-
isms, their emulsifying activity is determined based on
the ability of surfactants to produce an emulsion upon
agitation of a mixture of a whole culture broth or a
microbial suspension with a carbohydrate or oil.

We found that several bacteria grown on simple
media exhibited high emulsifying activity and pro-
duced surfactants and exopolysaccharides. On media
with n-alkanes, the highest emulsifying activity was
exhibited by the bacteriaR. ruber (strains 41, 33, 14H),
B. licheniformis 421, Kocuria erythromyxa 32f, and
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Fig. 1. Emulsifying activity of the culture broths of hydro-
carbon-oxidizing bacteria grown on n-hexadecane: Rhodo-
coccus ruber (strains 14H, 33, and 41), Brevibacillus
parabrevis (strains 13 and 14), Gordonia sp. 321, Dietzia
sp. 263, Cellulomonas cellulans 23, Bacillus licheniformis
421, Bacillus subtilis 32a, and Kocuria erythromyxa 32f.

Dietzia sp. 263 (Fig. 1). The formation of surfactants
depended on the carbon source and the strain (Fig. 2,
Tables 1, 2). Thus, strain 263 showed the same rate of
surfactant production on sugars, volatile fatty acids,

Table1. Emulsifying activity (EA), surface tension (ST), and interfacial tension (IT) of culture broths of aerobic bacteria

grown on amixture of liquid paraffins (1) or glucose (2)

Species and strain Medium Prr;)]tge;ln, Srun%/atlr EA,% | ST, mN/m |IT,* mN/m V'rﬁg:;y’
Kocuria sp. 32d 1 590 820 5 37 4 ND
Dietzia sp. 263 " 820 1760 35 38 3 ND
Brevibacillus parabrevis 13 " 150 0 10 44 14 1.365
Br. parabrevis 14 " 700 640 40 45 15 2.625
Bacillus licheniformis 421 " 730 400 50 30 22%* 2.38
Gordonia sp. 321 " 800 744 20 35 30** 112
Rhodococcus ruber 41 " 1950 1720 80 51 19 3.99
R. ruber 33 " 750 20 50 33 22 3.08
R. ruber 14H " 330 140 40 40 J7x** 1.365
Cellulomonas cellulans 23 " 360 0 35 38 20** 1.05
Bacillus subtilis 32a 2 1070 ND 8 28 1 1.645
B. subtilis 32e " 410 ND 5 31 1 1.645
B. cereus 62 " 330 ND 8 46 14 1.505
Clavibacter michiganensis 310-2-3 " 430 ND 10 31 3 154
Pseudomonas sp.27a " 180 ND 5 28 1 154
Control 1 0 0 0 63 24 1.12
Control 2 0 ND 0 50 16 1.19

Note: The content of sugars was converted to the content of glucose. “

* Theinterfacial tension at the culture broth/decane interface.
** |n 100-fold diluted culture broth.
*** |n 1000-fold diluted culture broth.
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Fig. 2. Emulsifying activity of the culture broths of hydro 120 1710 15 2/5 12 3/5 4 1

carbon-oxidizing bacteria Arthrobacter sp. 32c, Kocuria sp.
32d, and Dietzia sp. 263 grown on media with various sub-
strates.

and some individual hydrocarbons; for strain 32f,
media with glucose or n-decane were preferable;
strains of R. ruber (41, 33, 14H) were still more capri-
cious with respect to the substrates.

The ability of bacteria to produce surfactants from
organic compounds of various classes is an important
property under the conditions of the oil stratum, where
the carbon source is represented by oil, whichisamul-
ticomponent substance.

Microorganisms that decrease surface tension of
cultivation media by more than 10 mN/m are consid-
ered promising producers of surfactants[9]. Among the
cultures that we studied, efficient emulsifying agents
were produced by B. licheniformis, Gordonia sp., Cel-
lulomonas cellulans, and R. ruber 14H, whose culture
broths had to be diluted 100-fold and 1000-fold in order
to determinethe value of interfacial tension at the inter-
face with decane (20—37 mN/m).

For indirect assessment of the critical micelle con-
centration (CM C), which characterizesthe efficiency of
a surfactant, culture broths of five strains were diluted
to various extents with sterile medium and analyzed for
the surface tensions (Fig. 3). The point of inflection of
the curve obtained by measuring surface tensions of a
series of dilutions correspondsto the surfactant concen-
tration equal to CMC. The lower the CMC, the more
industrially promising the surfactant [17]. We did not
perform direct determination of the CMC values,
because isolation of emulsifying agents from the cul-
ture liquids was beyond the scope of our work. The
indirectly assessed CMC values corresponded to the
following culture broth dilutions: 1.7-fold for R. ruber
41, 2.0-fold for Clavibacter michiganensis 310-2-3 and
Kocuria sp. 32f; 2.5-fold for Brevibacillus parabrevis 13;
and 32-fold for B. subtilis 32a. These data demonstrate

Culture broth dilution

Fig. 3. Changesin the surfacetension of culture brothsupon
their dilution. Arrows correspond to the dilution values that
resulted in a surfactant concentration equal to CMC. Cul-
tures. (1) C. michiganensis 320-2-3, (2) B. subtilis 323,
(3) Kocuriasp. 32d, (4) Br. parabrevis 13, and (5) R. ruber 41.
Growth substrates: (a) sucrose and (b) a mixture of C;o—Cx»
n-akanes.
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Fig. 4. Release of oil from sand under the effect of the bac-
teria(a) B. licheniformis421 and (b) R. ruber 14H grown on
medium with sucrose.

the production of surfactants by the oil field microor-
ganisms, including surfactants effective after more than
30-fold dilution of the culture broth.

