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ABSTRACT 

This dissertation is concerned with studying aspects o fthe ecology o fmicroorganisms 

from a functional perspective using different microbial populations in soils. In the first study, 

an investigation was done on the distribution of biosurfactant producing microorganisms. In 

the second study, temporal changes were observed in an indigenous phenanthrene degrading 

community following a long-term pubc cf phenanthrene. 

Bio surfactants are a unique class of compounds that have been shown to have a 

variety of potential applications in remediation of organic- and metal-contaminated sites, in 

enhanced transport of bacteria, in enhanced oil recovery, as cosmetic additives, and in 

biological control. The first part of the dissertation describes the first attempt at evaluating 

the distribution ofbiosurfactant-producing microorganisms in the environment. The goal of 

this study was to determine how commonly surfactant-producing organisms occur in pristine 

and contaminated sites by screening a series of 20 contaminated (metals and/or hydrocarbons) 

and uncontaminated soils. Results showed that biosurfactant-producing organisms are found 

in most soils with 45 of the 1305 isolates obtained during this study positive for biosurfactant 

production. These positive biosurfactants were grouped using repetitive extragenic 

palindromic (REP) PCR which yielded 16 unique isolates that were identified using 16S 

rDNA PCR. According to the 16S rDNA database search results there were only 11 unique 

isolates. However, isolates that had identical 16S rDNA database search results were 

different according to REP results and their surface tension analysis. This suggests that use 

of the present 16S rDNA database as an analysis tool may miss functional diversity in 
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populations analysis. 

The second part of the dissertation focuses on purifying and characterizing a novel 

biosurfactant discovered during the ecology study of biosurfactants. Culture supernatant of 

Flavobacterium sp. 36 grown in nitrogen-limiting mineral salts medium containing 2% 

glucose as the sole source ofcarbon and energy reduced surface tension to 40.7 mN/m After 

partial purification of the surfactant, it reduced surface tension to 26.0 mN/m indicating 

strong surface activity. The flavosurfactant was also a strong and stable emulsifier and 

enhanced the apparent solubility of hexadecane in pure water (0.003 ± 0.0002 mg/L) by more 

than 4 orders of magnitude. The flavosurfactant conditional stability constant for 

complexation with cadmium was measured to be 3.61 which is comparable to organic ligands 

such as oxalic acid and acetic acid. Mass spectroscopy indicates a mixture of 12 compounds 

that have molecular masses ranging from 626 to 682 g/mol. Nuclear magnetic resonance 

results indicates that the structure has a sugar, a fatty acid tail and one other functional group 

as yet unidentified. This biosurfactant is a new t>'pe of glycolipid with a strong potential for 

use in biotechnology applications. 

The fmal part of the dissertation describes a study that examined the population 

structure of an indigenous soil phenanthrene-degrading community to a long-term exposure 

(6 months) of phenanthrene. With widespread environmental contamination by polycyclic 

aromatic hydrocarbons (PAHs), recent interest has focused on the use of in situ 

bioremediation as a cleanup strategy. However, there is a need to better understand the 

ecology of PAH-degrading microorganisms. The goal of this study was to examine the 
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temporal response of an indigenous soil community to long term exposure to phenanthrene. 

To do this, a column was packed with a model soil, saturated, and then exposed to a six 

months of phenanthrene (1.2 mg/L). Phenanthrene degraderswere isolated from the soil prior 

to phenanthrene exposure, from column effluent samples, and from the soil following 

termination of the experiment. Results indicated that a major change took place in the 

dominant phenanthrene-degrading {Xjpulations over the course of this six-month experiment. 

Specifically, a total of 27 different phenanthrene degraders were obtained during the study. 

The initial isolates obtained from the soil were not subsequently found in either effluent 

samples or in the final soil sample taken at the end of the experiment. Another major finding 

of this study confirms earlier findings that suggest a diverse population of microbes 

participates in phenanthrene degradation in the environmental. 
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CHAPTER 1. INTRODUCTION 

EXPLANATION OF THE PROBLEM ANT) ITS CONTEXT 

This chapter discusses biosurfactants and bioemulsifiers, microbially-produced 

molecules that either reduce surface or interfacial tension, act as emulsifying agents, or have 

both of these properties. While certain physico-chemical properties are shared among 

biosurfactants, this group of compounds exhibits great variety and uniqueness with respect 

to structure and properties. This combined with their environmental compatibility has created 

an interest in biosurfactants for application to many facets of the surfactant industry ranging 

from biotechnology to environmental cleanup. Currently the surfaaant industry, which 

exceeds S9 billion per year, markets predominantly synthetic surfactants. B iosurfactants and 

bioemulsifiers are produced by a number of bacteria, yeasts, and fiingi when cultivated on 

different carbon sources. The type of carbon source utilized ranges from simple sugars or 

hydrocarbons such as glucose or hexadecane, to complex mixtures such as petroleum. It is 

important to point out that both substrate and growth conditions dictate the quantity and 

structure of biosurfactant/emulsifier obtained from a microorganism. In this chapter, we 

define the terms biosurfactant and bioemulsifier. and then discuss the types produced, 

methods used for screening and purification, synthesis, and potential industrial and 

biotechnology applications. 

DEFINITION OF BIOSURFACTANTS AND BIOEMULSIFIERS 

Biosurfactants 

All biosurfactants have amphiphilic structures, containing at least one hydrophilic and 
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one hydrophobic moiety. The hydrophilic moiety can be an ester, hydroxyl, phosphate, 

carboxyl, or carbohydrate group and is either neutral or negatively charged. There have been 

no cationic biosurfactants reported presumably because cationic surfactants are quite toxic. 

The hydrophobic moiety is a fatty acid ranging in size from eight to eighteen carbons. 

Due to their amp hiphilic nature, surfactants tend to accumulate at interfaces (air-water 

and oil-water) and surfaces. As a result, surfactants reduce the forces of repulsion between 

unlike phases at interfaces or surfaces and allow the two phases to mix more easily. 

Specifically, surfactants can reduce surface (liquid-air) and interfacial (liquid-liquid) tension. 

For example, a proficient biosurfactant can reduce the surface tension between pure water and 

air from 73 mN/m to less than 30 mN/m. As surfactant monomers are added into solution, 

the surface or interfacial tension will decrease until the surfactant concentration reaches what 

is known as the critical micelle concentration (CMC). Above the CMC no further reduction 

in surface or interfacial tension is observed- .A.t the CMC, surfactant monomers begin to 

spontaneously associate into smictured aggregates such as micelles, vesicles, and lamellae 

(continuous bilayers) (Figure I). These aggregates fomi as a result of numerous weak 

chemical interactions between the polar head groups and the non-polar tail groups including 

hydrophobic, van der Waals. and hydrogen bonding. The CMC for any surfactant is 

dependent on the surfactant structure as well as the pH, ionic strength, and temperature of 

the solution. Further, the aggregate structure is dictated by the polarity of the solvent in 

which the surfactant is dissolved. For example, in an aqueous solution, the polar head groups 

of a micelle will be oriented outward toward the aqueous phase and the hydrophobic tails will 
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Figure 1. The types of aggregates formed by biosurfectants 
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associate in the core of the micelle (oil in water micelle). In contrast in oil, the polar head 

groups will associate in the center of the micelle while the hydrophobic tails will be oriented 

toward the outside (water in oil micelle). 

Bioemulsifiers 

An emulsion is a stable mixture of two liquids. Normally an oil and water mixture 

forms separate phases. However, if the mixture is shaken vigorously, the oil willdisperse into 

the water phase. When the shaking is discontinued, the phases quickly separate. One way 

to achieve a stable mixture or emulsion is to add a surfectant. The two most common types 

of emulsions are oil in water and water in oil For an oil in water emulsion, the water phase 

is continuous while the oil phase is composed of discrete droplets. Since emulsions represent 

large interfacial areas, any reduction in interfacial tension caused by addition of a surfactant 

will promote stability of the emulsion. Although some bioemulsifiers decrease interfacial 

tension, others have little impact on interfacial tension. These emulsifiers are effective 

because they form films on the surface of the oil droplets in the aqueous phase. Once these 

films are formed, it is difficult to eject the emulsifier fi-om the surface and therefore the oil 

droplets cannot coalesce, allowing a stable emulsion to be maintained. The length of time that 

an emulsion remains stable reflects the effectiveness of the emulsifier. After some period of 

time, the droplets in most emulsions will flock together and coalesce, ultimately causing 

separation of the two phases. 

TYPES OF BIOSURFACTANTS AND BIOEMULSIFIERS 

Biosurfactants and bioemulsifiers are classified based on their major structural features 
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and the organism that produces them. The major groups include; 1) glycolipids, 2) 

phospholipids, neutral lipids, and fany acids, 3) lipopeptides and lipoproteins, and 4) 

polymeric biosurfactants. There are many reviews ofbiosurfactants including several recent 

ones (Ron and Rosenberg, 2001; Bognolo, 1998; Desaiand Banat, 1997). 

Glycolipids 

The most widely studied biosurfactants are the glycolipids. Glycolipids have a 

carbohydrate group attached to one or more long chain aliphatic acid or hydroxy-aliphatic 

acid groups, and range in molecular weight from 500 to 1500. The best studied glycolipids 

include rhamnolipids. trehalose lipids, sophorolipids, and a new group, mannosylerythritol 

lipids. Other types of glycolipids have been reported in the literature such as cellobiose lipid 

(Spoeckner et al., 1999), glucose lipid (Spoeckner et al., 1999; Ishigami et al., 1994), 

glycoglycerolipid ("Nakata, 2000), sugar-based bioemulsifiers (Van Hoogmoed et aL, 2000; 

Kim et al., 2000; Kim et al.. 1996), and many different hexose lipids (Golyshin et al., 1999;. 

Fiebigetal., 1997; Ha et al., 1991; Lang et al., 1984; Cairns et al., 1982). These glycolipids 

are produced by a wide variety of microorganisms. 

Rhamnolipids 

The best-studied glycolipid is rhamnolipid (Figure 2). Rhamnolipid was isolated from 

Pseudomonas aeruginosa 141 and characterized by Jarvis and Jo hnson in 1949. Edwards and 

Hayahshi (1965) finished elucidation of the rhamnolipid structure by identifying the a-I,2-

linkagebetween adjacent rhamnose moieties. Rhamnolipid is a glycolipid that has beenshown 

to have up to six different anionic forms (pK, ~ 4.6) (Ishigami et al., 1987a). The most 
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Figure 2. The six major types of rhamnolipid produced by Pseudomonas aeruginosa. 
Most common are R1 (rhamnosyl-B-hydroxydecanoyl-B-hydroxydecanoate) 
and R2 (rhamnosyl-rbamnosyi-B-hydroxydecanoyKJ-hydroxydecanoate) 
where X = H. There are two much less common forms of R1 and R2 wherein 
X = hydroxydecanoate. R3 and R4 are also less common where R3 is 
r  h  a  m n  0  s  y  1  -  f l  -  h  y  d  r  o  X  y  d  e  c  a  n  o  a  t  e  a n d  R 4  i s  
rhamnosyl-rhaninosyl-B-hydroxydecanoate (Navon-Venezia et aL, 1995). In 
all cases n = 4 to 8. 
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abundant are the RI and R2 forms which contain one and two rhamnose sugars respectively, 

and have two P-hydroxy fatty acid tail groups, most commonly P-hydroxydecanoic acid 

(Reiling et al., 1986). Much less abundant are RI and R2 forms with three P-hydroxy fatty 

acid tail groups (Yamaguchi et al., 1976). The R3 and R4 forms contain only one beta-

hydroxy fatty acid tail group (Arino et al., 1996; Syldatk et aL, 1984a; Syldatk et aL, 1984b). 

In addition to these anionic forms of rhamnolipids, there have been reports of neutral or 

methylesters of these rhamnolipid forms (Zhang and Miller, 1995; Westerduin et al., 1988; 

Hirayama and Kato, 1982). Rhamnolipids reduce surface tension to less than 30 mN/m, and 

reduce interfacial tension to I mN/m in hexadecane-water (Zhang and Miller, 1995; Georgiou 

et al., 1992; Parra et al., 1989; Lang and Wagner, 1987). The CMC of rhamnolipid varies 

depending on the mixture of rhamnolipids produced, ranging from 20 to 100 mg/L. The 

average molecular weight of rhamnolipid mixtures varies between 400 and 700 g/mol. 

Rhamnolipid production is limited to Pseudomonas aeruginosa strains. There are a 

few early reports stating that other Pseudomonas species produce rhamnolipid, however it 

is likely that at the time these isolates were not accurately identified to the species level. 

Rhamnolipids are produced during the late log and stationary phases on a variety of carbon 

sources including glucose (Lee et al., 1999; Zhang and Miller, 1992; Guerra-Santos et al., 

1984), molasses (Patel and Desai, 1997), ethanoI(Matsuflijietal., 1997; Osmanet al.. 1996), 

vegetable oils (Cho et al., 1998; Fiebig et aL, 1997; Robert et al., 1989), glycerol (Syldatk et 

al., 1984a; Hauser and Kamovsky, 1954), n-alkanes (Shreve et al., 1995; Syldatk et aL, 

1984b; Hisatsuka et al., 1977; Itoh et al., 1971; Hisatsuka et aL, 1971) polyaromatic 
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hydrocarbons (Deziel et al., 1999; Deziel et al., 1996) and mixtures of the above (Rocha et 

al., 1992). Limiting addition of inorganic nutrients including phosphate, nitrogen, and iron 

has been reported to increase production of rhamnolipid (Mulligan et al., 1989a; Mulligan et 

al, 1989b; Guerra-Santos et al., 1984). Reported yields of rhamnolipid range from 0.25 to 

100g/L(Matsufujietal., 1997;OchsneretaL, 1995). The highest yields have been obtained 

with continuous batch-fed or fermenter systems using mixed carbon sources such as glucose 

and hexadecane (Matsufiiji et al., 1997). Currently, rhamnolipid is commercially available 

from Jeneil Biosurfactant Co., LLC (Saukville, WI). 

Parts of the rhamnolipid biosynthetic pathway and its regulation have been described 

(Maier and Soberon-Chavez, 2000; Sullivan, 1998). Rhamnolipid (Rl) is formed from 

d e o x y - t h y m i d i n e - d i p h o s p h o - L - r h a m n o s e  ( d T D P - L - r h a m n o s e )  a n d  

B-hydro.\ydecanoyl-B-hydroxydecanoate (6-H) (Figure 3). It is thought that the algC and the 

rml genes used to produce dTDP-L-rhamnose for the O-antigen in lipopolysaccharide (LPS) 

are also responsible for formation of dTDP-L-rhamnose used in rhamnolipid synthesis. The 

rhlG gene which is homologous to NADPH-dependent ketoacyl reductase is responsible for 

obtaining fatty acid precursors from the normal fatty acid biosynthetic pathway for synthesis 

of the 6-H component of rhamnolipid (Maier and Soberon-Chavez, 2000). It is not yet clear 

how the rml and rhlG genes are regulated with respect to rhamnolipid synthesis. The rhlA 

and rhlB genes encode for the enzyme rhamnosyl transferase I which catalyzes the addition 

of dTDP-L-rhamnose to B-H forming Rl. Rhamnosyltransferase II, encoded by the rhlC 

gene, adds a second dTDP-L-rhamnose to the Rl molecule to form R2. It is currently not 
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Figure 3. The rhanmol^id biosynthetic pathway. PhaC is poljiiydroxyalcanoate 
synthase, AlgC is a phosphomannomuf ase that catalyzes the second step in the 
alginate biosynthetic pathway, the Rml genes are involved in synthesis of 
dTDP-L-ihamnose for LPS and rhanmol^id synthesis, and the lUil genes are 
involved in synthesis of rhanmolipid (Maier and Soberon-Chavez, 2000). 
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known how rhlC is regulated or where RhIC is located in the cell. 

The synthesis ofRl is under the regulation of the RhlR-Rhll quorum sensing system 

(Figure 4) which is coordinately regulated at both the transcriptional and posttranslational 

levels with a second quorum sensing system, LasR-LasI (Fuqua and Greenberg, 1998; Pesci 

et al.. 1997). Together, these two quomm sensing systems are responsible for expression of 

a number of genes at high cell density and in response to stress. Other exoproducts produced 

include alginate, elastase, exotoxin A, protease, and pyocyanin. Clearly, the genetic 

regulatory network involved in the production of rhamnolipid is very complex and a full 

understanding of the regulation of rhamnolipid production remains to be determined. 

Trehalose Lipids 

Trehalose lipids exhibit great structural diversity. They can be nonionic or anionic and 

contain from 2 to 8 sugar groups and 1 to 2 mycolic acids. The molecular weight of these 

compounds ranges from 800 to 3000. The three major types of trehalose lipids are a-

trehalose-6-monomycolate, a,a-trehalose-6,6'-dimycolate. and trehalose-2,3,4,2'-tetraester 

(Figure 5). However, a mixture of trehalose structures and/'or other glycolipid structures are 

normally produced depending on substrate source and growth conditions (Lang and Phflp. 

