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Biosurfactants are a unique class of compounds that have been shown to have a variety of potential
applications in the remediation of organic- and metal-contaminated sites, in the enhanced transport of
bacteria, in enhanced oil recovery, as cosmetic additives, and in biological control. However, little is known
about the distribution of biosurfactant-producing bacteria in the environment. The goal of this study was to
determine how common culturable surfactant-producing bacteria are in undisturbed and contaminated sites.
A series of 20 contaminated (i.e., with metals and/or hydrocarbons) and undisturbed soils were collected and
plated on R2A agar. The 1,305 colonies obtained were screened for biosurfactant production in mineral salts
medium containing 2% glucose. Forty-five of the isolates were positive for biosurfactant production, repre-
senting most of the soils tested. The 45 isolates were grouped by using repetitive extragenic palindromic
(REP)-PCR analysis, which yielded 16 unique isolates. Phylogenetic relationships were determined by com-
paring the 16S rRNA gene sequence of each unique isolate with known sequences, revealing one new biosur-
factant-producing microbe, a Flavobacterium sp. Sequencing results indicated only 10 unique isolates (in
comparison to the REP analysis, which indicated 16 unique isolates). Surface tension results demonstrated
that isolates that were similar according to sequence analysis but unique according to REP analysis in fact
produced different surfactant mixtures under identical growth conditions. These results suggest that the 16S
rRNA gene database commonly used for determining phylogenetic relationships may miss diversity in micro-
bial products (e.g., biosurfactants and antibiotics) that are made by closely related isolates. In summary,
biosurfactant-producing microorganisms were found in most soils even by using a relatively limited screening
assay. Distribution was dependent on soil conditions, with gram-positive biosurfactant-producing isolates
tending to be from heavy metal-contaminated or uncontaminated soils and gram-negative isolates tending to
be from hydrocarbon-contaminated or cocontaminated soils.

Biosurfactants are unique amphipathic molecules with prop-
erties that have been explored for a variety of industrial and
bioremediation applications (4, 6, 19, 28, 37, 47). From a clin-
ical perspective, it is well known that some biosurfactants have
antibiotic activity (5, 6, 60) and that at least one biosurfactant,
rhamnolipid produced by Pseudomonas aeruginosa, has a role
in the pathogenesis of this opportunistic pathogen (50). Re-
cently, several groups have presented intriguing data suggest-
ing that biosurfactants are important for microbial growth and
survival in the environment. For example, surfactin production
is necessary for fruiting body formation by Bacillus subtilis (9).
Rhamnolipid is necessary for normal biofilm formation by
P. aeruginosa (16, 45).

Despite this work, our understanding of biosurfactants as a
class of molecules remains limited. This is partially because the
present body of knowledge has been developed around a rel-
atively small number of well-characterized biosurfactants.
Contributing to this is the lack of a concerted effort to perform
a comprehensive screening for biosurfactants and the micro-
organisms that produce them. Such an effort is hampered by
the fact that common genes or regulatory pathways do not exist
among the different types of biosurfactant producers. Thus, mo-
lecular approaches alone are not useful in screening for bio-
surfactant producers; instead, screening must be done by using

an activity measurement such as surface tension analysis. Sur-
face tension is a parameter that is commonly used to describe
the effectiveness of a surfactant. Our work with biosurfactants
has indicated that (i) under identical growth conditions, the
same amount and type of biosurfactant are produced and this
is reflected in an identical surface tension measurement; (ii) a
single isolate often generates chemical variations of the same
surfactant, resulting in the production of a surfactant mixture
with an associated characteristic surface tension (i.e., closely
related isolates may produce mixtures with slightly different
homologues or with different ratios of the same homologues,
and again, these will each have characteristic surface tension
values); and (iii) if two different organisms produce surfactants
under identical growth conditions but with differing surface
tension, then the assumption can be made that the surfactants
produced are different. For different genera or different spe-
cies, this may mean a totally different chemical structure. For
closely related isolates, this means that while the surfactant
type is the same, there are subtle chemical differences in the
molecules produced. It is important to point out that even
small differences in the structure of a surfactant can have
profound effects on its function and its potential industrial
applications.