The growth of several strainson liquid paraffinswas
accompanied by aconsiderable increasein the medium

MICROBIOLOGY Vol. 72 No.2 2003
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Table 2. Rheological properties of culture broths after culti-
vation of bacteria on various substrates

substrate | pH | i | miim | EA % | s
B. licheniformis 421
Glucose 4.6 21.7 39.1 15 1.074
Sucrose 5.2 216 | 477 | 15 ND
Propionate | 5.1 216 56.6 0 1.020
Butyrate 8.5 24.2 49.2 10 1.185
Acetate 7.8 263 | 49.1 0 1.085
R. ruber 14H
Glucose 4.6 54.4 21.6 0 1.018
Sucrose 51 57.1 40.8 0 0.919
Propionate | 7.2 57.7 34.9 0 0.941
Butyrate 9.6 455 56.5 0.2 2.446
Acetate 9.6 39.1 41.2 0 1.196
R. ruber 41
Glucose 5.55 53.2 53.8 | 50 1.074
Sucrose 5.50 57.7 449 | 125 0.985
Propionate | 6.65 53.1 55.7 3.75| 1.063
Butyrate 8.55 57.9 46.2 | 57 1.107
Acetate 8.80 588 | 425 | 19 0.196
R. ruber 33
Glucose 59 54.3 539 | 20 1.129
Sucrose 5.65 545 | 489 | 49 1.905
Propionate | 6.1 67.7 60.3 0 0.985
Butyrate 9.1 52.7 436 | 48 1.539

* Theinterfacial tension at the culture broth/decane interface.

viscosity and in the content of polysaccharides, deter-
mined by the increase of sugar content in the medium
(Table 1). The viscosity of the culture broth of R. ruber
41 corresponded to the viscosity of a 33% solution of
sucrose at 25°C.

Microorganisms can produce extracellular polysac-
charides of various composition and structure, from
simple homoglycans to complex heteropolysaccha-
rides, including those that are components of glycopro-
teins and glycolipids. Such biopolymers as xanthan,
emulsan, scleroglucan [5] are used to increase viscosity
of the water injected into oil strata; this results in an
increased compass of flooding and, eventualy, to
enhancement of oil recovery. It can be expected that the
activation of microorganisms producing surfactants and
exopolysaccharides in the oil stratum will promote the
release of ail.

Release of oil from a sandy matrix under the
action of microorganisms. We studied the effect of
culture broths of R. ruber 14H and B. licheniformis 421
on the release of oil from a porous medium represented
by white sand. Bacteria were grown for 3 days on a
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medium with sucrose (200 rpm, 30°C), and various
amounts of the cultures were introduced into oil-con-
taining sand. Introduction of sterile medium served as
the control.

We found that introduction of even a small amount
(10% of the liquid phase volume) of a culture (contain-
ing biomass, surfactants, exopolysaccharides, and other
metabolites) resulted in an increased release of oil as
compared to theintroduction of sterile medium (Fig. 4).
The emulsifying properties of R. ruber were superior to
those of B. licheniformis. Importantly, the bacteria
could produce surfactants and polysaccharides from
hydrocarbons and qil, and not only from expensive
sugar-containing substances such as molasses.

The expenditure of chemically synthesized surfac-
tants for the enhancement of oil recovery is usualy
0.2-2 g/l injected water [5]. The CM C values of biosur-
factants are usually 10- to 40-fold lower than those of
chemically synthesized surfactants [5, 18]. The CMC
values of known biosurfactantsvary from 1 to 200 mg/l,
and the value of the dilution of the culture broth neces-
sary to achieve CMC variesfrom 8 to 500 [5]. Thus, the
expenditure of biosurfactants for the enhancement of
oil recovery is severafold lower, which makes their
application preferable [1, 19].

The bacteria R. ruber 14H and B. licheniformis 421
produced efficient biosurfactants, and their culture
broths can be used for the enhancement of oil recovery
and decontamination of oil-polluted ecosystems.

The results obtained in the present work show that
the Daging oil field isinhabited by aerobic saprotrophic
(including hydrocarbon-oxidizing) bacteria that are
able to produce oil-releasing metabolites (surfactants
and exopolysaccharides) during growth on a wide
range of substrates (hydrocarbons, lower acohols, vol-
atile fatty acids, sugars). It seems expedient to apply, at
thisoil field, the methods of microbia enhancement of
oil recovery based on activation of the indigenous aer-
obic microflora.
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