1998). Rhodococcus erythropolis trehalose mycolates are among the best studied of the 

trehalose lipids. Nonionic trehalose lipids from this species reduce surface tension to 36 

mN/mand interfacial tension to 16 mN/magainst hexadecane. However, when this isolate 

is grown in nitrogen-limiting conditions, it produces anionic trehalose tetraesters, which 

further reduce surface tension to 26 mN/m and interfacial tension to less than 1 mN/m (Kim 
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Figure 4. Quorum sensing regulation of rhamnolipid (Rl) synthesis. 
Rhamnosyltransferase I is conposed of two subunits; RhLA^ an inner 
membrane bound protein, and RhlB, a peripiasmic protein. Together these 
c a t a l y z e  t h e  a d d i t i o n  o f  d T D P - L - r h a m n o s e  t o  
B-hydroxydecanoyl-6-bydroxydecanoate to form Rl which is then excreted 
from the cell (Stan^ellini and Miller, 1997). There are two signal molecules 
involved in Rl synthesis. The first is N-butryl hotnoserine lactone (Q-HSL) 
encoded by rhll. The C4-HSL binds to the RhlR regulatory protein and the 
HSL-RhIR complex causes transcriptional activation of the rhlA and rhlB 
genes that encode rhamnosyltransferase I. The second s^al molecule is N-
(3-oxododecaoo)d)-L-bomoserine lactone (C,2-HSL) which controls 
rhamnol^id synthesis in two ways. The C,2-HSL binds to the LasR protein 
and the HSL-LasR conq)lex causes transcriptional activation of the rhlR gene. 
However, at the posttranslational level, it has been shown that the C,2-HSL 
prevents binding of the C4-HSL to RhlR and ther^y prevents transcription of 
rhlA and rhlB. Pesci et aL (1997) suggest that the latter control is more 
important at low cell density. 
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et al., 1990; Ristau and Wagner, 1983; Kretschmeretal., 1982; Rapp et al., 1979). The CMC 

for trehalose lipids ranges from 3 to 15 mg/L (Kim et aL, 1990; Wagner et aL, 1983). 

Trehalose lipid structures have been isolated from several bacterial genera including 

Rhodococcus (now separated into Gordona and Tsukamurella), Mycobacterium, 

Arthrobacter, Nocardia, Brevibacterium, and Corynebacterium (Choi et al., 1999; Vollbrecht 

et al., 1999; Kanga et al.. 1997; Finnerty, 1992; Bryant, 1990; Singer and Finnerty, 1990; 

Singer et al., 1990; Duvnjak et al., 1983;. Suzuki et al., 1969). Trehalose lipids can be 

secreted from the cell as is the case for some Rhodococcus, but are often found as an 

important constituent of the cell wall in genera such as Mycobacterium. In Mycobacterium, 

a,a-trehalose-6,6'-dimycolate (Figure 5) also known as cord factor, is found at the cell wall 

surface and causes the microbe to grow in serpentine cords. In this organism, the cord factor 

has been implicated in virulence, wherein the presence of cord factor is related to the ability 

of the organism to protect itself against macrophages and to induce delayed-type 

hypersensitivity (Saita et al., 2000; Asselineau and Laneelle, 1998). 

Trehalose lipids are produced during growth on hydrocarbons, including alkanes or 

vegetable oils such as sunflower oil. Yields for trehalose lipids range from 2 to 40 g/ L. 

somewhat less than yields reported for other glycolipids (Choi et al., 1999; Vollbrecht et al., 

1999; Espuny et al., 1996; Espuny et al., 1995; Uchida et al., 1989a; Uchida et al., 1989b; 

Ishigami et al., 1987a; Ristau and Wagner, 1983). Yield is dictated by the carbon source used 

for growth, nutrient availability, the method of production, and the microbial isolate used for 

production. For example, the highest yield reported (40 g/L) was obtained using 
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Figure 5. Structure of trehalose lipids produced by species of Rhodococcus (now 
separated into Gordona and Tsukamurella), Mycobacterium, Arthrobacter, 
Nocardia, Brevibacterium, and Corynebacterium. Nonionic trehalose 
monomycolate (Kretschmer et aL, 1982) and dimycolate also known as cord 
factor (Rapp et al., 1979), and anionic trehalose tetraester (Ristau and 
Wagner, 1983). 
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Rhodococcus sp. strain SD-74 with n-hexadecane as a carbon source in ajar fermentor. The 

following seven parameters were optimized in this system; hexadecane concentration, ionic 

strength, phosphorous concentration and form, nitrogen concentration and form, metal ion 

concentration (e.g. iron), temperature, and aeration (Uchida et aL, 1989a; Uchida et aL, 

1989b; Ishigami et al., 1987a). Increased yields are still needed to make trehalose lipids 

economically competitive with synthetic surfactants. However, trehalose lipids have potential 

for a variety of applications under a wide array of conditions. For instance Tsiikamiirellasp. 

26A produces trehalose lipids with good emulsification activity, and this biosurfactant is 

stable over a wide pH and temperature range (Choi et aL, 1999). 

Sophorolipids 

Sophorolipids were first isolated from the yeast Torulopsis mangnoliae (Gorin et al., 

1961). Since then the taxonomical classification of Torulopsis has changed and several 

Torulopsis species now belong to the genus Candida, including T. bombicola, T. magnoliae, 

T. apicola, and T. gropengiesseri. Other species of Candida known to produce sophorose 

lipids include C. apicola, C. magnolia, and T. petrophilum (Hommeland Huse, 1993; Cooper 

and Paddock, 1984; Cutler and Light, 1979). The chemical structure of sophorolipid is a 

sophorose sugar dimer linked to one of several fatty acids (Figure 6). The molecular weight 

of sophorolipids ranges between 460 and 705. Sophorolipids can reduce surface tension to 

less than 33 mN/m and interfacial tension between hexadecane and water fi-om 40 to less than 

1 mN/m (Desai and Banat, 1997; Zhou and Kosaric, 1995). In contrast, they are generally 

poor emulsifying agents (Cooper and Paddock, 1984). 
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Figure 6. Structure of sophorose lipids produced by Candida sp. (Itoh and Inoue, 
1982). 
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Growth conditions including: pH, temperature, resting cells versus growing cells 

(Gobbert et al., 1984), substrate(s), and method of cultivation (batch vs. fed-batch), have 

been optimized for production ofsophorolipids by Candida bombicola (Lee and Kim, 1993). 

As a result, yields of up to 250-300 g sophorol^id/L have been achieved (Davila et aL, 1997). 

In general, the highest sophorolipid yields were obtained by fermentation using a continuous 

feed of a substrate combination containing a carbohydrate (glucose) and a lipid (rapeseed 

ester rich in C18:l and C18:0 fatty acids) (Davila et al., 1997; Davila et al., 1994). Other 

carbon sources have been investigated such as glucose, lactose, sucrose (KJekner et aL, 

1991), canola oil, vegetable oil, deproteinized whey (Daniel et al., 1999), sunflower oil, oleic 

acid, hexadecane, dodecanol with the hydroxyl group in the 1,2,3, or4 position (Brakemeier 

et aL, 1998), and a mixture of the above mentioned. The substrate used dictates the 

composition of the sophorolipid fatty acid moieties as well as the number of sugars (Davila 

et aL, 1997; Davila et al., 1994; Tullochet aL, 1962). Kimand Kim(1992) determined that 

the carbon to nitrogen ratio impacts production yield for C. bombicola. Specifically it was 

shown that nitrogen-limiting conditions are needed for good production. Finally, some sugars 

inhibit the production of sophorose lipids even if a hydrocarbon is present (Hommel and 

Huse, 1993). 

The largest reported yield of sophorolipid is 422 g/L (Daniel et al., 1999). This was 

obtained using a two-stage cultivation method. The first stage used Cryptococcus curvatus 

ATCC 20509 to deproteinize a whey substrate. In the second stage the deproteinized whey 

substrate was inoculated with Candida bombicola ATCC 22214 and fed continuously with 
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rapeseed oil The high yields reported for sophoro lipids make commercial production 

competitive with synthetic surfactants. 

Mannosylerythritol Lipids 

Mannosylerythritol lipids have been reported to be produced by several strains of the 

yeast Candida (Kitamoto et al., 2000; Kim et al., 1999; Kitamoto et aL, 1990a; Kitamoto et 

al., 1990b) and by the smut fungus Ustilago maydis (Spoeckner et aL, 1999). 

Mannosylerythritol lipids are anionic, with a structure that consists of a mannose sugar 

monomer linked to two fatty acids. There are three major forms of mannosylerythritol lipids, 

MEL-A, MEL-B, and MEL-C, that have been reported (Figure 7). The molecular weight of 

this biosurfactant ranges from 577 to 745. 

The mannosylerythritol lipid isolated from Candida sp. SY16 (MEL-B form) reduces 

surface tension to 29 mN/m and reduces interfacial tension against kerosene to 0.1 mN/m 

(Kim et al., 1999). The CMC of this surfactant was 10 mg/L. Reported yields of 

mannosylerythritol lipids from Candida sp. range up to 80 g/L. In this case high 

concentrations of resting cells were used with peanut oil as the carbon source (Kitamoto et 

al., 1992). No nutrients (other than the peanut oil) or buffer were required in this system. 

Growing ceUs have also been reported to produce high levels of mannosylerythritol lipids (30 

to 46 g/L) on a variety carbon sources such as soybean oil (Adamczak and Bednarski, 2000; 

Kitamoto et al., 1990a) safflower, coconut, cottonseed, com, and palm oils (Kitamoto et al., 

1990b), olive oil, triolein, and several long chain alcohols (Kitamoto et aL, 1992). Ustilago 

maydis produces a sur&ctant mixture composed of mannosylerythritol and celiobiose l^ids. 
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Figure 7. Structure of raannosylerythritol lipids produced by Candida and Ustilago 
(Spoeckner et aL, 1999). 
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Carbon and nitrogen source dictates the mixture composition with oil-based substrates 

favoring formation of mannosylerythritol lipids regardless of nitrogen source (ammonia or 

urea). In contrast sugar-based substrates favor production of cellobiose lipids in the presence 

of urea and mannosylerythritol lipids in the presence of ammonia (Spoeckner et aL, 1999). 

Other Glycolipids 

A number of other glycolipids have been characterized. However, information about 

these molecules and their properties is more limited. The fact that numerous different 

glycolipids have been identified illustrates the great structural variety possible in 

biosurfactants. This variety is especially important fi-om the perspective of potential 

biosurfactant applications. 

Several microorganisms have been reported to produce glucose lipids including the 

yeast Candida antaria J-34 (Spoeckner et al., 1999, Kitamoto et al., 1990b), the smut fungus 

Ustilago maydis DSM 4500 and ATCC 14826 (Spoeckner et al., 1999), and the bacteria 

Alcanivorax borkiimensis {Golyshin el al, 1999; Ishigami et al., 1994; Passeri et al., 1992), 

Alcaligenes sp.MMl (Schulzetal., 1991) and sp. MM7 (Porembaet al., 1991). 

Glucose l^ids can reduce surface tension to less than 25 mN/m and interfacial tension against 

hexadecane to less than 5 mN/m (Ishigami et al., 1994). They have been shown to enhance 

the degradation ofthe polychlorinated b^henylmixmre Aroclor 1248 (Golyshin et al, 1999). 

A number of bacteria can produce other glycoUpids either singly or in mixtures. In 

some instances the carbohydrate portion of the molecule can be dictated by the carbon source 

used. In particular, when a resting cell culture is used, it is possible to influence the glycolipid 
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produced (Li et al., 1984). The variety of glycolipids reported include mannose, cellobiose, 

maltose, maitotriose, sucrose, fucose, galactose, and altrose lipids. The producing organisms 

include Arthrobacter sp., Brevibacteria, Corynebacterium, Nocardia, and Rhodococcus 

(Whyte et al., 1999; loneda, 1992; Ha et aL, 1991; Li et aL, 1984; Suzuki et al., 1974). 

Phospholipids, Neutral Lipids and Acidic Lipids 

There are several lip id-containing molecules integral to cell structure that are also 

surface-active and have activities normaUy associated with biosurfactants. These include 

phospholipids, acidic lipids such as fatty acids, and neutral lipids such as triacylglycerol. For 

exanple, Beebe and Umbreit (1971) isolated a mixture of phospholipids and neutral lipids 

from Thiobacillus thiooxidans that was capable of wetting elemental sulfijr. Phospholipid-

rich and LPS-rich vesicles, produced by Acinetobacter sp. HOl-N during growth on 

hexadecane, were shown to function in enhancing the solubility of hexadecane (Kappeli and 

Finnerty, 1979). Similarly, Arthrobacter paraffmeus KY 4303 produces a primary fatty 

alcohol when grown on paraffin, that coats the paraflTm in the medium (Suzuki and Ogawa, 

1972). The surface-active compound producedbyA/ocan^/a erythropolis ATCC 4277 during 

growth on 4% hydrocarbon was determined to be a neutral lipid. This biosurfactant was able 

to reduce surface tension to 34 mN/mand interfacial tension against hexadecane to less than 

1.0 mN/m (MacDonald et aL, 1981; Margaritis et al., 1979). 

One acidic lipid that is not integral to the cell structure is spiculisporic acid, a 

tricarboxylic acid produced by Penicillium (Figure 8). Spiculisporic acid is produced during 

growth on glucose and yields of up to 110 g/L have been achieved (Ishigami et al., 2000). 
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While the surface activity of spiculisporic acid is low, derivatives of this molecule have good 

surface activity. For example, a disubstituted n-hexylamine salt o f the S-form reduced surface 

tension to 27 mN/m (Ishigami et aL, 1987b). 

Lipoproteins 

Lipoproteins, also referred to as lipopeptides, have a hydrophilic protein moiety 

attached to a hydrophobic fetty acid. The protein moiety can be neutral or anionic and the 

amino acids are arranged in a cyclic structure. As a group, the lipoprotein biosurfectants are 

perhaps best known for their antibiotic activities. For example, gramicidin S is produced by 

Bacillus brevis (Marahiel et al., 1977) and the po lymyxins are produced by Bacillus polmyxa 

(Suzuki et al., 1965). Both are cyclic lipopeptide antibiotics that have notable surface 

activity. The best characterized lipoproteins are those produced by Bacillus sp. including 

surfactin, iturin, fengycin, and lichenysin. These have molecular weights ranging from 1000 

to 1500. 

Surfactin, Fengycin, and Iturin 

Surfactin is produced by Bacillus subtilis. The peptide sequence of surfactin's seven 

amino acids and P-hydroxy fatty acid were first characterized by Kakinuma et al. (1969a; 

1969b) and since then several isoforms have been detected and described. These isoforms 

vary in the composition of the anionic heptapeptide as well as the length and branching o f the 

fatty acid tail (Kowall et al., 1998; Bonmatin et al., 1995) (Figure 9). In many cases, the 

biosurfactant produced by 5. subtilis is a mixture composed o f surfactin and t\\'0 other similar 

lipoproteins, iturin and fengycin (Jacques et al., 1999; Peypoux et al., 1999). Iturin differs 
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Figure 9. Structure of the lipopeptides surfactin, iturin, fengycin (produced by Bacillus 
subtilis), and lichenysin (produced by Bacillus licheniformis) (Jenny et aL, 
1990). Surfactin and lichenysin are the best characterized of these surfactants. 
Both the fetty acid and peptide moieties can vary in structure. For exan^jle, 
for lichenysin, the amino acids shown in bold can be either Gin or Glu (amino 
acid 1), Asn or Asp (amino acid 5), He or Leu (amino acid 7). 
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from surfactin in that an amino fatty acid is attached to the heptapeptide (Besson and Michel, 

1992). Fengycin diflfers in that the (J-hydroxy fetty acid is attached to a peptide containing 

ten rather than seven amino acids (Steller et al., 1999). Like surfactin, there are isoforms of 

iturin and fengycin that vary in the amino acid composition of the peptide ring and in the 

length and composition of the fetty acid moiety (Figure 9). 

Surfactin is a highly surface active molecule. It can reduce surface tension to 27 

mN/m and interfacial tension against hexadecane to 0.1 mN/m (Cooper and Goldenberg, 

1987; Cooper et al, 1981; Arimaet al., 1968). The reported CMC for surfactin is 10 mg^L, 

and the reported CMC values for iturin and fengycin are 20 and 11 mg/L respectively (Deleu 

et aL, 1999). Efforts have been made to produce lipoproteins in high amounts for commercial 

use. The normal yield of lipoprotein is 0.1 to 0.4 mg/L. Cooper et al. (1981) reported a 

doubling of surfactin yield to 0.8 g/L from B. subtilis strain ATCC 21332 using glucose as 

a carbon source. A fermentor was used for growth and the surfactant was harvested 

continuously from the fermentor as a foam. Mulligan et al. (1989a) were able to increase 

surfactin yield to 1.1 g/L using a mutant B. subtilis strain. Iron enrichment was used to 

enhance surfactin production to 3.5 g/L (Wei and Chu, 1998). However, the highest reported 

yield, 7 g/L, was obtained under oxygen limiting conditions (Kim et al., 1997). Surfactin has 

also been produced on unconventional carbon sources such as potato waste (Thompson et 

al., 2000) and under extreme conditions. B. subtilis is able to produce surfactin at 45°C, 

under a wide range of pH (4.5 -10.5) and at salt concentrations as high as 4% NaCl (Makkar 

andCameotra, 1999). 
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Surfactin biosynthesis and regulation have been recently reviewed (Sullivan, 1998, 

Peypoux et al., 1999). Thus far, three proteins have been identified as necessary for surfactin 

synthesis. One protein is surfactin synthetase, a complex multifunctional protein that is 

encoded by the srfA operon. The srfA operon contains four open reading fi-ames, ORFl 

{srfA-A), 0RP2 {srfA-B), 0RP3 {srf A-Q, and 0RF4 (srfA-D). These open reading fiiames 

encode the four subunits of surfactin synthetase, Ej^, £,3, E^, and a thioesterase thought to 

be involved in the lactonization of the molecule (Figure 10). Subunits E,a, Eig, and Ej are 

responsible for addition of surfectin's seven amino acids to the P-hydroxy fatty acid 

(Menkhaus et al., 1993). Ei^ and EjQare multifiinctional subunits that each add three amino 

acids to the P-hydroxy-acyl-peptide. Ej adds the seventh amino acid. The second protein 

required for surfectin synthesis is the acyl transferase responsible for the initial transfer of the 

P-hydroxy fatty acid to surfactin synthetase. The gene encoding the acyl transferase has not 

yet been characterized. The third protein required is S^, a phosphopantetheinyl transferase 

that is required to activate the surfactin synthetase by post-translational modification. The 

gene encoding Sfp is located several kilobases downstream of the srfA operon. 