A further difficulty with screening for biosurfactant produc-
ers is that biosurfactant production depends both on the type
of carbon source present and on the types and amounts of
other nutrients in the screening medium (1, 17, 18, 36, 46, 56).
Thus, the screening medium used will influence whether or not
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surfactant is produced and further will influence the makeup of
the mixture produced and the amount produced.

The present work is an initial attempt to systematically
screen for biosurfactant-producing microorganisms and to
evaluate their phylogenetic diversity. Twenty soil samples were
collected from both contaminated sites (i.e., with organics
and/or metals) and undisturbed sites in the arid southwestern
United States. The soil samples were screened for biosurfac-
tant producers by using a combination of cultural and molec-
ular methods. Putative biosurfactant-producing isolates were
cultured from the various soils and grouped using repetitive
extragenic palindromic (REP)-PCR fingerprinting. A phyloge-
netic analysis of each unique isolate indicated by REP-PCR
was then performed by PCR amplification of the 16S rRNA
gene (16S-PCR) followed by sequencing. A phylogenetic tree
was constructed by combining the results of the present study
with a survey of biosurfactant-producing eubacteria and ar-
chaea found in the literature to examine the diversity of bio-
surfactant producers.

MATERIALS AND METHODS

Soils. Twenty soil samples were collected and stored at 4°C (Table 1). Soils
were classified as uncontaminated, contaminated with organics (petroleum),
contaminated with metals, or cocontaminated with organics and metals.

Culturable screening for biosurfactant-producing isolates. Soils were screened
for biosurfactant-producing isolates by using the following procedure. A 5-g

sample of each soil was placed into a 250-ml flask containing 50 ml of tap water
and incubated at 23°C on a shaker at 200 rpm for 21 days. On days 3, 7, 14, and
21, a sample from each soil slurry was serially diluted, plated on R2A agar
(Becton Dickinson Company, Cockeysville, Md.), and incubated for 1 week.
After incubation, plates were enumerated, and morphologically different bacte-
ria were selected for biosurfactant screening (approximately 15 to 30 isolates per
sampling time). Isolated colonies were inoculated into 5-ml mineral salts me-
dium (MSM) containing 2% glucose as the sole carbon and energy source. The
MSM was a mixture of solution A and solution B. Solution A contained (per
liter) 2.5 g of NaNO3, 0.4 g of MgSO4 � 7H2O, 1.0 g of NaCl, 1.0 g of KCl, 0.05
g of CaCl2 � 2H2O, and 10 ml of concentrated phosphoric acid (85%). This
solution was adjusted to pH 7.2 with KOH pellets. Solution B contained (per
liter) 0.5 g of FeSO4 � 7H2O, 1.5 g of ZnSO4 � 7H2O, 1.5 g of MnSO4 � H2O, 0.3
g of K3BO3, 0.15 g of CuSO4 � 5H2O, and 0.1 g of Na2MoO4 � 2H2O. One
milliliter of solution B was added to 1,000 ml of solution A to form the MSM.
The broth cultures were incubated with shaking (200 rpm) for 7 to 9 days at 23°C.
The cell suspensions were then tested for the presence of surfactant by using the
qualitative drop-collapse method (7).

Qualitative measurement of surface tension. Qualitative drop-collapse tests
were performed in the polystyrene lid of a 96-microwell 12.7- by 8.5-cm plate
(VWR, Cerritos, Calif., or Biolog, Hayward, Calif.) (7). The lids have 96 circular
wells (internal diameter, 8 mm). A thin coat of 10W-40 oil (Pennzoil, Oil City,
Pa.; 1.8 �l/well) was applied to each well. The coated wells were equilibrated for
24 h at 23°C, and then a 5-�l aliquot of supernatant was delivered into the center
of each well. If the drop remained beaded, the result was scored as negative. If
the drop spread and collapsed, the result was scored as positive for the presence
of biosurfactant. Cultures were tested in triplicate. The MSM alone had a
negative drop-collapse test.