The synthesis of surfectin is under the regulation of the com operon, an operon 

required for development of competence of Bacillus (Figure 11). This is because the comS 

gene which is needed for competence is embedded in the srfA operon. Therefore, in a 

quorum sensing sj'stem similar to that described for rhamnolipid, a signal peptide, ComX, 

accumulates at high cell density and is responsible for initiating transcription of the srfA 

operon. Specifically, ComX interacts with a membrane bound protein, ComP. Com? then 
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Figure 10. The surfactin biosynthetic pathway. Anacyl transferase (Ej) activates and 
delivers P-hydroxy fetty acid to the surfactin synthetase complex. This 
complex is encoded for on the srfA operon which contains four open reading 
frames {srfA-A, srfA-B, srf A-C, and srfA-D). SrfA-A is a multifunctional 
subunit of surfactin synthetase that adds the first three amino acid residues. 
SrfA-B is a multifunctional subunit that adds the next three amino acid 
residues, SrfA-C (Ej) adds the final amino acid and SrfA-D is a thioesterase 
involved in the lactonization of the molecule (Menkhaus et al., 1993). 
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Figure 11. Regulation of surfactin synthesis is controlled by two quorum sensing signal 
peptides, ComX and CSF (competence stimulating factor). ComX interacts 
with a membrane bound protein, ComP, which phosphorylates ComA. 
ComA-P binds to the promoter of^r/^ and initiates transcription. CSF is the 
product ofphrC and is activated as it is excreted through the cell wail. At 
low concentrations of CSF expression of srfA is stimulated because the 
phosphatase R^C is prevented from interacting with ComA-P (ComA-P -
ComA). This results in inaeased expression of srfA (Lazazzera et aL, 1999). 
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phosphorylates ComA, and ComA-P binds to the promotor of^^. There is a second signal 

peptide, competence stimulating factor (CSF), that also influences srfA expression. CSF is 

the product of phrC and it is processed into the active form of CSF as it is excreted through 

the cell wall (Lazazzera et al., 1999). At low concentrations of CSF, such as the 

concentration present in mid-exponential phase (2 to 5 nM), CSF acts to stimulate expression 

oisrfA. CSF stimulates srfA by preventing the phosphatase RapC from interacting ComA-P 

(ComA-P - ComA). At stationary phase levels of CSF (approaching 100 nM), expression 

of 5^ is inhibited. Currently the mechanism of inhibition is unknown. 

Biosynthesis of fengycin is similar to surfactin. In this case the operon responsible for 

synthesis of the peptide portion of the molecule is the pps or fen operon. There are five 

multifiinctional peptide synthetases associated with fengycin (Stelleret al., 1999). The/en/, 

fen2, and fenS genes encode for 3 proteins of similar size (fengycin synthetase) that activate 

the first six amino acids of fengycin. The fen4 gene encodes a multifunctional enzyme that 

activates three additional amino acid residues. The fen5 gene product activates the fmal 

amino acid, isoleucine, and is also involved with lactonization of the peptide. 

Lichenysin 

Lichenysin is a lipopeptide produced by Bacillus licheniformis that is very similar in 

structure and properties to surfactin (Figure 9). As described for surfactin, the peptide and 

the P-hydroxy fatty acid moieties are variable depending on growth conditions and the 

producing isolate (Konz et aL, 1999; Yakimov et aL, 1996; Yakimov et aL, 1995; Lin et aL, 

1994; Jenny et al., 1990; Mclnemey et al., 1990). Lichenysin, depending on the isoform 
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tested, can reduce surface tension to 27 mN/m and interfacial tension against hexadecane to 

0.36 mN/m in a 4% salt solution (Horowitz et al., 1990). The reported CMC values are as 

low as 10 mg/L (Horowitz et al., 1990). Lichenysin is produced under both aerobic and 

anaerobic conditions during growth on a glucose medium containing 0.1% yeast extract and 

0.1% sodium nitrate (Javaheri et al., 1985). 

The biosynthesis of lichenysin is similar to that discussed earlier for surfactin and 

fengycin (Konz et aL, 1999). The lichenysin operon is 26.6 kb and contains three open 

reading frames /icA and /icB (both mukiflinctional subunits), and /icC. All three open 

reading frames encode peptide synthetases. The licTE gene encodes a thioesterase that is 

homologous to the srfA-D gene. 

Other Lipoproteins 

A surfactin-like lipoprotein with high hemolytic activity is produced by Bacillus 

pumilus, an organism associated with marine sponges (Prokofeva et al., 1999). This 

lipoprotein is called bacircine. In addition, there are a number of lipoproteins similar to those 

shown in Figure 9 that are produced by genera other than Bacillus. These are summarized 

in Table 1. 

Polymeric Biosurfactants 

The polymeric biosurfactants are characterized by their high molecular weight which 

ranges from 50,000 to greater than 1,000,000. These polymers can be carbohydrate- or 

protein-based and in addition usually contain lipids. In some cases the polymer may be a 

mixture of carbohydrate, protein, and lipid. These compounds, noted for their emulsification 



Table 1. Lipoproteins produced by genera other than Bacillus. 

Producing organism Lipoprotein Remarks Reference 

Actinoplanes friuliensis 
sp. 

friulimicin 
P-hydroxy-decenoyl-Asn-Dab'-Pip^-Me-Asp-Asp-Gly-
Asp-Gly-Dab-Val-Pro-lactone 

antibiotic Vdrtesy et al., 2000 

Arthrobacter arthrofactin 
3-hydroxydecanoyl-D-Leu-D-Asp-D-Thr-D-Leu-D-
Leu-D-Ser-L-Leu-D-Ser-L-Ile-L-Ile-L-Asp-lactone 

S.T, = 24 mN/m Morikawa et al., 1993 

Pseudomonas fluorescens viscosinamide or viscosin 
P-hydroxy-decanoyl-L-Leu-D-Gln-D-Allo-Thr-D-Val-
L-Leu-D-Ser-L-Lcu-D-Ser-L-IIe-lactone 

cell associated 
S.T. = 25 mN/m 
CMC = 4 mg/L in 
phosphate buffer 

Nielsen et al,, 1999; 
Laycock et al., 1991; 
Hildebrand et al., 1998 

Pseudomonas fluorescens tensin 
p-hydroxy-decanoyl-D-Leu-D-Asp-D-Allo-Thr-D-Leu-
D-Leu-D-Ser-L-Leu-D-Gln-L-Leu-L-Ile-L-Glu-lactone 

Henriksen et al., 2000 

Pseudomonas syringae syringomycin, nine amino acid residues phytotoxin Fogliano et al., 1999 

syringopeptin, 22 to 25 amino acid residues phylotoxin Fogliano et al., 1999 

Serratia marcescens 

Serratia rubidaea 

serrawettin 

rubiwettin 

Nakagawa and 
Matsuyama, 1993 
Nakagawa and 
Matsuyama, 1993 

' diaminobutyric acid 
^ pipecolinic acid 
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abilities, are produced by a number of bacteria, Archea, and yeast. Of great interest 

commercially is the fact that each polymeric biosurfactant has different hydrocarbon 

specificity with respect to degree of emulsification. In general the polymeric biosurfactants 

do not lower surface or interfacial tension significantly (Rosenberg et al., 1979). These 

polymers are quite heterogeneous and therefore have been difficult to categorize as precisely 

as the low molecular weight biosurfactants. 

Emulsan 

The best characterized of the polymeric biosurfactants is emulsan, produced by 

Acinetobacier calcoaceticus RAGl. The structure of emulsan is a heteropolysaccharide 

linked to fatty acids through o-ester and amide bonds. The fetty acid component comprises 

15% (dry weight) of the polymer with average lipid molecular weight of 231. Three major 

sugars have been identified; A/-acetyl-D-gaIactosamine (-20 to 30% dry weight of polymer), 

iV-acetylgalactosamine uronic acid (-33% dry weight of polymer), and diamino 

deoxyhexosamine (-5% dry weight of polymer) (Sullivan, 1998; Zuckerberg et al., 1979). 

There is also a protein associated with this polymer that is required for emulsification activity. 

•A. number of other Acinetobacier sp. produce polymers similar to emulsan that also require 

a separate protein component for emulsification activity. These include Acinetobacier 

calcoaceticus MM5 (Marin et al., 1996) and BD4 (Kaplan and Rosenberg, 1987). 

Emulsan is an effective emulsifier at concentrations of 0.001 to 0.01%, It initially 

accumulates on the cell surfece as a capsule and then is released as the cells enter stationary 

phase. It emulsifies petroleum-like hydrocarbon mixtures best, showing little activity toward 
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pure alkane, aromatic, or alicyclic compounds (Ron and Rosenberg, 2001). All of these 

emulsifiers act to coat hydrocarbon droplets in solution thereby stabilizing the oil-in-water 

emulsion. It is thought that the protein component associated with the polymer is required 

for mediating the initial association of the polymer with hydrocarbon droplets. Emulsan can 

reduce surface tension to 52 mN/m (Persson et al., 1988). Emulsan is commercially available 

from the Petroferm Company, U.S. (Shepherd et al., 1995 ). 

The biosynthesis and regulation of emulsan has been recently reviewed by Sullivan 

(1998). Thus far two enzymes, an esterase and a lipase, have been identified as having a role 

in emulsan production. However, loss of their activity does not completely inhibit emulsan 

production. The esterase is an outer membrane-bound esterase encoded by the est gene, and 

is thought to have a role in release emulsan from the surface of the cell (Alon and Gumick, 

1993 ). The lipase is encoded by the lip operon and is involved in addition of fatty acids to 

emulsan. Specifically, a mutant in the lipase chaperone gene {lipB) was found to be defective 

in lipase activity. This mutant produces an emulsan that has a lower fatty acid content and 

reduced emulsification activity (Sullivan et al., 1999; Alon and Gutnick, 1993). 

Other Polymeric Biosurfactants 

There are quite a number of other microorganisms that have been identified as 

polymeric biosurfactant producers (Table 2). These are of interest because they differ 

substantially from emulsan in their ability and specificity for emulsifying hydrocarbons. So me 

of these microorganisms come from extreme environments and their associated emulsifiers 

have activity under a broad range of pH, temperature, and salt conditions. Finally, some of 



Table 2. Polymeric biosurfactants from representative microorganisms 

Producing organism Biosurfactant Remarks References 

Acinetobacter 
radioresistens KA-53 

Alasan anionic, MW = 9 x 10', complex 
polysaccharide covalently bound to alanine, 
emusification ability is activated by heat 
treatment, emulsifiesn-alkanes and aromatics 
separately 

Navon-Venezia et al., 
1998; 
Navon-Venezia et al., 
1995 

Acinetobacter calcoaceticus 
A2 

Biodispersan anionic, M W = 51,400, contains glucosamine, 
6-methylaminohexose, galactosamine uronic 
acid, an amino sugar 

Rosenberg et al., 1988a; 
Rosenberg et al., 1988b 

Bacillus stearothermophilus 
VR-8 

N.D. contains protein (46%), carbohydrate (16%), 
and lipid (10%), emulsifies over wide pH, salt, 
and temperature range 

Gurjar et al., 1995 

Candida albicans N.D. contains 26% carbohydrate and 1 % protein, 
minimum surface tension = 51 mN/m, 
increased yeast cell adherence to human 
intestinal epithelial cells and decreased 
adherence to buccal epithelial cells. 

Klotz, 1988 

Candida iipolytica ATCC 
8662/IA 1055 

Liposan 83% sugar (glucose, galactose, galactosamine, 
galacturonic acid) and 17% protein, emulsifies 
between pH 2-5. 

Sarubbo et al., 1999 
Cirigliano et al., 1985; 
Cirigliano et al., 1984 

Halomonas S-30 EPS Salt tolerant, contains 41% carbohydrate, 5% 
protein, and 9% uronic acids 

Bouchotroch et al., 2000 



Table 2. Continued: Polymeric biosurfactants from representative microorganisms 

Producing organism Biosurfactant Remarks References 

Melhanobacterium 
thermoautotrophicum 

N.D. Emulsifies over wide pH and temperature range Trebbau de Acevedo and 
Mclnemey, 1996 

Phormidium J-1 emulcyan Cyanobacterium, MW > 1 x 10', polymer of 
sugar, protein, and lipid 

Fattom and Shilo, 1985 

Pseudomonas fluorescens 
378 

protein/ 
carbohydrate 

MW = 1 X 10^ CMC = 8 mg/L in 0.9% NaCl 
minimum surface tension = 30 mN/m 
interfacial tension against hexadecane = 0.7 
mN/m 

Persson et al., 1988 

Pseudomonas maltophila 
CSV89 

Biosur-Pm contains 45-50% protein and 12-15% 
carbohydrate, minimum surface tension = 53 
mN/m, CMC = 50 mg/L, demonstrates 
substrate specificity for 1-naphthaldehyde 

Phale et al., 1995 

Pseudomonas marginalis PM factor MW > 10^, contains protein, LPS, and 
phosphlipid (60-80% protein, 20-30% lipid, 3-
7% polysaccharide) 

Burd and Ward, 1996 

Saccharomyces cerevisiae Mannoprotein 44% mannose and 17% protein, emulsifies over 
broad range of pH, produced in high yield (8% 
of wet weight) 

Cameron et al., 1988 

N.D. = not determined 



46 

these microorganisms, e.g. Saccharomyces cerevesiae, are already used in the food industry 

and presumably emulsifiers from such organisms would have wide application in the food 

industry. 

SCREENING FOR SURFACTANT AND EMULSIFICATION ACTIVITIES 

Biosurfactants have a wide range of physical and chemical properties and there is little 

homology in the genes encoding various types of surfactants. Therefore, normal biochemical 

or molecular screening techniques are of little use. This has led to the development of several 

screening assays based upon either reduction of surface or interfacial tension or on 

emulsification ability. 

Screening for Surface or Interfadal Tension Reduction 

Drop-Coilapse Test 

A. qualitative drop-collapse test was first developed by Jain et al. (1991) and later 

modified so that it can be either qualitative or quantitative by Bodour and Miller-Maier, 

(1998). In the test, a 5 |J.L droplet of culture is added to an oil-coated surface. If the droplet 

remains beaded, the sample contains no biosurfactant; if the drop collapses, the sample 

contains biosurfactant. The use of mineral oil as the coating oil allows this assay to be 

quantitative as long as a reference sample of the surfactant is available. A standard curve is 

constructed by measuring the diameter of a series of droplets containing known 

concentrations of the surfactant using 15X magnification. The advantages of this test are that 

it is rapid, requires very little sample, and uses no specialized equipment. Further, it can be 

used to give qualitative information. 
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Tilted Glass Slide 

A qualitative tilted glass slide technique was used to screen Pseudomonas and 

Vibrionaceae sp. for surfactant production (Persson and Molin, 1987). In this test, the 

organism is first grown on agar plates. A colony is mixed with a droplet of 0.9% (w/v) NaCl 

on one end of a glass slide and the glass slide is tilted. Ifa biosurfactant is present, the droplet 

will travel down the slide when tilted. If the droplet remains motionless, the sample has no 

detectable biosurfectant. This test has the advantages that it is rapid, simple, and requires no 

specialized equipment. A potential disadvantage o f this method is that in some cases an agar-

grown colony can produce false negative results. 

Hemolysis of Red Blood Ceils 

Some biosurfactants are known for their ability to lyse red blood ce lis (RBC) including 

the l^oproleins and some of the glycolipids (e.g., Bemheimer and Avagad, 1970). Singer 

(1985) used this ability as the basis for a qualitative screening test for such biosurfactants. 

Commercial blood agar plates were used to screen a number of known biosurfactant 

producers as well as non-producing isolates. Results were evaluated in terms of whether 

zones of hemolysis formed around colonies on the bbod agar plates. In this study, zones of 

hemolysis were observed only with isolates that produced surfactants. While this screening 

assay is simple to perform, the author notes that its use is limited to screening for 

microorganisms that produced water-soluble, difiusible, low molecular weight biosurfaaants 

during growth on a complex mediuni (blood agar). 
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Axisymmetric Drop Shape Analysis by Profile 

A modified axisymmetric drop shape analysis by profile (ADS A-P) technique was used 

by van der Vegt et al. (1991) used to assess cell-associated biosurfactant production by 

eleven Streptococcus strains. Of these eleven isolates, two were pwsitive controls known to 

produce cell-associated surfactant, and two were negative controls that did not produce 

surfactant. Each isolate was grown overnight, harvested, and washed twice with potassium 

phosphate buffer. The cells were resuspended in buffer to a final concentration of 5 x 10" 

cells/ml. A 100 p,L droplet of the resuspended cells were placed on a teflon surface and the 

shape of the drop surface was digitized using ADSA-P for a two hour period. ADSA-P is a 

program that was developed to determine interfacial tension and contact angles from droplet 

profiles (Rotenberget al., 1983). Noordmans and Busscher( 1991) modified input and output 

terms of ADSA-P to incorporate parameters such as density, gravity, and magnification 

factors (input terms) and surface tension, contact angle and droplet volume (output terms). 

The results showed that the ADSA-P analysis predicted that the two positive controls 

were surfactant producers and the two negative controls were not. Of the remaining seven 

isolates, three were pxisitive for cell-associated surfactant production according to the ADSA-

P analysis. This technique can accurately predict surfactant production and most likely could 

be used to evaluate extracellular biosurfactant production as well. The disadvantage of this 

technique is that it requires video monitoring equipment that is interfaced with the ADSA-P 

program that is not routinely available in most labs. 
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Colorimetric Assay 

A colorimetric plate assay has been developed that is specific for anionic 

biosurfectants (Siegmund and Wagner 1991). This technique was originally developed to 

screen for rhamnolipids but can be used to screen for any low molecular weight anionic 

biosurfactanl. Mineral salts agar plates containing a carbon source (2.0%) and 

cetyltrimethylammonium bromide (CTAB)-methylene blue are prepared. Carbon sources 

that have been tested include glucose, mannitol, glycerol, peptone, succinate, and citrate. As 

the biosurfactant is produced it forms complexes with the CTAB-methylene blue. As a result, 

any colony that produces biosur&ctant develops a dark blue halo. 

Screening for Emulsification Activity 

Emulsion Index 

Cooper and Goldenberg (1987) developed a simple technique to screen for 

emulsification activity based on the emulsion index (tj. This index is obtained by adding 

a culture to kerosene in a 1:2/3 (vol/vol) ratio. The solution is vortexed for 2 minutes and 

allowed to stand. After 24 hours the height of the emulsion (the layer between the aqueous 

and kerosene layers) is measured and used to calculate the emulsion index (E,J using the 

following equation: 

. . _ , height of emulsion layer 
Emulsion index (E24) = . ̂  . x 100 

^ ' total height 
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Emulsification ability can be expressed as an emulsion index but is also often expressed as 

activity units. For example, Trebbau de Acevedo and Mclnemey (1996) expressed 

emulsifying activity as U/ntig where one unit of emulsifying activity was defined as the amount 

of emulsifer that gave an emulsification index of 20. 

Turbidity Assay 

An emulsification assay based on turbidity measurement was reported by Rosenberg 

et al. (Rosenberg et al., 1979) and modified by Neu and Poralla (1990). A 10-mL sample of 

the culture is filtered and the filtrate dried. The dry filtrate is added to 1.5 mL TRIS-Mg 

buffer and the optical density (OD) measured at 446 nnx Hydrocarbon (0.2 ml) is added, the 

sample is vortexed for 2 minutes, allowed to stand for 10 minutes, and the OD is measured 

again. The emulsification activity is the diflFerence between the initial and final OD reading. 

It is difficult to compare emulsification activities reported in the literature since because 

emulsifiers show selectivity, a standard hydrocarbon is not used. Therefore, it is important 

that both negative and positive controls be performed with this assay. As an example, the 

reported emulsification value foremulsanis 1.58 forcomoil(Shepherdetal., 1995 ). In this 

study, negative controls had values of approximately 0.1. 

INDUSTRIAL AiND BIOTECHNOLOGY APPUCATIONS 

Some biosurfactants, e.g., rhamnolipid, sophorolipid, and spiculosporic acid can be 

commercially produced at levels exceeding 100 g/L (Ishigami et al., 2(K)0; Lang and 

Wullbrandt, 1999; Rau et aL, 1996). At this level, the cost of producing biosurfactants 

becomes competitive with the co st o f producing synthetic surfactants. As the production cost 
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becomes competitive and as the commercial availability of biosurfactants increases, one can 

expect the commercial use of biosurfactants to grow. Important to note is that only two 

biosurfactants have been studied extensively. However, the analytical and molecular tools 

now available make the tasks of identifying new biosurfactants. and understanding how and 

why biosurfectants are produced, more feasible and rapid. The following sections explore 

various uses of biosurfectants that have been proposed in the scientific literature. 

Bioremediation 

Bioremediation is the use of microrganisms and/or plants to aid in the cleanup of sites 

contaminated with organics, metals, or in some cases with a mixture of these two types of 

contaminants. According to a recent National Research Council report (1994), the estimated 

cleanup cost for the United States alone exceeds SI trillion. As a result, interest in cleanup 

alternatives such as bioremediation is increasing. Surfactants, both synthetic and biological, 

have been explored for their bioremediation potential, and show promise for application to 

sites impacted by both organic and metal contaminants. Biosurfactants have several potential 

advantages over synthetic surfactants for bioremediation applications. These advantages 

include low toxicity, better specificity for some applications, and the potential for in situ 

production of biosurfactants. 

Biodegradation of Organics 

There is an extensive body of literature documenting the effects of biosurfactants on 

biodegradation of hydrocarbons, both aliphatic and aromatic. The majority of research has 

involved glycolipids. Glycolipids can enhance solubility and biodegradation of a variety of 
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alkanes including hexadecane, octadecane, lubricating oil waste, and n-paraffins, as well as 

phenanthrene in solution or pure culture (Page et aL, 1999; Arino et aL, 1998; Kanga et aL, 

1997; Zhang et al., 1997; Mercade et al., 1996; Churchill et al., 1995; Shreve et aL, 1995; 

Zhang and Miller, 1995; Zhang and Miller, 1994; Zhang and Miller, 1992; Itoh and Inoue, 

1982; Itoh and Suzuki, 1972;HisatsukaetaL, 1971). Further, glycolipids have been shown 

to enhance degradation in soil systems containing hexadecane (Herman et al., 1997a; Herman 

et al., 1997b; Jain et al., 1992), tetradecane (Jain et al., 1992), pristane (Jain et al., 1992), 

creosote (Providenti et al., 1995), a hydrocarbon mixture (Oberbremer et aL, 1990), crude 

oil(IvshinaetaL, 1998), chlorinated phenols (Finnerty, 1992), and polychlorinatedbiphenyls 

(Golyshin et al., 1999; Fiebig et aL, 1997). Polymeric biosurfactants have also been tested. 

Alasan (Barkay et al., 1999) and the emulsifier produced by Acinetobacter calcoaceiicus 

MM5 (Marin et aL, 1995), have been shown to enhance solubilization and biodegradation of 

polyaromatic hydrocarbons. The rate ofheptadecane uptake was increased by an unidentified 

emulsifier produced by Pseudomonas nautica (Bonin and Bertrand, 1999). 

While the success of biosurfactants is clearly documented, there are also reports 

involving both pure culture and soil systems which suggest that the addition of biosurfactant 

can inhibit biodegradation. Whether biodegradation is enhanced or inhibited in pure culmre 

seems to be dependent on the degrading genus, wherein the biosurfactant-producing genus 

is more likely to be stimulated than other genera (Hisatsuka et aL, 1971). However, even 

biosurfactant-producing strains vaiy in their response to biosurfactant addition (Herman et 

aL, 1997a; Zhang and Miller, 1994). For soils, it is unclear why biosurfactants cause 
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inhibition although recent findings suggest that biosurfactants can serve as a preferred carbon 

source ( Maslin and Maier, 2000; Vipuianandan and Ren, 2000; Bregnard et aL, 1998). 

Both low and high molecular weight biosurfactants enhance biodegradation. The 

mechanism of enhancement depends on the surfactant concentration. At high concentration 

(> CMQ low molecular weight biosurfactants increase the aqueous solubility of a 

contaminant by either incorporating the contaminant into a micelle (Figure 1) and increasing 

the apparent solubility of the contaminant, or by increasing the rate of desorption of the 

contaminant from soil surfeces (Miller, 1995; Shreve et al., 1995). High molecular weight 

biosurfactants similarly increase contaminant availability but they do so by increasing available 

surface area through emulsification. At low concentrations (< CMC) low molecular weight 

biosurfectants induce alterations in cell surface properties to allow better contact between the 

cell and the contaminant (Al-Tahhan et al., 2000; Herman et aL, 1997a; Zhang, and Miller, 

1992). A recent study examined the interaction of the low molecular weight biosurfactant, 

rhamnol^id, with degrading cells. Results showed that rhamnolipid caused a loss of 

lipopolysaccharide (LPS) an important hydrophilic component of the Gram-negative cell 

surface (Al-Tahhan et al., 2000). Loss of LPS resulted in an increase in cell hydrophobicity 

which in turn increased the interaction of the cell with the hydrocarbon, and ultimately 

increased the biodegradation rate. Since cell surface changes occur at very low surfactant 

concentrations there are several reasons that taking advantage of this phenomenon may be 

very desirable for hydrocarbon bioremediation. First, because rhamnolipids are 

biodegradable, they can serve as a preferred carbon source in a mixed population. In this 
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case, additionofhigh amounts ofrhamnolipid will suppressdegradationofhydrocarbonsuntil 

a substantial portion of the rhamno lipid is degraded. Second, sub-CMC levels of rhamno lipid 

will not cause mobilization of hydrocarbons which can result in undesirable spreading of a 

contaminant plume (Herman et al., 1997b). Third, in situ production ofsub-CMC levels of 

biosurfactant may be achievable (whereas it is unlikely that super-CMC levels can be 

produced in situ). Finally, if the biosurfactant is exogenously added to a contaminated site, 

it will be more economical to add sub-CMC levels. 

Biodegradation of Organics in Metal-Organic Co-contaminated Systems 

It is estimated that 40% of sites contaminated with organics are also contaminated 

with metals (Sandrin et al., 2000). The presence of toxic metals such as lead, cadmium, or 

arsenic, can cause inhibition of biodegradation of organic compounds (Baath, 1989; Hughes 

and Poole, 1989; Duxbury, 1981). Rhamnolipids have been demonstrated to enhance 

hydrocarbon degradation in systems co-contaminated with organics and toxic metals. This 

has been shown both in pure culture with cadmium and naphthalene (Sandrin et al., 2000) and 

in two soils amended with cadmium and phenanthrene (Maslin and Maier, 20(X)). In the soil 

tests, it was found that rhamnolipid biodegradation occurred over 8 to 12 days. Therefore, 

rhamnolipid was added in several pulses to each soil such that phenanthrene biodegradation 

in the cadmium-containing microcosms reached levels similar to the microcosms that 

contained no cadmium. 

Biosurfactants as a Flushing Agent - Organics 

Biosurfactants have been studied for their potential as soil washing or flushing 
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additives for organics. In some instances, where biodegradation processes are too slow or 

infeasible, it may be necessary to remove organics from soil using ex situ soil washing or in 

situ soil flushing, also known as pump and treat. This pertains to two types of organic 

compounds; nonaqueous phase liquids (NAPL) (e.g., petroleum or chlorinated solvents), and 

so lid phase organics (e.g., polyaromatic hydrocarbons (PAH)). In both cases the low aqueous 

solubility of the organic constrains removal by water alone. Additives that enhance organic 

solubility have been examined including the use of surfactants. 

For NAPL, addition of a surfactant to a flushing solution can enhance flushing 

efficiency by either mobilization ofNAPL which results from a decrease in interfacial tension 

between the NAPL and the surfactant solution, or by an increase in solubilization of the 

NAPL. Thus to be effective, a surfactant must have a good solubilization capacity and/or be 

able to reduce interfacial tension. Rhamnoiipid has been shown to have a solubilization 

capacity (expressed as a molar solubilization ratio, MSR) for the model NAPL hexadecane 

that is 20 times greater than the MSR for hexadecane- alkyl benzyl sulfonate (Thangamani 

and Shreve, 1994). In studies examining the use of rhamnoiipid for removal of residual 

hexadecane from soil, it was shown that rhamnoiipid (20% removal) was more effective than 

either SDS (negligible removal) or Tween 80 (6% removal) (Bai et aL, 1997). This 

experiment compared the surfactants on an equal mass basis (500 mg/L) and for an equal 

number of flushings (100 pore volumes). It was further shown that NAPL removal could be 

optimized by altering pH and ionic strength to achieve a maximum reduction in interfacial 

tension. Thus, in the same system, under conditions of pH 6 and 320 mM sodium. 
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rhamno lipid removed 60% of residual hexadecane in only 2 pore volumes (Bai et aL, 1998). 

A Rhodococcus biosurfactant has also been examined for its efiBcacy in removal of oil from 

sand (Ivshina et al., 1998). Crude biosurfactant extracts from ten different Rhodococcus 

strains were tested with four different oils. Each strain performed slightly differently in terms 

of oil removal with overall removal ranging between 9.8% to 98.0% (in comparison to the 

removal by water alone which ranged between 1.9 and 31.3%). 

Similar promising results are reported for rhamnolipid solubilization of solid phase 

materials. Specifically the rhamnolipid-octadecane MSR (Miller, 1995) was lO-foId higher 

than the MSR for Triton X-114-octadecane and 5-fold higher than the MSR for Corexit 

0600-octadecane (Thai and Maier, 1992). The MSR for rhamnolipid-phenanthrene ranged 

from 1.7 times higher to 2.8 times lower than for 13 different synthetic surfactants that have 

been tested with phenanthrene (Zhang et al., 1997; Tiehm, 1994; Edwards et aL, 1991). In 

a comparison of removal of a hydrocarbon mixture from soil, it was found that rhamnolipid 

performed more effectively than either Triton X-1(XD or Tween 60 for all hydrocarbon 

components. The hydrocarbon mixture contained undecane, pentadecane, hexadecane, 

octadecane, pristane, naphthalene, phenanthrene, and pyrene (Scheibenbogen et al., 1994). 

Rhamnolipid-enhanced removal of phenanthrene (Noordman et aL, 1998; Van Dyke et aL, 

1993), pyrene (Lafrance and Lapointe, 1998), polychlorinated biphenyls, and a variety of 

PAH (Van Dyke et al., 1993) from soil has also been demonstrated. 

Rhamnolipid as a Flushing Agent - Metals 

Sites may be contaminated with metals alone or may be co-contammated with metals 
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and organics. In either case, in some instances it may be necessary to remove the toxic metals 

from the site. There are a variety of agents that have been shown to complex metals. While 

the strength ofthe metal complexation is important, it is also requisite that these materials are 

environmentally compatible. The strength of the complexation is quantified by determining 

stability constants for the metal-organic ligand in question. Table 3 compares the stability 

constants for several different organic ligands that have been proposed for metal remediation. 

While synthetic materials such as nitrilotriacetic acid (NTA), ethylenediamine tetraacetic acid 

(EDTA), and diethylenetiramine pentaacetic acid (DTPA) are extremely effective at metal 

complexation as indicated by their high stability constants, their use in the field is questionable 

because of potential toxicity effects. NTA is a Class II carcinogen (Peters, 1999) and DTPA 

is a potential carcinogen (Sigma Chem. Co., St. Louis, MO). Both EDTA and DTPA are 

toxic as measured by invertebrate toxicity tests (Van Dam et al., 1999; Borgmann and 

Norwood 1995). These effects are suggested to be due to formation of chelates with 

biologically important trace metals such as manganese, iron and zinc. Thus, these materials 

are such effective metal chelates that they remove required as well as toxic metals from the 

soil. A further concern is biodegradability. EDTA is a decontamination agent that was used 

in nuclear facilities and routinely buried with radioactive wastes. EDTA's limited 

biodegradability in the environment is demonstrated by its presence in groundwater near these 

nuclear facilities (Baik and Lee, 1994). These examples illustrate the importance of choosing 

environmentally compatible altematives. 

Sophorolipid is one such alternative. A 4% sophorol^id solution in 0.7% HCl used 



Table 3: Stability constants for various organic ligands with cadmium (Cd) and lead (Pb)'. 

Organic ligand 
Naturally-occurring 

or synthetic 

Stabilitv constants^ 

Cadmium Lead 
DTPA synthetic 19.00 18.66 

EDTA synthetic 16.36 17.88 

NTA synthetic 9.78 11.34 

Rhamnolipid naturally-occurring 6.89 8.58 

Oxalic acid naturally-occurring 2.75 4.00 

Citric acid naturally-occurring 2.73 4.08 

Sodium dodecyl sulfate (SDS) synthetic 1.95 N.D.^ 

Acetic acid naturally-occurring 1.56 2.15 

' From Maier and Sober6n-Chdvez (2000). 

^Stability constants are expressed in log values. All stability constants are from Martell and Smith (1976) except for 
rhamnolipid (Ochoa-Loza et al., 2001) and SDS (Gage and Maier, unpublished data). 

^ N.D. = not determined 

00 
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to remove copper (50%) and zinc (100%) from soil This level of removal was achieved after 

several washings (Mulligan et aL, 1999a). Rhamnolipids have also been tested and show 

selectivity for metals of concern including cadmium, copper, lanthanum, lead, and zinc (Tan 

et al., 1994 Herman et al., 1995 Ochoa-Loza et al., 2001). Rhamnolipid-fecilitated metal 

removal was demonstrated in bench-scale column experiments for both cadmium (Torrens et 

al., 1998) and lanthanum (Gage and Maier, unpublished data). Rhamnol^ids were also used 

to demonstrate removal of zinc and copper from a contaminated soil with a 12.6% oil and 

grease content (Mulligan et al., 1999b). Polymeric biosurfactants are also effective at metal 

complexation. Emulsan was found to bind up to 240 ug uranium (UO;')/mg emulsan (Zosim 

et al., 1983). Fatty acids have also been investigated for removal of metals from water. 

Tannic acid was able to remove both cadmium (99%) and lead (96%) from water samples 

(Pekdemir et aL, 2000). 

Industrial Processes 

A number of industrial applications have been investigated for biosurfactants. Helle 

et al. (1983) report the use of sophorolipid and rhamnolipid to enhance the heterogeneous 

enzymatic hydrolysis of cellulose and steam-exploded wood. In this study, sophorolipid was 

able to increase the hydrolysis of steam-exploded wood by 67% and also decreased the 

amount of cellulase adsorbed onto the cellulose. 

Another application proposed for biosurfactants is as an additive for microbially 

enhanced oil recovery (MEOR) and cleaning oily sludges from storage tanks. In a thorough 

review of this topic, Banat (1994) describes several MEOR field trials that have been 
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performed. In general, the results of these field trials are positive, with increases in oil 

production ranging from 11 to 250% following injection of microorganisms and nutrients. 