Quantitative measurement of surface tension. All isolates that tested positive
in the drop-collapse test and were identified as unique by REP-PCR analysis
were then tested quantitatively for biosurfactant production with the du Nouy

TABLE 1. Soil characteristics and screening results

Soil type/location
(sample no.) Contamination Texture TOCa or

OMb (%) CFU/g of soilc No. of isolates
screenedd

Biosurfactant-
producing
isolatese

Undisturbed
Tucson, Ariz. (1) None Sandy 0.43a (9.9 � 3.8) � 105 88 2
Tucson, Ariz. (2) None Sandy loam 4.59a (7.1 � 57.7) � 106 72 1
Tucson, Ariz. (3) None Loamy sand 1.27a (3.4 � 38.0) � 107 77 1
Tucson, Ariz. (4) None Sandy loam 0.12a (5.3 � 34.2) � 106 82 4
Elgin, Ariz. (5) None Loam 1.88a (2.9 � 11.4) � 106 72 1
Tucson, Ariz. (6) None Sandy loam 0.2a (1.2 � 17.4) � 106 75 4

Hydrocarbon contaminated
Tucson, Ariz. (7) Motor oil NDh ND (1.6 � 23.0) � 107 91 4
Blythe, Calif. (8) Waste oil ND ND (8.1 � 64.3) � 107 81 0
Layton, Utah (9) JP4,f PAHg Fine to coarse sand w/

interbedded gravel
ND (1.5 � 22.0) � 106 42 0

Layton, Utah (10) JP4, chlorinated solvents,
PAH

Fine to coarse sand w/
interbedded gravel

ND (1.6 � 42.8) � 107 36 0

Tucson, Ariz. (11) Gasoline Silty clay ND (4.9 � 81.3) � 106 43 0
Willcox, Ariz. (12) Mineral oil Sandy clay ND (4.4 � 39.6) � 106 64 3

Metal contaminated
Green Valley, Ariz. (13) Pb, Cd Sandy loam 0.55a (4.1 � 40.5) � 105 71 7
Wickenburg, Ariz. (14) Cr, Hg Sandy loam 0.30b (3.7 � 51.6) � 106 54 0
Tucson, Ariz. (15) Pb Sandy loam ND (2.0 � 30.1) � 107 47 0
Tucson, Ariz. (16) Pb, Cd, Cr Sandy loam ND (3.6 � 33.1) � 107 53 0
Bellemount, Ariz. (17) As, Ba, Be, Cd, Cr, Pb Sandy loam 3.78a (2.0 � 21.9) � 106 54 1

Cocontaminated
Tucson, Ariz. (18) Pb, waste oil Sandy loam ND (8.9 � 2.5) � 106 83 2
San Manuel, Ariz. (19) Flue dust, hydrocarbon

waste
ND ND (3.4 � 26.1) � 106 63 1

San Manuel, Ariz. (20) Flue dust, diesel fuel Alluvial fill ND (7.1 � 75.7) � 106 57 14

a TOC, total organic carbon.
b OM, organic matter.
c Plate counts were not significantly different in the day 3, 7, 14, and 21 soil slurries.
d Total number of colonies screened from day 3, 7, 14, and 21 soil slurries.
e Total number of biosurfactant-producing isolates obtained from the day 3, 7, 14, and 21 soil slurries.
f JP4, jet fuel.
g PAH, polyaromatic hydrocarbon.
h ND, not determined.
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ring method (7). The isolates were grown in 25 ml of MSM amended with 2%
glucose. Cell suspensions were centrifuged (10,000 � g; Beckman [Palo Alto,
Calif.] model J2-21 centrifuge), and the cell-free supernatant was placed into a
clean glass 50-ml beaker. A Surface Tensiomat (model 21; Fisher Scientific,
Pittsburgh, Pa.) was used to measure the surface tension. Between each pair of
measurements, the platinum wire ring used to measure surface tension was
rinsed three times with water, three times with acetone, and then allowed to dry.