Similarly, injection of a combination of kerosene and biosurfectant resulted in a 500% 

increase in oil production. However, as Banat points out, it is difficult to provide controls 

for field studies that isolate each parameter tested. Therefore, it is difficult to conclusively 

say that addition of biosurfactants or biosurfactant-producing microbes were the cause of the 

increased oil recoveries observed. More recently, several groups have noted that isolates with 

emulsifying abilities can ise isolated from environments that are extreme with respect to 

temperature, salinity, or pH (Trebbau de Acevedo and Mclnemey, 1996; Giujar et al., 1995). 

Such isolates may be applicable to MEOR as well as well-bore and oil tank cleanups. As the 

price ofpetroleumcontinues to increase and petroleum reserves shrink, enhanced oil recovery 

will receive more attention. Clearly, the use of MEOR is an attraction option that will be 

worth pursuing in the future. 

Fouling of heat exchanger plates in the dair>' industry is a problem that can result in 

contamination of pasteurized milk. Busscheretal. (1996) have studied the thermophilic dairy 

organism. Streptococcus thermophilus. This organism produces a mix of biosurfactants 

during growth that seem to have a role in detachment of the organism from surfaces. 

Following detachment, a surface coating is left behind that seems to prevent attachment of 

closely related isolates to the surface. The authors suggest that this ability could be used to 

retard colonization of heat exchanger plates in pasteurizers. 
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Medicine 

Biosuifactants, in particular the lipoproteins, are known to have antibiotic properties. 

In some cases this property has potential for medical research. For example, Vollenbroich 

et al. (1997b) showed that surfactin has antimycoplasma properties useful for protecting cell 

cultures from mycoplasma infection. Others have reported the antiviral activity of surfactin 

(Kracht et al., 1999; Vollenbroich et al., 1997a). In this case, surfactin effectiveness was 

dependent on its structure. Surfactin with fatty acid chains of 14 or 15 carbons inactivated 

an enveloped virus, whereas surfactin with a fatty acid chain of 13 showed little antiviral 

activity. Kim et al. (Kim et al., 1998) describe an anti-inflammatory effect of surfactin. This 

effect occurs through the selective inhibition of cytosolic phospholipase A, (PLA,). The 

PLA,s are a family of enzymes that catalyze the hydrolysis of the fatty acid ester bonds of 

membrane phospholipids. The result of the hydrolysis is the formation of inflammatory 

mediators such as prostaglandins and leukotrienes. 

Busscher et al. (1997) report that biosurfactants produced by Streptococcus 

thermophiliis can be used to coat silicone rubber of voice prostheses and prevent adhesion 

of Candida albicans. Under normal conditions colonization by C. albicans limits the life of 

the prostheses to 3 to 4 months. In this study a single exposure to 5. thermophilus prevented 

colonization by C. albicans for 4 hours. The authors suggest that regular consumption of this 

probiotic in yogurt could significantly extend the lifetime of the prosthesis. 

The act ivity of seven different biosurfactants including manno sylerythritol lipids A and 

8 (MEL-A and MEL-B), polyol lipid, rhamnolipid , sophorolipid, succinoyl trehalose lipid 
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1 and 3 against human promyelocytic leukemia cell line(HL60) was investigated (Isoda et al., 

1997). Results showed that each of these biosurfactants except rhamnolipid inhibted the 

proliferation of HL60 cells. 

Production of Fine Chemicals 

Biosurfectants and chemically modified biosurfactants are being investigated as 

alternatives to high value synthetic chemicals whose use may have toxic environmental 

impacts. For example, Ishigami and Suzuki (1997) report the synthesis of a pyrenacylester 

of rhamnolipid (R-PE) for use in monitoring the polarity and fluidity of solid surfaces and the 

attendant impact of coatings on these surface properties. The R-PE was synthesized to 

facilitate the use of pyrene which is one of the most effective fluorescent probes in monitoring 

the micropolarity and microfluidity of surfeces. However, pyrene alone is diflBcult to use in 

aqueous systems because of its extremely low aqueous solubility and its propensity to bind 

to hydrophobic surfaces. 

Rhamno lipids are also a source of stereospecific L-rhamnose, a compound used 

commercially in the production of high-quality flavor compounds and as a starting material 

for synthesis of some organic compounds (Linhardt et al., 1989). Rhamnose can be obtained 

fi-om a variety of sources including quercitrin from oak bark, naringin from citrus peels, or 

rutin which is found in a variety of plants. Rhamnose can also be obtained from rhamnose-

containing polysaccharides produced by either plants or microorganisms. However, 

processing rhamnose from these materials is difficult. Plant sources of rhamnose are bulky 

and generate unwanted waste products. Rhamnose in polysaccharides must be separated 
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from other sugar corrponents. An alternative to these rhaninose sources is the use of 

rhamnolipid produced by Pseudomonas aeruginosa. Rhamnolipids are excreted by 

Pseudomonas in the late log and stationary phase allowing easy separation from cells. Once 

isolated, rhamnolipid can be hydrolyzed to produce a mixture of L-rhamnose and the fatty 

acid 3-hydroxydecanoic acid (Linhardt et aL, 1989). 

The cosmetic and health care industries use large amounts of surfactants for a wide 

variety of products including: insect repellents, antacids, acne pads, antidandniff products, 

contact lens solutions, hair color and care products, deodorants, nail care products, lipstick, 

eyeshadow, mascara, toothpaste, denture cleaners, antiperspirants, lubricated condoms, baby 

products, foot care products, antiseptics, shaving and depilatory products, and moisturizers 

(Kleckner et al., 1993). Biosurfactants in general are considered to have some advantages 

over synthetic surfactants, the predominant type of surfactant used in this industry. These 

advantages are low irritancy or antiirritating effects and compatibility with skin (Kleckner et 

al., 1993). Sophoro lipids and rhamnolipids in particular are being used as cosmetic additives 

(DesaiandBanat, 1997;Brown, 1991, IwataQiemicalCo.,personalcommunication). There 

are currently patents for use of rhamnolipids to make liposomes (Ishigami et al., 1988a) and 

emulsions (Ishigami et al., 1988b) both important in the cosmetic industry. Similarly, there 

are patents for the use of sophorolipid as a humectant in cosmetics (Inoue et al., 1979a, Inoue 

et al., 1979b). 

Sur&ctants and emulsifiers are routinely used in the food industry. Torabizadeh et 

al. (Torabizadehet al., 1996) found themannoprotein emnlsifierproducedhySaccharomyces 
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cerevisiae could be used as a mayonnaise additive. This eraulsifier is found in the cell wall 

and can be obtained cheaply and in high yield (80 to 100 g/kg (g/g wet cells). In addition it 

is stable from pH 3 to II, and the by-products can be used as animal feed supplements. 

Biological Control 

There are several reports on the efficacy of biosurfectants in biological control. 

Rhamnolipids have been shown to have activity against zoospor ic plant pathogens, spec ifically 

Pyihium aphanidermalum. Phytophthora capsici, and Plasmopara lactucae-radicis. In a 

study reported by Stanghellini and Miller (1997), mono- and dirhamnolipid were found to 

cause loss of motility and lysis of zoospores in less than 1 minute. Effective concentrations 

ranged between 5 and 30 mg/L, depending on the rhamnolipid tested. The same group also 

demonstrated the efficacy of rhamnolipid in a near-commercial hydroponic recirculating 

cultural system. In this system the recirculating tubs were inoculated with a Pseudomonas 

strain isolated from the greenhouse system and received inputs of olive oil as a substrate for 

growth. Therefore, rhamnolipids were produced in the system. While positive results were 

observed, it was noted that results were not consistent in performance and/or sustained 

control. 

Research indicates that surfactin and a similar lipopeptide, iturin A produced by 

Bacillus subiilis RB14 play a role in the suppression of damping-oflF disease of tomato 

seedlings caused by Rhizoctonia solani (Asaka and Shoda, 1996). This group compared the 

effect of RB14 with a RB14 mutant, Ra 1, deficient in production of surfactin and iturin A, 

on prevention of damping off Results showed that the wild-type suppressed R. solani and 
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prevented damping off, while the mutant did not. This result was further confirmed using a 

transformant of RA I in which" the production of iturin A was restored and the production of 

surfactin was partially restored. This isolate was able to prevent damping off. Further, this 

group provides evidence that iturin A is stable in soil for one to two weeks and surfactin is 

stable for even longer periods of time. 

SUMMARY 

Demand for new specialty chemicals in the agriculture, cosmetic, food, 

pharmaceutical, and environmental industries is steadily increasing. Since these chemicals 

must be both effective and environmentally compatible, it is natural to turn to the microbial 

world to try to meet this demand. Microbes offer a largely unexplored variety of chemicals, 

such as biosurfactants, that have exciting potential for industrial application. However, to 

realize application of any new chemical product is difficult. First and foremost is to obtain 

demonstrations of product efficacy. Then the new microbial product must be produced at an 

economical scale and yield, as well as meet regulatory testing requirements. This review 

documents the types of biosurfactants that have been identified thus far, methods for 

screening for surfactant and emulsifying activities, and potential industrial and biotechnology 

applications for biosurfactants. Biosurfactants, including rhamnolipid, sophorolipid, and 

spiculisporic acid can now be produced at high yield in large-scale fermenters and are 

becoming economically competitive with synthetic surfactant alternatives. Therefore, it seems 

likely that in the future, biosurfactants will be competitive for certain industrial and medical 

applications currently employing synthetic surfactants. 
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EXPLANATION OF DISSERTATION FORMAT 

In this dissertation includes three appendices that will be submitted to refereed 

journals. These manuscripts were all co-authored with my academic advisor. Dr. Raina M. 

Maier. .A.11 of the research performed was of my own and original contribution. However, 

the doctoral research done for Appendix B and C were collaborative effort. The advanced 

chemistry analysis such as mass and nuclear magnetic resonance spectrometry were performed 

in the Mass Spectrometry and Chemistry Facility at the University of Arizona. Dr. Robert B. 

Bates (Organic Chemistry Professor) is analyzing the data output. Appendix C was a 

collaboration with Dr. Mark L. Brusseau's laboratory and a Ph.D. student in his lab, Jiann-

Ming Wang. The column experiments for the phenanthrene study were conducted by Jiann-

Ming Wang, whereas, selection, isolation, and identification were performed by me. The 

preparation ofthese manuscripts fulfills part ofthe requirements needed to graduate from the 

Department of Soil, Water and Environmental Science with a Doctoral degree. 
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CHAPTER 2 

PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings in 

these papers. 

Microbial ecology studies help us better understand the interactions that occur in an 

environment. Biosurfactants have been investigated for their potential applications in 

numerous industries including remediation. Microbially produced surfactants have been well 

characterized, and their effect on enhancing degradation of organic pollutants has been 

proven. However, there is a lack of understanding how dominant biosurfactant producers are 

in the environment or whether biosurfactant production occurs in situ. 

With recent interest focusing on the use of in situ bioremediation as a cleanup 

strategy, there is a recognized need for better understanding of the ecology of polyaromatic 

hydrocarbon (PAH)-degrading microorganisms. This interest in microbial metabolism of 

PAHs has occurred due to the toxic widespread environmental contamination in soil and 

water. However, few bioremediation smdies have investigated temporal changes in dominant 

indigenous populations over time or the ecological interactions that occur during degradat ion. 

The research presented in Appendix A was conducted to investigate the frequency at 

which surfactant-producing organisms occur in pristine and contaminated sites by screening 

a series of 20 contaminated (metals and/or hydrocarbons) and uncontaminated soils. The 

study presented in Appendix B was to focused on purifying and characterizing a novel 
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biosurfactant producer identified as Flavobacterium sp. 36. The final research presented in 

Appendix C was to examine the ecology of an indigenous soil phenanthrene-degrading 

community to a long-term exposure (6 months) to phenanthrene. Analysis of the results 

obtained from these smdies concludes the following findings: 

1. Biosurfactant-producing organisms are found in most soils with 45 of the 1305 isolates 

obtained being positive for biosurfactant production (3.4%). 

2. Identification using 16S rDNA PCR will miss functional diversity in the populations 

analyzed. Therefore, isolates that had identical 16S rDNA database search results were 

different according to repetitive extragenic palindromic (REP) PCR results and surface 

tension analysis. 

3. Flavobacterium sp. MTNII is a novel biosurfectant producer. 

4. The biosurfactant produced by Flavobacterium sp. 36 is a new type of glycoiipid that is 

highly surface active, a strong and stable emulsifier, and enhances apparent solubility of 

hexadecane in pure water (0.003 ± 0.0002 mg/L) by more than 4 orders of magnitude. 

5. The dominant phenanthrene-degrading populations had a major change that took place 

over the course of this six-month colurrm experiment packed with a model soil under 

saturated conditions. 

6. A diverse population of phenanthrene degraders were obtained, a total of 27. 



69 

REFERENCES 

Adamczak, M. and W. Bednarsid 2000. Influence of medium composition and aeration on 
the synthesis ofbiosurfectants produced by Candida antarctica. Biotechnol. Letters. 
22:313-316. 

Alon, R.N., and D.L. Gutnick. 1993. Esterase from the oil-degrading Acinetobaaer Iwoffii 
RAG-1; sequence analysis and overexpression in Escherichia coli. FEMS Microbiol. 
Lett. 112:275-280. 

Al-Tahhan, R.A., T.R. Sandrin, A.A. Bodour and R.M. Maier. 2000. Riiaranolipid-induced 
removal of lipopolysaccharide Scorn Pseudomonas aeruginosa: effect on cell surface 
properties and interaction with hydrophobic substrates. Appl. Environ. Microbiol. 
66:3262-3268. 

Arima, K., A. Kakinuma, and G. Tamura. 1968. Surfactin, a crystalline peptidelipid 
surfactant produced by Bacillus subtilis: isolation, characterization and its inhibition 
of fibrin clot formation. Biochem. Biophy. Res. Commun. 31:488-494. 

Arino, S., R. Marchal, and J.-P. Vandecasteele. 1996. Identification and production of a 
rhamnolipidic biosurfactant by a Pseudomonas species. Appl Microbiol Biotechnol 
45:162-168. 

Arino, S., R. Marchal and J.-P. Vandecasteele. 1998. Involvement of a rhamnolipid-
producing strain of Pseudomonas aeruginosa in the degradation of polycyclic 
aromatic hydrocarbons by a bacterial community. J. Appl. Microbiol. 84:769-776. 

Asaka, O., and M. Shoda. 1996. Biocontrol oiRhizoctonia solani damping-offof tomato 
Bacillus subtilis A. AppL Environ. Microbiol. 62:4081-4085. 

.A.sselineau, J. and G. Laneelle. 1998. Mycobacterial lipids: a historical perspective. Front. 
Biosci. 3:3164-174. 

Baath, E. 1989. Effects of heavy metals in soil on microbial processes and populations (a 
review). Water Air Soil Poll 47:335-379 

Bai, G., M.L. Brusseau, and R. M. Miller. 1997. Biosurfectant-enhanced removal of residual 
hydrocarbon from soil. J. Contam. Hydrol. 25:157-170. 



70 

Bai, G, M. L. Brusseau, and R. M. Miller 1998. Influence of cation type, ionic strength 
and pH on solubilization and mobilization of residual hydrocarbon by a 
biosurfactant. J Contam Hydrol 30: 265-279. 

Baik, M. H., and K. F. Lee. 1994. Transport of radioactive solutes in the presence of 
chelating agents. Ann Nucl Energy 21: 81 -96 

Banat, l.M. 1994. Biosiirfactants production and possible uses in microbial enhanced oil 
recovery and oil pollution remediation: a review. Bioresource Technol. 51:1-12. 

Barkay, T., S. Navon-Venezia, E.Z. Ron, and E. Rosenberg. 1999. Enhancement of 
solubilization and biodegradation ofpolyaromatic hydrocarbons by the bioemulsifier 
alasan. Appl. Environ. Microbiol. 65:2697-2702. 

Beebe, J.L. and W.W. Umbreit. 1971. Extracellular lipid of r/j/o6aa7/u.s r/z/ooxzV/a/iy. J. 
Bacteriol. 108:612-614. 

Bemheimer, A.W., and L.S. Avigad. 1970. Nature and properties of a cytolytic agent 
produced hy Bacillus subtilis. J. Gen. Microbiol. 61:361-369. 

Besson, F., and G. Michel. 1992. Biosynthesis of Iturin and surfactin by Bacillus subtilis: 
evidence for amino acid activating enzymes. Biotech. Lett. 14:1013-1018. 

Bodour, A.A., and R.M. Miller-Maier. 1998. Application of a modified drop-collapse 
technique for surfactant quantitation and screening of biosurfactant-producing 
microorganisms. J. Microbiol. Meth. 32:273-280. 

Bognolo, G. 1998. Biosurfectants as emulsifying agents for hydrocarbons. Coll. Surfaces 
152:41-52. 

Bonin, P., and J-C. Bertrand. 1999. Involvement of bioemulsifier in heptadecane uptake in 
Pseudomonas nautica. Chemosphere 38:1157-1164. 

Bonmatin, J-M., H. Labbe, I. Grangemard, F. Peypoux, R. Maget-Dana, M. Ptak, and G. 
Michel. 1995. Production, isolation and characterization of [Leu"']-and 
[Ile^Jsurfactins fi-om 5acz7/i« 5mA/z7/5. Lett. Peptide Sci. 2:41-47. 

Borgmann, U., and W. P. Norwood. 1995. EDTA toxicity and background concentrations 
of copper and zinc in Hyalella-Azteca. Can J Fisheries Aquatic Sci. 52: 875-881 



71 

Bouchotroch, S., E. Quesada, I. Izquierdo, M. Rodriguez, and V. Bejar. 2000. Bacterial 
exopolysaccharides produced by newly discovered bacteria belonging to the genus 
Halomonas, isolated from hypersaline habitats in Morocco. J. Indust. Microbiol. 
Biotechnol. 24:374-378. 

Brakemeier, A., D. Wullbrandt and S. Lang. 1998. Microbial alkyl-sophorosides based on 
1-dodecanol or 2-, 3- or 4-dodecanones. Biotechnol. Letters. 20:215-218. 

Bregnard, T.P.A., P. Hohener, and J. Zeyer. 1998. Bioavailability and biodegradation of 
weathered diesel fuel in aquifer material under denitrifying conditions. Environ. Tox. 
Chem. 17:1222-1229. 

Brown, M.J. 1991. Biosurfectants for cosmetic applications. Intl. J. Cosmetic Sci. 
13:61-64. 

Bryant, P.O. 1990. Improved method for the isolation of biosurfactant glycolipids from 
/?/zoi/ococcM5 sp. strain H13A. AppL Environ. Microbiol. 56:1494-1496. 

Burd, G., andO.P. Ward. 1996. Physicochemical properties of PM-factor, a surface-active 
agent producedhyPseudomonasmarginalis. Can. J. Microbiol. 42:243-251. 

Busscher, H.J., M. van der Kuijl-Booij, and H.C. vander Mei. 1996. Biosurfactants from 
thermophilic dairy streptococci and their potential role in the fouling control of heat 
exchanger plates. J. Indust. Microbiol. 16:15-21. 

Busscher, H.J., C.G. van Hoogmoed, G.I. Geertsema-Doombusch, M. vander Kuijl-Booij, 
and H.C. van der Mei. 1997. Streptococcus thermophilus and its biosurfactants 
inhibit adhesion by Candida spp. on silicone rubber. AppL Environ. Microbiol. 
63:3810-3817. 

Caims, W.L., D.G. Cooper, J.E. Zajic, J.M. Wood and N. Kosaric. 1982. Characterization 
oiNocardia amarae as a potent biological coalescing agent of water-oil emulsions. 
Appl. Environ. Microbiol. 43:362-366. 

Cameron, D.R., D.G. Cooper, and R.J. Neufeld. 1988. ThemannoproteinoiSaccharomyces 
cerevisiae is an effective bioemulsifier. Appl. Environ. Microbiol. 54:1420-1425. 

Cho, J-H., H-L. Jeong, O-J. Park, B-D. Yoon and J-W. Yang. 1998. Characterization of 
glycoUpid biosurfactants from an isolated sxr&m oiPseudomonas aeruginosa YPJ80. 
J. Microbiol. Biotechnol. 8:645-649. 



72 

Choi, K-S., S-H. KimandT-H. Lee. 1999. f*urification and characterization ofbiosurfactant 
from Tsukamurella sp. 26A. J. Microbiol. BiotechnoL 9:32-38. 

Churchill, S.A., R.A. Griffin, L.P. Jones and P.F. ChurchilL 1995. Biodegradation rate 
enhancement of hydrocarbons by an oleophilic fertilizer and a rhamnolipid 
biosurfactant. J. Environ. Qual. 24:19-28. 

Cirigliano, M.C., and G.M. Carman. 1984. Isolation of a bioemulsifier from Candida 
lipolyiica. AppL Environ. Microbiol. 48:747-750. 

Cirigliano, M.C., and G.M. Carman. 1985. Purification and characterization of liposan, a 
bioemulsifier from Candida lipolytica. Appl. Environ. Microbiol. 50:846-850. 

Cooper, D. G., C. R. MacDonald, S. J. B. Duff, and N. Kosaric. 1981. Enhanced production 
of surfactin from Bacillus subtilis by continuous product removal and metal cation 
additions. AppL Environ. Microbiol. 42:408-412. 

Cooper, D.G. and D.A. Paddock. 1984. Production of a biosurfactant from Torulopsis 
bombicola. Appl. Environ. Microbiol. 47:173-176. 

Cooper, D.G., and B.G. Goldenberg. 1987. Surface-active agents from two Bacillus 
species. AppL Environ. Microbiol, p. 224-229. 

Cutler, A. J., and R. J. Light. 1979. Regulation of hydroxydocosanoic and sophoroside 
production in Candida bogoriensis by the level of glucose and yeast extract in the 
growth medium. J. Biol. Chem. 254:1944-1950. 

DanieL H.-J., R.T. Ono, M. Binder, M. Reuss and C. Syldatk. 1999. Production of 
sophorolipids from whey: development of a two-stage process with Cryptococcus 
curvaius ATCC 20509 and Candida bombicola ATCC 22214 using deproteinized 
whey concentrates as substrates. AppL Microbiol. BiotechnoL 51:40-45. 

Davila, A-M., R. Marchal and J-P. Vandecasteele. 1994. Sophorose lipid produaion from 
lipidic precursors; predictive evaluation of industrial substrates. J. Indust. Microbiol. 
13:249-257. 

Davila, A.-M., R. Marchal and J.-P. Vandecasteele. 1997. Sophorose lipid fermentation with 
differentiated substrate supply for growth and production phases. Appl. Microbiol. 
BiotechnoL 47:496-501. 



73 

Deleu, M., H. Razafindralarabo, Y. Popineau, P. Jacques, P. Thonart, and M. Paquot. 1999. 
Interfacial and emulsifying properties of lipopeptides from Bacillus subtilis. Coll. 
Surf. 152:3-10. 

Desai, J.D. and I.M. Banat. 1997. Microbial production of surfactants and their commercial 
potential. Microbiol Mol. Biol. Rev. 61:47-64. 

DezieL, E., G. Paquette, R. Villemur, F. L^ine and J-G. Bisaillon. 1996. Biosurfactant 
production by a soil Pseudomonas strain growing on polycyclic aromatic 
hydrocarbons. Appl. Environ. Microbiol. 62:1908-1912. 

DezieL, E., F. Lepine, D. Dennie, D. Boismenu, O.A. Manier, and R. Villemur. 1999. Liquid 
chromatography/mass spectrometry analysis of mixtures of rhamnolipids produced by 
Pseudomonas aeruginosa strain 57RP grown on mannitol or naphthalene. Biochim. 
Biophys. Acta. 1440:244-252. 

Duvnjak, Z., D.G. Cooper and N. Kosaric. 1983. Effect of nitrogen sources on surfactant 
production hy Arthrobacterparaffineus ATCC 19558. In: Zajic, J.E., Cooper, D.G., 
Jack, T.R. and Kosaric, N. (Eds.) Microbial Enhanced OU Recovery (pp. 66-72). 
Penn Well Publishing Company, Tulsa. 

Duxbury,T. 1981. Toxicity of heavy metals to soil bacteria. FEMS Microbiol Lett 11:217-
220. 

Edwards, J.R. and J.A. HayashL 1965. Structure of a rhamnolipid from Pseudomonas 
aeruginosa. Arc. Biochem. Biophys. 111:415-421. 

Edwards, D.A., R. G. Luthy, and Z. Liu. 1991. Solubilization of polycyclic aromatic 
hydrocarbons inmicellarnonionic surfactant solutions. Environ SciTechnol 25:127-
133. 

Espuny, M.J., Egjido, S., Mercade, M.E. and Manresa, A. 1995. Characterization of 
trehalose tetraester produced by a waste lube oil degrader Rhodococcus sp. 51T7. 
Tox. Environ. Chem. 48:83-88. 

Espuny, M.J., Egjido, S., Rodon, I., Manresa, A., Mercade, M.E. 1996. Nutritional 
requirements of a biosurfactant producing strain Rhodococcus sp 51T7. Biotechno I. 
Letters 18:521-526. 

Fattom, A., and M. Shflo. 1985. Production ofemulycan by Phormidium J-1: its activity and 
fiinctioa FEMS Microbiol. Ecol. 31:3-9. 



74 

Fiebig, R., D. Schulze, J-C. Chung, and S-T. Lee. 1997. Biodegradation of polychlorinated 
biphenyls (PCBs) in the presence of a bioemulsifier produced on sunflower oil. 
Biodegrad. 8:67-75. 

Finnerty, W.R. 1992. The biology and genetics of the genus Rhodococcus. Annu. Rev. 
Microbiol. 46:193-218. 

Fogliano, V., M. Gallo, F. Vinale, A. Ritieni, G. Randazzo, M. Greco, R. Lops, and A. 
Graniti. 1999. Immunological detection of syringeopeptins produced by 
Pseudomonas syringae pv. lachrymans. Phys. Molec. PL Path. 55:255-261. 

Fuqua, C. and E.P. Greenberg. 1998. Self perception in bacteria: quorum sensing with 
acylated homoserine lactones. Curr. Opin. Microbiol. 1:183-189. 

Gage, D. and R.M. Maier, unpublished data. 

Georgiou, G., S-C. Lin and M.M. Sharma. 1992. Surface-active compounds from 
microorganisms. Biotechnol. 10:60-65. 

Gobbert, U., S. Lang and F. Wagner. 1984. Sophorose lipid formation by resting cells of 
Torulopsis bombicola. Biotechnol. Letters. 6:225-230. 

Golyshin, P.M., H.L. Fredrickson, L. Giuliano, R. Rothmel, K..N. Timmis and M.M. 
Yakimov. 1999. Effect of novel biosurfactants on biodegradation of polychlorinated 
biphenyls by pure and mixed bacterial cultures. Microbiologica. 22:257-267. 

Gorin, P.A.J., J.F.T. Spencer, and A.P. TuUoch. 1961. Hydroxy fatty acid glycosides of 
sophorose fromtorulopsis magnoliae. Can. J. Chem 39:816-855. 

Guerra-Santos, L., O. Kappeli and A. Fiechter. 1984. Fseudomonas aeruginosa 
biosurfactant production in continuous culture with glucose as carbon source. Appl. 
Environ. Microbiol. 48:301-305. 

Guijar, M., J.M. Khire, and M.l. Khaa 1995. Bioemulsifier production by Bacillus 
stearoihermophilus VR-8 isolate. Lett. AppL Microbbl. 21:83-86. 

Ha, Y.W., R.J. Stack, R.B. Hespell, S.H. Gordon, and R.J. Bothast. 1991. Some chemical 
and physical properties of extracellular polysaccharides produced by Butyrivibrio 
Jibrisolvens strains. AppL Environ. Microbiol. 57:2016-2020. 



75 

Hauser, G. and M.L. Kamovsky. 1954. Studies on the production of glycolipide by 
Pseudomonas aeruginosa. J. Bacteriol. 68:645-654. 

Helle, S.S. S.J.B. Duf£ and D.G. Cooper. 1993. Effect of surfactants on cellulose 
hydrolysis. Biotech. Bioeng. 42:611-617. 

Henriksen, A., U. Anthoni, T.H. Nielsen, J. Serensen, C. Christophersen, and M. Gajhede. 
2000. Cyclic lipoundecapeptide tension from Pseudomonas fluorescens strain 
96.578. Acta. Cryst. 56:113-115. 

Herman, D.C., J.F. Artiola, and R.M. Miller. 1995. Removal of cadmium, lead, and zinc 
from soil by a rhamnolipid biosurfactant. Environ. Sci. Technol. 29:2280-2285. 

Herman, D.C., R.J. Lenhard and R.M. Miller. 1997a. Formation and renwval of 
hydrocarbon residual in porous media: effects of attached bacteria and biosurfactants. 
Environ. Sci. Technol. 31:1290-1294. 

Herman, D.C., V. Zhang and R.M. Miller. 1997b. Rhamnolipid (biosurfectant) eflfects on 
cell aggregation and biodegradation of residual hexadecane under saturated flow 
conditions. AppL Environ. Microbiol. 63:3622-3627. 

Hildebrand, P.D., P.O. Braun, K.B. McRae, and X. Lu. 1998. Role of the biosurfactant 
viscosin in broccoli head rot caused by a pectolytic strain of Pseudomonas 
fluorescens. Can. J. PI. Path. 20:296-303. 

Hirayama, T. and I. Kato. 1982. Novel methyl rhamno lipids Pseudomonas aeruginosa. 
FEBS Letters. 139:81-85. 

Hisatsuka, K-I., T. Nakahara, N. Sano and K. Yamada. 1971. Formation of rhamnolipid by 
Pseudomonas aeruginosa and its function in hydrocarbon fermentation. Agr. Biol. 
Chem 35:686-692. 

Hisatsuka, K. T. Nakahara, Y. Minoda and K. Yamada. 1977. Formation of protein-like 
activator for w-alkane oxidation and its properties. Agr. Biol. Chem 41:445-450. 

Hommel, R.K. and K. Huse. 1993. Regulation of sophorose lipid production by Candida 
(Torulopsis) Apicola. Biotech. Leners. 8:853-858. 

Horowitz, S., J.N. Gilbert, and W.M. Griffin. 1990. Isolation and characterization of a 
surfactant produced by 5ac///M5//c/ienz/ormis 86. J. Indust. Microbiol. 6:243-248. 



76 

Hughes. M. N., and R. K. Poole. 1989. Metal mimicry and metal limitations in studies of 
metal-microbe interactions. In: Poole R. IC, Gadd G. M. (eds) Metal-Microbe 
Interactions. Society for General Microbiology, IRL Press, Oxford, UK, pp. 1-17. 

Inoue,S. Y. Kimwa, and M. Kinta. 1979a. German patent 2905252 to Kao Soap. Co., Japan. 

Inoue,S. Y. Kimwa, and M. Kinta. 1979b. German patent 2905295 to Kao Soap. Co., Japan. 

loneda, T. 1992. Isolation and characterization of mannose-6-mononiycolate from 
Rhodococcus rhodochrous. Chem. Phys. Lipids 62:311-317. 

Ishigami, Y., Y. Gama, H. Nagahora, M. Yamachuchi, H. Nakahara and T. Kamata. 1987a. 
The pH-sensitive conversion of molecular aggregates of rhamnolipid biosurfactant. 
Chem. Letters pp. 763-766. 

Ishigami, Y., Y. Gama, S. Yamazaki, and S. Suzuki. 1987b. Characteristics ofspiculisporic 
acid as a polycarboxylic biosurfactant. Proceedings of the World Conference of 
Biotechnology for the Fats and Oils Chemistry, Amer. Oil Chem. Soc. pp. 339-342. 

Ishigami, Y., Y. Gama, H. Nagahara, T. Motomiya, and M. Yamaguchi. 1988a. Liposome 
containing rhamnolipids. Japanese Patent Kokai 63-182,029. 

Ishigami Y, Y. Gama, Y. Uji, K. Masui, and Y. Shibayama. 1988b. Japanese Patent Kokai 
63-77,535. 

Ishigami, Y., Y. Gama. Y. Sano, S. Lang and F. Wagner. 1994. Interfacial and micellar 
behavior of glucose lipid. Biotechnol. Letters. 16:593-598. 

Ishigami, Y., and S. SuzukL 1997. Development of biochemicals - functionalization of 
biosurfactants and natural dyes. Progress Organic Coatings 31: 51-61. 

Ishigami, Y., Y. Zhang, and F. Ji. 2000. Spiculisporic acid. Functional development of 
biosurfactant. Chenx Today. 18:32-34. 

Isoda, H., H. Shinmoto, D. Kitamoto, M. Matsumura and T. Nakahara. 1997. 
Differentiation of human promyelocytic leukemia cell line HL60 by microbial 
extracellular glycolipids. 1997. Lipids. 32:263-271. 

Itoh, S., H. Honda, F. Tomita and T. Suzuki. 1971. Rhamnolipids produced by 
Pseudomonas aeruginosa grown on n-pa.Ta£5n (mixture of C,,, C,3 andCi^ fractions). 
J. Antibiotics 24:855-859. 



77 

Itoh, S. and T. Suzuki. 1972. Effect of rhamnolipids on Pseudomonas aeruginosa 
mutant deficient in w-paraffin-utilizing ability. Agr. Biol. Chem. 36:2233-2235. 

Itoh, S. and S. Inoue. 1982. Sophorolipids from Torulopsis bombicola: possible relation to 
alkane update. AppL Environ. Microbiol. 43:1278-1283. 

Ivshina, I.B., M.S. Kuyukina, J.C.PhilpandN.Christofi. 1998. Oil desorption from mineral 
and organic materials using biosurfactant complexes produced by Rhodococcus 
species. World J. Microbiol Biotechnol. 14:711-717. 

Iwata Chemical Co., personal communication. 

Jacques, P., C. Hbid, J. Destain, H. Razafindralambo, M. Paquot, E. DePauw, and P. 
Thonan. 1999. C^timization of biosurfactant lipopeptide production bom Bacillus 
subtilis S499 by Plackett-Burman design. Appl. Biochem. Biotechnol. 
77-9:223-233. 

Jain, D.K., D.L. Collins-Thompson, H. Lee, and J.T. Trevors. 1991. A drop-collapsing test 
for screening surfectant-producing microorganisms. J. Microbiol. Methods 
13:271-279. 

Jain, D.K., H. Lee and J.T. Trevors. 1992. Effect of addition of Pseudomonas aeruginosa 
UG2 inocula or bio surfactants on biodegradation of selected hydrocarbons in soil. J. 
Indust. Microbiol. 10:87-93. 

Jarvis, F.G., and M. J. Johnson, 1949. A glyco-lipid produced by Pseudomonas aeruginosa. 
J Am Chem Soc 71, 4124-4126. 

Javaheri, M., G.E. Jenneman, M.J. Mclnemey, and R.M. Knapp. 1985. Anaerobic 
production of a biosurfactant by Bacillus licheniformis JF-2. Appl. Environ. 
Microbiol. 50:698-700. 

Jenny, K., O. Kappeli, and A. Fiechter. 1991. Biosurfactants from Bacillus licheniformis: 
structural analysis and characterization. Appl. Microbiol. Biotechnol. 36:5-13. 

Kakinuma, A., M. Hori, M. Isono, G. Tamura, and K. Arima. 1969a. Determination of 
amino acid sequence in surfactin, a crystalline peptidelipid surfactant produced by 
Bacillus subtilis. Agr. Biol. Chem. 33:971-972. 