Analysis of biosurfactant producers. A total of 1,305 isolates were screened,
and of these, 45 isolates demonstrated the ability to produce biosurfactants. The
45 biosurfactant-producing isolates were Gram stained and fingerprinted by
using REP analysis as previously described by Versalovic et al. (58) with modi-
fications. For all PCRs, cell lysates were prepared as follows. One milliliter of
bacterial culture was centrifuged at 14,000 � g for 2 min, decanted, and resus-
pended in 1 ml of distilled water. One hundred microliters of resuspended cells
was heat lysed at 98°C for 10 min in a GeneAmp 2400 PCR system thermal cycler
(Perkin-Elmer, Foster City, Calif.). Raw extracts were used in subsequent PCRs
without further purification. For REP analysis, a 25-�l PCR mixture contained a
0.5 �M concentration of each primer (REP1R-1 5� III ICG ICG ICA TCI GGC
3�; REP2-1 5� ICG ICT TAT CIG GCC TAC 3�), a 1.25 mM concentration of
each deoxynucleoside triphosphate (dNTP), 1� buffer consisting of 10 mM
Tris-HCl, 50 mM KCl, 2.5 mM MgCl2 (pH 8.9), 5.0% dimethyl sulfoxide
(DMSO), 2.5 U of Taq DNA polymerase (Roche, Indianapolis, Ind.), and 2.5 �l
of cell lysate. The PCR program used for amplification was 95°C for 5 min,
followed by 35 cycles consisting of 95°C for 0.5 min, 45°C for 0.5 min, and 72°C
for 4 min and a single final extension step consisting of 72°C for 16 min.
Fingerprints were visualized on a 3.0% agarose gel (NuSieve 3:1 agarose; FMC
BioProducts, Rockland, Maine).

Phylogenetic analysis of each isolate that showed a unique REP fingerprint
was performed by using 16S-PCR. The forward primer was 27f (5�AGA GTT
TGA TCC TGG CTC AG 3�) and the reverse primer was 1492r (5� TAC GGT
TAC CTT GTT ACG ACT T 3�) (34, 61). Each 50-�l PCR mixture contained a
0.5 �M concentration of each primer, a 0.2 mM concentration of each dNTP, 1�
buffer (consisting of 10 mM Tris-HCl, 50 mM KCl, 2.0 mM MgCl2 [pH 8.3]),
5.0% DMSO, 1.0 U of Taq DNA polymerase (Roche), and 5.0 �l of cell lysate.
The PCR program used for amplification was 95°C for 5 min followed by 30
cycles consisting of 94°C for 1 min, 63°C for 1 min, and 72°C for 1 min 15 s, and
a single final extension step consisting of 72°C for 5 min. The entire 1,500-bp
product was visualized on a 1.0% agarose gel (SeaKem LE agarose; FMC
BioProducts). The PCR product was subsequently purified by using a Qiaquick
PCR Purification Kit (Qiagen, Valencia, Calif.) and sequenced at the Genomic
Analysis and Technology Core Facility (Division of Biotechnology, University of
Arizona Research Laboratories, Tucson). Sequence analysis resolved two ap-
proximately 500-bp regions of each 16S rRNA gene corresponding to the 5� and
3� ends. Thus, internal primers were designed to sequence the remaining internal
500 bp of the gene. Primers were designed by using OLIGO primer analysis
software, version 6.1 (Molecular Biology Insights, Inc., Cascade, Colo.). Separate
internal primers were designed for gram-positive isolates, the Flavobacterium
isolate, the Pseudomonas sp. isolates, and the P. aeruginosa isolates. The gram-
positive internal primer set was GP404 forward (5� TAG GGA AGA ACA AGT
ACC 3�) and GP1048 reverse (5� ACT TAA CCC AAC ATC TCA C 3�). The
Flavobacterium internal primer set was MTN11 forward (5� CGG GAA TAA
ACC TCT TTA 3�) and MTN11 reverse (5� CTG GCA ACT AAA CAT AGG
3�). The Pseudomonas sp. internal primers were STB17 forward (5� GGA GGA
AGG GTT GTA GAT 3�) and STB17 reverse (5� CGT GCT GGT AAC TAA
GGA 3�) and the P. aeruginosa internal primers were BHP7-6 forward (5� GAA
GGG CAG TAA GTT AAT AC 3�) and BHP7-6 reverse (5� GAG GTG CTG
GTA ACT AAG 3�).

Sequencher software version 3.0 was used to align and to obtain a consensus
sequence for each isolate (Gene Codes Corporation, Ann Arbor, Mich.). A
representative consensus sequence for each of the 16 unique isolates was com-
pared to known sequences using the BLAST program (2). Finally, the 16S rRNA
gene nucleotide sequence of each unique isolate was submitted to the National
Center for Biotechnology Information (NCBI) database and assigned an acces-
sion number.