Kakinuma, A., M. Hori, M. Isono, G. Tamura, and K. Arima. 1969b. Determination offatty 
acid in surfactin and elucidation of the total structure of surfactin. Agr. Biol. Chem. 



78 

33:973-976. 

Kanga, S.A., J.S. Bonner, C.A. Page, M.A. Mills and R.L. Autenrieth. 1997. Solubilization 
of naphthalene and methyl-substituted naphthalenes from crude oil using 
biosurfactants. Environ. Sci. Technol. 31:556-561. 

Kaplan, N., and E. Rosenberg. 1987. Exopolysaccharide distribution of and bioemulsifier 
production by Acinetobacter calcoaceticus BD4 and BD413. Appl. Environ. 
Microbiol. 44:1335-1341. 

Kappeli, O., and W.R. Finnerty. 1979. Partition of alkane by an extracellular vesicle derived 
from hexadecane-grown/lcZ/ie/oAac/er. J. Bacteriol. 140:707-712. 

Kim, J-S., Powalla. M., Lang, S., Wagner, F., H. Lunsdorf, and V. Wray. 1990. Microbial 
glycolipid production under nitrogen limitation and resting cell conditions. J. 
Biotechnol. 13:257-266. 

Kim, W. K., and E. K. Kim. 1992. Effects of culturing parameters on the production of 
microbial biosurfactants from Candida bombiocola. Korean J. Biotechnol. Bioeng. 
7:102-106. 

Kim, S-H., J-D. Lee, B-C. Kim and T-H Lee. 1996. Purification and characterization of 
bioemulsifier produced by Acinetobacter sp. BE-254. J. Microbiol. Biotechnol. 
6:184-188. 

Kim, H. S., B.D. Yoon, C.H. Lee, H.M. Oh, T. Katsuragi, and Y. Tani. 1997. Production 
and properties of a lipopeptide biosurfactant from Bacillus subtilis C9. J. Ferment. 
Bioeng. 84:41-46. 

Kim, K., S.U. Jung, K,K. Lee, J-K. Jung, J.K. Park, K.K. Kim. and C-H. Lee. 1998. 
Suppression of inflammatory responses by surfectin, a selective irihibitor of platelet 
cytosolic phospholipase A,. Biochem. Pharm. 55:975-985. 

Kim, H. S., B.-D. Yoon, D.-H. Choung, H.-M. Oh, T. Katsuragi and Y. TanL 1999. 
Characterization of a biosurfactant, mannosylerythritol lipid produced from Candida 
sp. SY16. Appl. Microbiol. Biotechnol. 52:713-721. 

Kim, S.H., E.J. Lim, S.O. Lee, J.D. Lee and T.H. Lee. 2000. Purification and 
characterization of biosurfactants from Nocardia sp. L-417. Biotechnol. Appl. 
Biochem 31:249-253. 



79 

fCitamoto, D., S. Akiba, C. Hioki, and T. TabuchL 1990a. Extracellular accumulation of 
mannosylerythritol lipids by a strain of Candida antarctica. Agric. Biol. Qiem. 
54:31-36. 

Kitamoto. D., K. Haneishi, T. Nakahara, and T. TabuchL 1990b. Production of 
mannosylerythritol lipids by Candida antarctica from vegetable oils. Agric. Biol. 
Chem. 54:37-40. 

Kitamoto, D., T. Fuzishiro, H. Yanagishita, T. Nakane and T. Nakahara. 1992. Production 
of marmosylerythritol lipids as bio surfactants by resting cells of Candida antarctica. 
Biotechnol. Letters. 14:305-310. 

Kitamoto, D., S. Ghosh, G. Ourisson and Y. Nakatani. 2000. Formation of giant vesicles 
from diacylmannosylerythritols, and their binding to concanavalin A. Chem. 
Commun. 10:861-862. 

Klekner, V., N. Kosaric and Q.H. Zhou. 1991. Sophorose lipids produced from sucrose. 
Biotechnol. Letters 13:345-348. 

KJeckner, V., and N, Kosaric. 1993. Biosurfactants for cosmetics. In: Kosaric N (ed) 
Biosurfactants, Production, Properties, Applications. Surfactant Science Series Vol. 
48, Marcel Dekker, New York pp 373-389. 

Klotz, S.A. 1988. A bioemulsifier produced by Candida-albicans enhances yeast adherence 
to intestinal-cells. J. Infect. Dis. 158:636-639. 

Konz, D., S. Doekel, and M.A. MarahieL 1999. Molecular and biochemical characterization 
of the protein template controlling biosynthesis of the lipopeptide lichenysia J. 
BacterioL 181:133-140. 

KowalL M., J. Vater, B. Kluge, T. Stein, P. Franke, and D. Ziessow. 1998. Seperation and 
characterization of surfactin isoforms produced hy Bacillussubtilis 0KB 105. J. Coll. 
Inter.Sci. 204:1-8. 

Kracht, M. H. Rokos, M. OzeL M. fCowall, G. Pauli, and J. Vater. 1999. Antiviral and 
hemolytic activities of surfectin isoforms and their methyl ester derivatives. J. 
Antibiotics 52:613-619. 

Kretschmer, A., H. Bock and F. Wagner. 1982. Chemical and physical characterization of 
inter facial-active lipids from Rhodococcus erythropolis grown on «-alkanes. Appl. 
Environ. Microbiol. 44:864-870. 



80 

Lafrance, P., and M. Lapointe. 1998. Mobilization and co-transport of pyrene in the 
presence of Pseudomonas aeruginosa UG2 biosurfactants in sandy soil columns. 
Ground Water Monitoring Rem 18: 139-147 

Lang, S., A. Gilbon, C. Syldatk and F. Wagner. 1984. Comparison of interfacial active 
properties of glycolipids from microorganisms. Plenum Press. 2:1365-1376. 

Lang, S. and F. Wagner. 1987. Structure and properties ofbiosurfectants. In: Kosaric, N., 
Cairns, W.L. and Gray, W.L. (Eds.) Surfactants Science Series. Biosurfactants & 
Biotechnology, Marcel Dekker, New York, Basel, Vol 25 (pp 21-45). 

Lang, S. and J.C. Philp. 1998. Surface-active lipids in rhodococci. Intl. J. Gen. Molec. 
Microbiol. 74:59-70. 

Lang, S. and D. Wullbrandt. 1999. Rhamnose lipids—biosynthesis, microbial production 
and application potential Appl. Microbiol. Biotechnol. 51:22-32. 

Laycock, M.V., P.D. Hildebrand, P. Thibault, J.A. Walter, and J.L.C. Wright. 1991. 
Viscosin, a potent peptidolipid biosurfactant and phytopathogenic mediator produced 
by a pectolytic strain of Pseudomonas fluorescens. J. Agric. Food chem. 
39:483-489. 

Lazazzera, B.A., I.G. Kurtser, R.S. McQuade, and A.D. Grossman. 1999. An 
autoregulatory circuit affecting peptide signaling in Bacillus subtilis. J. Bac. 
181:5193-5200. 

Lee, K.H. and J.H. Kim. 1993. Distribution of substrate carbon in sophorose lipid 
production by Tondopsis bombicola. Biotechnol. Lett. 15:263-266. 

Lee, Y., S.Y. Lee and J-W. Yang. 1999. Production ofRhamnolipid biosurfactant by fed-
batch culture of Pseudomonas aeruginosa using glucose as a sole carbon source. 
Biosci. Biotechnol. Biochem 63:946-947. 

Li, Z-Y., S. Lang, F. Wagner, L. Witte and V. Wray. 1984. Formation and identification of 
inter facial-active glycolipids fi"om resting microbial cells. Appl. Environ. Microbiol. 
48:610-617. 

Lin, S-C., M.A. Minton, M.M. Sharma, and G. Georgiou. 1994. Structural and 
inmmunological characterization of a biosurfactant produced by Bacillus 
licheniformis i¥-2. AppL Environ. Microbiol. 60:31-38. 



81 

Linhardt, R.J., R. Bakhit, L. Daniels, F. MayerL, W. Pickenhagen. 1989. Microbially 
produced rhamnolipid as a source ofrhanmose. Biotechnol. Bioeng. 33:365-368. 

MacDonald, C.R., D.G. Cooper and J.E. Zajic. 1981. Surface-active lipids fromNocardia 
eA7r/zropo//5 grown on hydrocarbons. Appl. Environ. Microbiol. 41:117-123. 

Maier, R.M. and G. Soberon-Chavez. 2000. Pseudomonas aeruginosa rhamnolipids: 
biosynthesis and potential environmental applications. Appl. Microbiol. Biotechnol. 
54:625-633. 

Makkar, R.S., and S.S. Cameotra. 1999. Structural characterization of a biosurfactant 
produced by 5ac///u5 5w^»r///.y at 45°C. J. Surfact. Deterg. 2:367-372. 

Marahiel, M., W. Denders, M. Krause, andH. Kleinkauf 1977. Bio logical role of gramicidin 
S in spores functions. Studies on gramicidin-S negative mutants of Bacillus brevis 
9999. Eur. J. Biochem. 99:49-52. 

Margaritis, A., K. Kennedy, J.E. Zajic, and D.F. Gerson. 1979. Biosurfactant production by 
Nocardia erythropolis. Develop. Indust. Microbiol. 20:623-630. 

Marin, M., A. Pedregosa, S. Rios, M. Luisa Ortiz, and F. Laborda. 1995. Biodegradation 
of diesel and heating oil by Acinetobacier calcoaceticus MM5: its possible 
applications on bioremediation. Intl. Biodeter. Biodegrad. pp. 269-285. 

Marin, M., A. Pedregosa, and F. Laborda. 1996. Emulsifier production and microscopical 
study of emulsions and biofilms formed by the hydrocarbon-utilizing bacteria 
Acinelobacter calcoaceticus MM5. AppL Microbiol. Biotechnol. 44:660-667. 

Martell AE, and Smith RM 1976. Critical Stability Constants, Vols, land 3. Plenum Press, 
New York. 

Maslin, P. and R.M. Maier. 2000. Rhamnolipid-enhanced mineralization ofphenanthrene in 
organic-metal co-contaminated soils. Biorem. J. 4:295-308. 

Matsufiiji, M., K. Nakata and A. Yoshimoto. 1997. High production of rtiamnolipids by 
Pseudomonas aeruginosa growing on e\h3nol Biotechnol. Letters. 19:1213-1215. 

Mclnemey, M. J., M. Javaheri, and D. P. Nagle. 1990. Properties of the biosurfactant 
produced by Bacillus licheniformis strain JF-2. J. Ind. Microbiol. 5:95-102. 

Menkhaus, M., C. Ullrich, B. KJuge, J. Vater, D. Vollenbroich, and R. M. Kamp. 1993. 



82 

Structural and flinctionalorganizaiionofthe surfactinsynthetase multienzyme system. 
J. Biol. Chem. 268:7678-7684. 

Mercade, L. Monleon, C. deAndres, I. Rodon, E. Martinez, M.J. Espuny and A. Manresa. 
1996. Screening and selectionofsurfactant-producing bacteria from waste lubricating 
oil. J. AppL Bacteriol. 81:161-166. 

Miller, R. M. 1995. Surfactant-enhanced bioavailability of slightly soluble organic 
compounds. In; Skipper H, Turco R, (eds) Bioremediation - Science and 
Applications. Soil Science Society of America special publication, Madison, WI 
pp 33-54. 

Morikawa, M., H. Daido, T. Takao, S. Murata, Y. Shimonishi, and T. Imanaka. 1993. A 
new lipopeptide biosurfactant produced by Arthrobacter sp. strain MIS38. J. 
Bacteriol. 175:6459-6466. 

Mulligan, C.N., T.Y.-K. Chow, and B.F. Gibbs. 1989a. Enhanced biosurfactant production 
by a mutant Bacillus subtilis strain. Appl. Microbiol. Biotechnol. 31:486-489. 

Mulligan, C.N., G. Mahmourides, and B.F. Gibbs. 1989b. The influence of phosphate 
metabolism on biosurfactant production by Pseudomonas aeruginosa. J. Biotechnol. 
12:199-210. 

Mulligan, C.N., R.N. Yong, and B.F. Gibbs. 1999a On the use of bbsurfactants for the 
removal of heavy metals from oil-contaminated soil Environ. Prog. 18:50-54. 

Mulligan, C. N., R. N. Yong, B. F. Gibbs, S. James, and H. P. J. Bennett. 1999b Metal 
removal from contaminated soil and sediments by the biosurfactant surfactin. 
Environ. Sci Technol. 33:3812-3820. 

Nakagawa, Y., and T. Matsuyama. 1993. Chromatographic determination of optical 
configuration of 3-hydroxy fatty ac'ds composing microbial surfactants. FEMS 
Microbiol. Lett. 108:99-102. 

Nakata, K. 2000. Two glycolipids increase in the bioremediation of halogenated aromatic 
compounds. J. Biosci. Bioeng. 89:577-581. 

National Research Council 1994. Alternatives for ground water cleanup. National Academy 
Press, Washington, D.C. 



83 

Navon-Venezia, S., Z. Zosim, A. Gottlieb, R. Legmann, S. Carmeli, E.Z. Ron, and E. 
Rosenberg. 1995. Alasan, a new bioemulsifier from Acinetobacter radioresistens. 
Appl. Environ. Microbiol. 61:3240-3244. 

Navon-Venezia, S., E. Banin. E.Z. Ron, and E. Rosenberg. 1998. The bioemulsifier alasan: 
role of protein in maintaining structure and activity. AppL Microbiol. Biotechnol. 
49:382-384. 

Neu, T.R., and K.. Poralla. 1990. Emulsifying agents from bacteria isolated during screening 
for cells with hydrophobic surfaces. AppL Microbiol. Biotechnol. 32:521-525. 

Nielsen, T.H., C. Christophersen, U. Anthoni, and J. Serensea 1999. Viscosinamide, a new 
cyclic depsipeptide with surfactant and antifimgal properties produced by 
Pseudomonas fluorescens DR54. J. Appl. Microbiol. 86:80-90. 

Noordmans, J., and H.J. Busscher. 1991. The influence of droplet volume and contact angle 
on liquid surface tension measurements by axisymmetric drop shape analysis-profile 
(ADSA-P). ColL Surfaces 58:239-249. 

Noordman, W.H., W. Ji, M.L. Brusseau and D.B. Janssen. 1998. Effects of rhamnolipid 
biosurfactants on removal of phenanthrene from soil. Environ. Sci. Technol. 
32:1806-1812. 

Oberbremer, A., R. Miiller-Hurtig, and F. Wagner. 1990. Effect ofthe addition of microbial 
surfactants on hydrocarbon degradation in a soil population in a stirred reactor. .Appl. 
Microbiol. Biotechnol. 32:485-489. 

Ochoa-Loza, F.J., J.F. .Ajtiola, and R.M. Maier. 2001. Stability constants for the 
complexation of various metals with a rhamnolipid biosurfactant. J. Env. Qual. 
30:479-485. 

Ochsner, U.A., T. Hembach and A. Fiechter. 1995. Production of rhamnolipid 
biosurfactants. Adv. Biochem. Eng. Biotechnol. 53:89-118. 

Osman, M. Y. Ishigami, J. Someya, and H.B. Jensen. 1996. The bioconversion ofethanol 
to biosurfactants and dye by a novel coproduction technique. J. Am. Oil Chem. Soc. 
73:851-856. 

Page, C.A., J.S. Bonner, S.A. Kanga, M.A. Mills and R.L. Autenrieth. 1999. Biosurfactant 
solubilization of PAHS. Environ. Eng. Sci. 16:465—474. 



84 

Parra, J.L., J. Guinea, M.A. Manresa, M. Robert, M.E. Mercade, F. Comelles and M.P. 
Bosch. 1989. Chemical characterization and physicochemical behavior of 
biosurfactants. J. Surfactants Detergents. 66:141-145. 

Passeri, A.. M. Schmidt, T. Hafi&ier, V. Wray, S. Lang and F. Wagner. 1992. Marine 
biosurfactants. IV. Production, characterization and biosynthesis of an anionic 
glucose lipid from the marine bacterial strain MMl. Appl. Microbiol. Biotechnol. 
37:281-286. 

Patel, R.M. and A.J. Desai. 1997. Biosurfactant production by Pseudomonas aeruginosa 
GS3 from molasses. Letters AppL Microbiol. 25:91-94. 

Pekdemir, T., S. Tokunaga, Y. Ishigami and K-J. Hong. 2000. Removal of cadmium or lead 
from polluted water by biological amphiphiles. J. Surfact. Detergents 3:43-46. 

Persson, A., and G. Molin. 1987. Capacity for biosurfactant production of environmental 
Pseudomonas and Vibrionaceae growing on carbohydrates. Appl. Microbiol. 
Biotechnol. 26:439—442. 

Persson, A., E. Osterberg, and M. Dostalek. 1988. Biosurfactant production by 
Pseudomonasfluorescens 378: growth and product characteristics. Appl. Microbiol. 
Biotechnol. 29:1—4. 

Pesci, E.C., J.P. Pearson, P.C. Seed, and B.H. Iglewski. 1997. Regulation of las and rhl 
quorum sensing in Pseudomonas aeruginosa. J. Bac. 179:3127-3132. 

Peters, R. W. 1999. Chelant extraction of heavy metals from contaminated soil J. Haz. 
Materials 66: 155-210 

Peypoux, F., J. M. Bonmatin, and J. Wallach. 1999. Recent trends in the biochemistry of 
surfactin. Appl. Microbiol. Biotechnol. 51:553-563. 

Phale, P.S., H.S. Savithri, N.A. Rao, and C.S. Vaidyanathaa 1995. Production of 
biosurfactant "Biosur-Pm" by Pseudomonas maltophila CSV89: characterization and 
role in hydrocarbon uptake. Arch. Microbiol. 163:424—431. 