Construction of the phylogenetic tree. Sequences representing a broad range
of biosurfactant-producing microorganisms from this study and from the litera-
ture were retrieved from the NCBI 16S rRNA gene database and downloaded in
FASTA format. Sequences were aligned using ClustalX version 1.81 (54). The
regions of the 16S rRNA gene sequences before the 125-bp position and after the
1,550-bp position were excluded from the alignment analysis. Lack of sequence
data in these regions caused the alignment software to create large gap regions
in the sequences, which would have created biases in subsequent phylogenetics
analysis. Finally, the tree was constructed with PAUP* beta version 4.0 software

by using the neighbor-joining method with the Hasegawa-Kishino-Yano
(HKY85) substitution model (53).

Detection of the rhlB gene. Rhamnolipid is a biosurfactant known to be
produced only by P. aeruginosa. The rhamnosyl transferase I (rhlB) gene, part of
the rhamnolipid biosynthesis pathway, is unique to P. aeruginosa. Detection of
this gene in DNA extracts was used to confirm the putative homology of isolates
with P. aeruginosa, according to the 16S rRNA gene sequence, and to distinguish
them from other Pseudomonas species. Template DNA extracts were prepared
as above. A PCR was performed to determine the presence of rhlB in the extracts
by using the primers kpd1 and kpd2. The forward primer, kpd1, is homologous
to the 1,030- to 1,048-bp region of the rhlB gene and has the following sequence:
5� GCC CAC GAC CAG TTC GAC 3�. The reverse primer, kpd2, is homologous
to the 1,256- to 1,238-bp region of the rhlB gene, and has the following sequence:
5� CAT CCC CCT CCC TAT GAC 3�. The PCRs were 50 �l in volume and
contained an optimized PCR buffer (10 mM Tris-HCl, 50 mM KCl, 1 mM MgCl2,
pH 9.2), a 0.5 �M concentration of each primer, a 0.2 mM concentration of each
dNTP, 5% DMSO, 2.5 U of Taq DNA polymerase (Roche), and 5 �l of template
DNA. The reactions were exposed to 94°C for 2 min, then to 30 cycles of 94°C
for 15 s, 54°C for 15 s, and 72°C for 15 s, and finally to a final extension of 72°C
for 2 min in a GeneAmp 2400 PCR system thermal cycler (Perkin-Elmer). The
PCR products were visualized by electrophoresis through a 2.0% SeaKem LE
agarose gel (FMC BioProducts). Resolution of the expected 226-bp PCR prod-
uct was considered indicative of the presence of the rhlB gene in the template
DNA and confirmed that the DNA came from P. aeruginosa.

Thin-layer chromatography. Rhamnolipid production was confirmed by thin-
layer chromatography as described previously (62). Briefly, the solvent system
used was chloroform-methanol-water (65:25:4). After development of the thin-
layer chromatography plate, it was sprayed with anthrone reagent to visualize
rhamnolipid. In this system, monorhamnolipid has an Rf value of 0.72 and
dirhamnolipid has an Rf value of 0.46.

RESULTS

The twenty soil samples screened for biosurfactant produc-
ers were collected primarily from arid soils in southern Ari-
zona. Most had a sandy loam texture, and total organic carbon
content ranged from 0.12 to 4.59% (Table 1). The soils had
culturable populations ranging from (4.1 � 0.41) � 105 to
(8.1 � 0.64) � 107 CFU/g of dry soil (Table 1). The initial
screening on R2A yielded a total of 1,305 isolates, which were
grown in MSM-glucose broth for a week and then tested qual-
itatively for biosurfactant production with the drop-collapse
test. This resulted in 45 putative biosurfactant-producing iso-
lates or a total of 3.4% of the isolates tested under these
screening conditions. Of the 20 soils tested, 13 contained bio-
surfactant producers, including all six undisturbed soils and all
three cocontaminated soils. However, only two of the six hy-
drocarbon-contaminated and two of the five metal-contami-
nated soils contained biosurfactant-producers.

Of the 45 putative biosurfactant producers, 47% were gram
negative and 53% were gram positive (Table 2). Upon exam-
ining the types of soils and their contaminants, the following
pattern was revealed: gram-positive isolates dominated in the

TABLE 2. Distribution of positive biosurfactant-producing isolates

Soils
(no. of soils tested)

No. of
biosurfactant-

producing
isolatesa

Gram
negative

Gram
positive

Undisturbed (6) 13 1 12
Hydrocarbon contaminated (6) 7 6 1
Metal contaminated (5) 8 0 8
Cocontaminated (3) 17 14 3

a This represents the total number of biosurfactant-producing isolates ob-
tained from each group of soils.
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undisturbed and metal-contaminated soils (95%), and gram-
negative isolates dominated in the hydrocarbon-contaminated
and cocontaminated soils (83%). This distribution may repre-
sent the ability of the microorganisms to survive in these soils
or may be a response to the type of contaminant present.
Further investigation is needed to determine whether this pat-
tern holds for soils from nonarid regions.

REP-PCR grouped the 45 putative biosurfactant producers
into 16 unique fingerprint patterns. These 16 isolates were
further characterized in two ways. First, the surface tension of
culture supernatants for each isolate grown under identical
conditions was measured, with values ranging from 27.3 � 0.3
to 49.4 � 0.5 (Table 3). Second, the 16 isolates were identified
based on their 16S rRNA gene sequences and classified into
three genera, Pseudomonas, Bacillus, and Flavobacterium, with
homologies of 97% or greater in each case suggesting good
matches (Table 3).

Four Pseudomonas isolates were obtained during the soil
screening. Two were phylogenetically positioned as P. aerugi-
nosa, while two were positioned only to the genus level. All
four were subjected to PCR analysis for the rhlB gene. The P.
aeruginosa isolates tested, MO2 and BHP7-6, were positive for
the rhlB gene, while the two Pseudomonas spp. were not. Rham-
nolipid production by MO2 and BHP7-6 was confirmed by
thin-layer chromatography analysis.

The data from this study were combined with known biosur-
factant producers from the literature and used to construct a
phylogenetic tree. As shown in Fig. 1, biosurfactant-producing
organisms were found in at least three of the major divisions of
the Eubacteria, including Proteobacteria, Firmicutes (gram pos-
itive), and Cytophaga-Flexibacter-Bacteroides, as well as the two
major divisions of the Archae, i.e., Crenarchaeota and Eury-
archaeota. Isolates from this study were distributed between
the Proteobacteria, Firmicutes, and Cytophaga-Flexibacter-Bac-
teroides divisions.

Finally, both REP-PCR and sequencing analysis were per-
formed on two closely related biosurfactant-producing isolates
from our laboratory to determine the level of discrimination of
these two analyses for unique biosurfactant products. The iso-

lates were P. aeruginosa ATCC 9027 and P. aeruginosa IGB83,
both of which produce rhamnolipid biosurfactants. These iso-
lates are known to produce chemically distinct rhamnolipids,
with ATCC 9027 producing only monorhamnolipid and IGB83
producing a mixture of mono- and dirhamnolipid. Results
showed that the REP fingerprint patterns were different for
these two strains but that the 16S rRNA gene sequences were
identical (data not shown).

DISCUSSION

As has been observed for other natural products such as
antibiotics, phylogenetic analysis revealed that great diversity
exists among biosurfactant-producing microorganisms, sug-
gesting that biosurfactant production is an important survival
tool (Fig. 1). Since biosynthesis genes for different surfactant
types are entirely unrelated (6, 27, 52), biosurfactant produc-
tion appears to have evolved in an independent yet parallel
fashion. For example, rhamnolipid (P. aeruginosa) biosynthesis
genes are completely different from surfactin (B. subtilis) bio-
synthesis genes, yet these species both produce highly effective
surfactant molecules. While the significance of these molecules
to their producing species is not completely known (similar to
antibiotics), a majority of the biosynthesis genes are conserved
at the species level, thus indicating their importance.

It is currently known that the type of biosurfactant made is
dictated by the producing microorganism. One major class of
biosurfactants is the glycolipids, which includes rhamnolipids,
trehalose lipids, and sophorose lipids. Rhamnolipids are pro-
duced only by P. aeruginosa (30, 33); trehalose lipids are pro-
duced only by a number of closely related genera, including
Rhodococcus, Nocardia, Corynebacterium, Tsukamurella, Gor-
donia, Mycobacterium, and Arthrobacter, all belonging to the
Firmicutes division (3, 12, 31, 44); and sophorose lipids are
produced by several species of Candida (14, 15, 22). A newly
identified glycolipid group called mannosylerthritol lipids are
produced by Candida and Ustilago maydis (25, 26, 51). A sec-
ond major class of biosurfactant is the lipoproteins, which
includes surfactin, iturin, fengycin, and lichenysin, which are

TABLE 3. Biosurfactant-producing isolates with unique REP fingerprints

Isolate
(accession no.) Nearest relative Percent sequence identity, accession no.

for nearest relative
Surface tension

(mN/m)
Soil sample

no.a

GA1-5 (AY162126) B. subtilis 99, AB018484 49.4 � 0.5 6
HAZ2 (AY162127) B. subtilis 99, AB018484 39.2 � 0.4 13
HAZ14 (AY162128) B. subtilis 99, AB018484 33.3 � 0.3 13
WP1-21 (AY162129) B. subtilis 99, AB018484 33.9 � 0.2 18
STB29 (AY162130) B. subtilis 100, AY030331, AY030330, AJ276351, Z99104 31.3 � 0.4 7
BHP6-1 (AY162131) B. subtilis 99, AY030331, AY030330, AJ276351, Z991044 31.4 � 0.2 19
MA12 (AY162132) B. subtilis 99, AB018486 31.3 � 0.2 3
BZ15 (AY162133) B. subtilis 99, AF318900, AB018486 33.1 � 0.4 4, 13, 18
GA1-17 (AY162134) B. licheniformis 99, AY030335 39.6 � 0.6 1, 4, 5, 6, 17
HAZ6-17 (AY162135) B. licheniformis 99, AY030335 42.6 � 0.5 13
GA8 (AY162136) B. licheniformis 99, AB039328, X68416 42.6 � 0.2 6
MTN11 (AY162137) Flavobacterium sp. 97, AF388029 40.6 � 0.0 2
MO2b (AY162138) P. aeruginosa 99, AF331663, AF227866, AF094718, AF094713, AE004844 32.5 � 0.2 12
BHP7-6b/AY162139 P. aeruginosa 99, AF331663, AF227866, AF094718, AF094713, AE004844 31.8 � 0.2 20
STB17c/AY162140 Pseudomonas sp. 99, AY029759 28.7 � 0.4 7
BHP7-11c/AY162141 Pseudomonas sp. 99, AF105389 27.3 � 0.3 20

a The soil sample numbers listed for each isolate indicate from which soil or soils the isolate was obtained.
b Isolates were positive for the rhlB gene and for rhamnolipid production.
c Isolates were negative for the rhlB gene and for rhamnolipid production.
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produced only by Bacillus sp. (24, 42, 57). Other genera that
produce lipoproteins include Actinoplanes, Arthrobacter, Pseudo-
monas, and Serratia (23, 32, 35, 38, 39, 59). Polymeric bio-
surfactant producers have been isolated from Eubacteria,
Eucaryote, and Archaea and include the following genera:
Acinetobacter, Bacillus, Candida, Halomonas, Methanobacte-
rium, Phormidium, Pseudomonas, Saccharomyces, and Sulfolo-
bus (8, 10, 11, 13, 20, 43, 48, 49, 55).

In this study, three biosurfactant-producing genera, Pseu-
domonas, Bacillus, and Flavobacterium, were obtained from
the screened soils. Of these, the isolation of Flavobacterium
MTN11 as a surfactant producer is novel, and the biosurfactant
is currently being purified for structure elucidation. The four
Pseudomonas isolates obtained were screened for rhamnolipid
production by using primers for the rhlB gene. Only the two P.
aeruginosa isolates were positive for the rhlB gene, and rham-
nolipid production was confirmed by thin-layer chromatogra-
phy analysis. Other Pseudomonas species have been reported
to produce a variety of lipoproteins including viscosin, tensin,
syringomycin, and syringopeptin, as well as polymeric biosur-
factants such as Biosur-Pm and PM factor (10, 21, 23, 32, 39,
41, 43). The remaining 11 isolates obtained in this study were
Bacillus spp. This genus has been reported to produce a variety
of lipoprotein surfactants. B. subtilis usually produces a mixture
composed of surfactin, iturin, and fengycin, each of which has
several isoforms (29, 42). Bacillus licheniformis produces liche-
nysin, which also has a number of isoforms (24).

It is possible that other biosurfactant-producing populations
were present but not enriched by the screening conditions used
for the soils tested in this study. The screening method em-
ployed used glucose as the sole carbon and energy source.
Glucose was selected for the following reasons: (i) it is known
to support the production of a variety of biosurfactants, and (ii)
there is interest in stimulating in situ production of biosurfac-
tants for remediation applications, and glucose is a nontoxic
carbon source appropriate for this purpose. However, it must
be emphasized that biosurfactant production is dependent on
the carbon source and media selected. Thus, if another me-
dium and carbon source were chosen, it is probable that a
different population of biosurfactant-producers would have
been enriched. Despite the limitations of the screening method
used, a diverse group of biosurfactant-producing organisms
was obtained, including a novel biosurfactant producer, Fla-
vobacterium sp. strain MTN11. These results suggest that a
more exhaustive screening may yield other new biosurfactant-
producing microorganisms.

One fascinating aspect of this work that requires further
exploration is that several of the 16 isolates that were differ-
entiated by REP-PCR had identical NCBI database matches.
For example, Bacillus subtilis GA1-5, HAZ2, HAZ14, and
WP1-21 had 99% sequence identity with the NCBI database
isolate with accession number AB018484. This does not mean
that these four sequences are identical; indeed, they vary from
each other by up to 8 bp. For instance, when comparing HAZ2
and GA1-5, there is a difference of only 1 bp in the 1,466 bp
that were sequenced. Thus, if all 45 isolates were merely se-
quenced instead of first grouping them by REP-PCR, then only
10 unique isolates would have been identified rather than 16.
So the use of REP-PCR in this case was critical in identifying
the uniqueness of these two isolates (as shown in Fig. 2, the

REP-PCR analyses for HAZ2 and GA1-5 have different fin-
gerprinting patterns).

To continue with this example, the surface tension reduction
activities of the biosurfactants produced by HAZ2 and GA1-5
were different. The HAZ2 culture supernatant reduced surface
tension from 72 mN/m (water) to 39.2 � 0.4 mN/m, while the
GA1-5 culture supernatant reduced surface tension to only
49.4 � 0.5 mN/m. The difference in these surface tension
activities is significant; surface tension reduction to 49 is con-
sidered minimally active, while a surface tension reduction to
39 is considered moderately active. Thus, while it is likely that
HAZ2 and GA1-5 both produce a lipopeptide surfactant, given
their close relationship to B. subtilis, the surfactant or surfac-
tant mixture produced by each of these microorganisms is
distinct. As previously explained, it is important that even
slight differences in biosurfactant structure or in the mixture of
the biosurfactants produced can have great consequences on
activity in the environment or in clinical settings or in industrial
applications.

To further support this example, two P. aeruginosa strains
extensively used in our laboratory were examined. The first is
P. aeruginosa ATCC 9027, which produces only monorhamno-
lipid, and the second is P. aeruginosa IGB83, which produces a
mixture of mono- and dirhamnolipid. The physicochemical
properties of monorhamnolipid are quite different from those
of the mixture of mono- and dirhamnolipid. Specifically,
monorhamnolipid is less soluble, sorbs to surfaces more
strongly, solubilizes hydrocarbons to a greater extent, and is
able to bind cationic metals up to 10 times more strongly (40,
63, 64). Thus, potential industrial applications are very differ-
ent (6). These two strains were separated based on REP fin-
gerprints but not by their 16S rRNA gene sequences, which
were identical. Thus, the REP analysis in this case was critical
to distinguishing closely related strains that produce distinctly
different surfactant mixtures.

In summary, biosurfactants produced by very similar isolates
may have subtle differences that are useful in different appli-
cations. It is therefore important that any screening process be

FIG. 2. REP analysis of all the isolates that matched with B. subtilis.
Lane 1, strain MA12; lane 2, strain HAZ2; lane 3, strain HAZ14; lane
4, strain WP1-21; lane 5, GA1-5; lane 6, strain BHP6-1; lane 7, strain
BZ15; lane 8, strain STB29; lane 9, molecular weight marker III; lane
10, 100-bp marker.
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discriminatory enough to ensure that even closely related iso-
lates are examined to reveal details about the structural diver-
sity of biosurfactants and likely other natural products as well.
The screening process used in this study was a combination of
cultural and molecular techniques. Even though the initial
screening step employed was limited in scope by the culture
medium used, results showed that biosurfactant-producing
bacteria are widely distributed in both undisturbed and con-
taminated soils. In addition, a novel biosurfactant-producing
Flavobacterium isolate was obtained.
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