Poremba, K., W. Gunkel, S. Lang and F. Wagner. 1991. Marine biosurfactants, IIL 
Toxicity testing with marine microorganisms and comparison with synthetic 
surfactants. Z. Naturforsch. 46:210-216. 



85 

Prokofeva, N.G., N.I. Kalinovskaya, P.A. Luk'yanov, E.B. Shentosova, and T.A. 
Kuznetsova. 1999. The membranotropic activity of cyclic acyldqjsipeptides from 
bacterium Bacillus pumilus, associated with the marine sponge Ircinia sp. Toxicon 
37:801-813. 

Providenti, M.A., C.A. Flemming, H. Lee, and J.T. Trevors. 1995. Eflfect of addition of 
rhamnolipid biosurfactants of rhamnolipid-producing Pseudomonas aeruginosa on 
phenanthrene mineralization in soil slurries. FEMS Microbiol Ecol. 17:15—26. 

Rapp, P., H. Bock, V. Wrayand F. Wagner. 1979. Formation, isolation and characterization 
oftrehalosedimycolates icomRhodococcus eryihropolison n-ilis2cnss. J. Gen. 
Microbiol. 115:491 -503. 

Rau, U., C. Manzke and F. Wagner. 1996. Influence of substrate supply on the production 
of sophorose lipids by Candida Bombicola ATCC 22214. Biotechnol. Letters. 
18:149-154. 

Reiling, H.E., U. Thanei-Wyss, L.H. Guerra-Santos, R. Hirt, O. Kappelli and A. Fiechter. 
1986. Pilot plant production of rhamnolipid biosurfactant by Pseudomonas 
aeruginosa. Appl. Environ. Microbiol. 51:985-989. 

Ristau, E. and F. Wagner. 1983. Formation of novel anionic trehalosetetraesters from 
Rhodococcus erythropolis under growth limiting conditions. Biotechnol. Letters. 
5:95-100. 

Robert, M., M.E. Mercade, M.P. Bosch, J.L. Parra, M.J. Espuny, M.A. Manresa and J. 
Guinea. 1989. Effect of the carbon source on biosurfactant production by 
Pseudomonas aeruginosa AATX. Biotechnol. Letters. 11:871-874. 

Rocha, C., F. San-Blas, G. San-Blas and L. Vienna. 1992. Biosurfactant production by two 
isolates of Pseudomonas aeruginosa. J. Microbiol. Biotechnol. 8:125-128. 

Ron, E.Z., and E. Rosenberg. 2001. Natural roles of biosurfactants. Environ. Microbiol. 
3:229-236. 

Rosenberg, E., Z. Zuckerberg, C. Rubinovitz, and D.L. Gutnick. 1979. Emulsifier of 
ArthrobacierKAG-\: Isolationand emulsifying properties. Appl. Environ. Microbiol. 
37:402-408. 

Rosenberg, E., C. Rubinovitz, A. Gottlieb, S. Rosenhak, and E.Z. Ron. 1988a- Production 
of biodispersan by Acinetobacter calcoaceticus A2. Appl. Environ. Microbiol. 



86 

54:317-322. 

Rosenberg, E., C. Rubinovitz, R. Legmann, and E.Z Ron. 1988b. Purification and chemical 
properties of Acinetobacier calcoaceticus A2 biodispersan. Appl. Environ. 
Microbiol 54:323-326. 

Rotenberg, Y., L. Boruvka, and A. W. Neumann. 1983. Determination of surface tension and 
contact angle from the shapes of axisymmetric fluid interfaces. J. Coll. Inter. Sci. 
93:169-183. 

Saita, N., N. Fujiwara, I. Yano, K. Soejiraa, and K. Kobayashi. 2000. Trehalose 6,6'-
dimycolate (cord factor) Mycobacterium tuberculosis induces corneal angiogenesis 
in rats. Infec. Immun. 68:5991-5997. 

Sandrin, T. R., A.M. Chech, and R.M. Maier. 2000. A rhamnolipid biosurfactant 
reduces cadmium toxicity during naphthalene biodegradation. Appl. Environ. 
Microbiol. 66:4585-4588. 

Sarubbo, L.A., A.L.F. Poto, and G.M. Campos-Takaki. 1999. The use of babassu oil as 
substrate to produce bioemulsifiers by Candida lipolytica. Can. J. Microbiol. 
45:423-426. 

Scheibenbogen, K., R.. G. Zytner, H. Lee, and J.T. Trevors. 1994. Enhanced removal of 
selected hydrocarbons ̂ romso\!Lby Pseudomonasaeruginosa UG2 biosurfactants and 
some chemical surfactants. J. Chem. Tech. Biotechnol. 59:53-59. 

Schulz, D., A. Passeri, M. Schmidt, S. Lang, F. Wagner, V. Wrayand W. Gunkel. 1991. 
Marine biosurfactants, 1. Screening for biosurfactants among crude oil degrading 
marine microorganisms from the North Sea. J. Biosciences 46:197-203. 

Shepherd, R., J. Rockey, I.W. Sutherland, and S. Roller. 1995. Novel bioemulsifiers from 
microorganisms for use in foods. J. Biotechnol. 40:207-217. 

Shreve, G.S., S. Inguva, and S. Gunnam. 1995. Rhamonolipid biosurfactant enhancement 
of hexadecane biodegradation by Pseudomonas aeruginosa. Mol. Marine Biol. 
Biotechnol. 4:331-337. 

Siegmund, I. and F. Wagner. 1991. New method for detecting rhaninolipids excreted by 
Pseudomonas species during growth on mineral agar. Biotechnol. Techniques 
5:265-268. 



87 

Singer, M.E. 1985. Microbial biosurfaciants. Intl. Bioresour. J. 1:19-38. 

Singer, M.E.V., and W.R. Finnerty. 1990. Physiology of biosurfactant synthesis by 
^/zo(iococciis species HI3-A. Can. J. Microbiol. 36:741-745. 

Singer, M.E.V., W.R. Finnerty and A. Tunelid. 1990. Physical and chemical properties of 
a biosurfactant synthesized by Rhodococcus species HI3-A. Can. J. Microbiol. 
36:746-750. 

Spoeckner, S., V. Wray, M. Nimiz and S. Lang. 1999. Glycolipids of the smut fungus 
Ustilago maydis from cultivation on renewable resources. Appl. Microbiol. 
Biotechnol. 51:33-39. 

Stanghellini, M.E. and R.M. Miller. 1997. Biosurfactants—Their identity and potential 
efficacy in the biological control of zoosporic plant pathogens. Plant Dis. 81:4-11. 

Steller, S., D. Vollenbroich, F. Leenders, T. Stein, B. Conrad, J. Hofemeister, P. Jacques. P. 
Thonart, and J. Vater. 1999. Structural and functional organization of the fengycin 
synthetase multienzyme system from Bacillus subtilis b213 and A1/3. Chem. Biol. 
6:31-41. 

Sullivan, E. R. 1998. Molecular genetics of biosurfactant production. Curr. Opin. 
Biotechnol. 9:263-269. 

Sullivan, E.R., J.G. Leahy, and R.R. Colwell. 1999. Cloning and sequence analysis of the 
lipase and lipase chaperone-encodinggenes bom Acinetobacter calcoaceticus RAG-
1, and redefinition of a proteobacterial lipase femily and an analogous lipase 
chaperone family. Gene 230:277-286. 

Suzuki. T.. K. Hayashi, K. Fujikawa, and K. Tsukamoio. 1965. The chemical structure of 
polymyxin E. The identies of polymyxin E with colistin A and polymyxin E, with 
colistinB. J. Biol. Chem. 57:226-227. 

Suzuki, T., K. Tanaka, I. Matsubara and S. Konishita. 1969. Trehalose l^id and a-
branched-P-hydroxy fatty acid formed by bacteria grown on n-alkanes. Agr. Biol. 
Chem. 33:1619-1627. 

Suzuki, T. and K. Ogawa. 1972. Transient accumulation of fatty alcohols by n-paraffin-
grown microorganisnL Agr. BioL Chem. 36:457-463. 



88 

Suzuki, T.. H. Tanaka and S. Itoh. 1974. Sucrose lipids of Arthrobacteria, Corynebaceria 
and iVocart/za grown on sucrose. Agr. Biol. Chem. 38:557-563. 

Syldatk, C., S. Lang, U. Matulovic and F. Wagner. 1984 a. Production of four interfacial-
active rhamnolipids from n-alkanes or glycerol by resting cells of Pseudomonas sp. 
DSM2874. Z. Naturforsch. 40:61-67. 

Syldatk, C., S. Lang, F. Wagner, V. Wray, and L. Wine. 1984 b. Chemical and physical 
characterization of four interfacial-active rhamnolipids from Pseudomonas sp. DSM 
2874 grown on n-alkanes. Z. Naturforsch. 40:51-60. 

Tabuchi, T., I. Nakamura, and T. KobayashL 1977. Accumulation of the open-ring acid of 
spiculisporic acid by Pert/c////wm5p/cu//5/JorM/n in shake culture. J. Ferment. Technol. 
55: 37-42. 

Tan, H., J.T. Champion, J.F. Artiola, M.L. Brusseau, and R.M. Miller. 1994. Complexation 
of cadmium by a rhamnolipid biosurfactant. Environ. Sci. Technol. 28:2402-2406. 

Thai, L.T., and W. J. Maier. 1992. Solubilization and biodegradation of octadecane in the 
presence of two commercial surfactants. Proceedings of the 47"" Annual Purdue 
University Industrial Waste Conference, Ann Arbon Press, Chelsea, ML 

Thangamani, S., and G. S. Shreve.. 1994. Effect of anionic biosurfactant on hexadecane 
partitioning in multphase systems. Environ Sci Technol 28: 1993-2000. 

Thompson, D.N., S.L. Fox, and G.A. Bala. 2000. Biosurfactants from potato process 
effluents. Appl. Biochem. Biotechnol. 84:917-930. 

Tiehm, .\. 1994. Degradation of polycyclic aromatic hydrocarbons in the presence of 
synthetic surfactants. Appl Environ Miaobiol 60: 258-263 

Torabizadeh, H., S.A. Shojaosadati, and H.A. Tehrani. 1996. Preparation and 
characterization of bioemulsifier from Saccharomyces cerevisiae and its application 
in food products. Food Sci. Technol. 29:734—737. 

Torrens, J, L., D. C. Herman, and R. M. Miller-Maier. 1998. Biosurfactant (rhamnolipid) 
sorption and the impact on rhamnolipid-fecilitated removal of cadmium from various 
soils. Environ Sci Technol 32:776-781 

Trebbau de Acevedo, G., and M.J. Mclnemey. 1996. Emulsifying activity in thermophilic 
and extremely thermophilic microorganisms. J. Indust. Microbiol. 16:1-7. 



89 

Tulloch, A.P., J.F.T. Spencer and P.A.J. Gorin. 1962. The fermentation of long-chain 
compounds by torulopsis magnoliae. I. Stmctures ofthe hydroxy fatty acids obtained 
by the fermentation of fatty acids and hydrocarbons. Can. J. Chem. 40; 1326-1338. 

Uchida, Y., S. Misawa, T. Nakahara and T. Tabuchi. 1989a. Factors affecting the 
production of succinnoyl trehalose lipids by Rhodococcus erythropolis SD-74 grown 
on /i-alkanes. Agric. BioL Chem. 53:765-769. 

Uchida, Y., R. Tsuchiya, M. Chino, J. Hirano and T. TabuchL 1989b. Extracellular 
accumulation of ono- and di-succirmoyl trehalose lipids by a strain of Rhodococcus 
erythropolis grown on w-alkanes. Agric. Biol. Chem. 53:757-763. 

Van Dam, R. A., M. J. Barry, J. T. Ahokas, and D. A. Holdway. 1999. Investigating 
mechanisms ofdiethylenetiramine pentaacetic acid (DTPA) toxicity to the cladoceran, 
Daphnia carinata. Aquatic Toxicology. 46: 191-210 

Van der Vegt, W., H.C. van der Mei, J. Noordmans, and H.J. Busscher. 1991. Assessment 
of bacterial biosurfactant production through axisymmetric drop shape analysis by 
profile. Appl. Microbiol. Biotechnol. 35:766-770. 

Van Dyke, M. I., P. Couture, M. Brauer, H. Lee, and J. T. Trevors. 1993. Pseudomonas 
aeruginosa UG2 rhamnolipid biosurfactants: structural characterization and their use 
in removing hydrophobic compounds from soil Can J Microbiol 39: 1071-1078 

Van Hoogmoed, C.G., M. van der Kuijl-Booij, H.C. van der Mei and H.J. Busscher. 2000. 
Inhibition oiStreptococcus mutans NS adhesion to glass with and without a salivary 
conditioning film by biosurfactant-releasing streptococcus mitis strains. Appl. 
Environ. Microbiol. 66:659-663. 

Vertesy, L., E. Ehlers, H. Kogler, M. Kurz, J. Meiwes, G. Seibert, M. Vogel, and P. 
Hammann. 2000. Friulimicins: novel lipopeptide antibiotics with peptidoglycan 
synthesis inhibiting activity from Actinoplanes friuliensis sp. nov. II. Isolation and 
strucmral characterization. J. Antibiot. 53:816-827. 

Vipulanandan, C.andX. Ren. 2000. Enhanced solubility and biodegradation of naphthalene 
with biosurfactant. J. Environ. Eng. 126:629-634. 

VoUbrecht, E., U. Rau and S. Lang. 1999. Microbial conversion of vegetable oils into 
surface-active di-, tri-, and tetrasaccharide lipids (biosurfactants) by the bacterial 
sirain Tsukamurella spec. Fett/Lipid. 101:389-394. 



90 

Vollenbroich, D., M. Ozel, J. Vater, R_M. Kamp, and G. Pauli. 1997a. Mechanism of 
inactivation of enveloped viruses by the biosurfactant surfactin bomBacillus subtilis. 
Biologicals 25:289-297. 

Vollenbroich, D., G. Pauli, M. Ozel, and J. Vater. 1997b. Antimycoplasma properties and 
application in cell culture of surfactin, a lipopeptide antibiotic from Bacillus subtilis. 
Appl. Environ. Microbiol. 63:44-49. 

Wagner, F., U. Behrendt, H. Bock, A. Kretschmer, S.Lang and C. Syldatk. 1983. 
FYoduction and chemical characterization of surfactants from Rhodococcus 
erythropolis and Pseudomonas sp. Mub grown on hydrocarbons. In; Zajic, J.E., 
Cooper, D.G., Jack, T.R. and Kosarick, N. (Eds.) Microbial Enhanced Oil Recovery 
(pp. 55-60) Penn Well Publishing Company, Tulsa. 

Wei. Y-H., and I-M. Chu. 1998. Enhancement of surfactin production in iron-enriched 
media hy Bacillus subtilis ATCC 21322. Enz. Microbial TechnoL 22:724-728. 

Westerduin, P., P.E. deHaan, M.J. Dees and J.H. vanBoom. 1988. Synthesis of methyl 3-[3-
(2-0-a-L-rhamnopyranosyl-a-L-rhamnopyranosyloxy) decanoyloxy] decanoate, a 
rhamnolipid &om Pseudomonas aeruginosa. Carbohydrate Res. 180:195-205. 

Whyte, L.G., S.J. Slagman, F. Pietrantonio, L. Bourbonniere, S.F. Koval, J.R.Lawrence, 
W.E. Inniss and C.W. Greer. 1999. Physiological adaptations involved in alkane 
assimilation at a low temperature by Rhodococcus sp. strain Ql5. Appl. Environ. 
Microbiol. 65:2961-2968. 

Yakimov, M.M., K.N. Timmis, V. Wray, and H.L. Fredricksoa 1995. Characterization of 
a new lipopeptide surfactant produced by thermotolerant and halotolerant subsurface 
Bacillus licheniformis BASSO. Appl. Environ. Microbiol. 61:1706—1713. 

Yakimov, M.M., H.L. Fredrickson. and K.N. Timmis. 1996. Eflfect of heterogeneity of 
hydrophobic moieties on surface activity oflichenysin A, a lipopeptide biosurfactant 
bom Bacillus licheniformis BASSO. Biotechnol. AppL Biochem. 23:13-18. 

Yamaguchi M., A. Sato, and A. Yukuyama. 1976. Microbial production of sugar-lipids. 
Chem Ind. 4:741-742. 

Zhang, Y. and R.M. Miller. 1992. Enhanced octadecane dispersion and biodegradation by 
a Pseudomonas rhamnolipid surfactant (biosurfactant). Appl. Environ. Microbiol, 
pp. 3276-3282. 



91 

Zhang, Y. and R.M. Miller. 1994. Effect of a Pseudomonas rhanmolipid biosurfactant on 
cell hydrophobicity and biodegradationofoctadecane. Appl Enviroa Microbiol, pp. 
2101-2106. 

Zhang, Y. and R.M. Miller. 1995. Effect of rhamnolipid (biosurfactant) structure on 
solubilization and biodegradation of n-alkanes. Appl. Environ. Microbiol. 
61:2247-2251. 

Zhang, Y., W.J. Maier and R.M. Miller. 1997. Effects of rhamnolipids on the dissolution, 
bioavailability, and biodegradation of phenanthrene. Environ. Sci. Technol. 
31:2211-2217. 

Zhou, Q-H. And N. Kosaric. 1995. Utilization of canola oil and lactose to produce 
hxQsariaciBni w'\th Candida bombicola. J. Amer. Oil Chem. Soc. 12:61-1 \. 

Zosim, Z., D. Gutnick, and E. Rosenberg. 1983. Uranium binding by emulsan and 
emulsanosols. Biotechnol. Bioeng. 25:1725-1735. 

Zuckerberg, A.. A. Diver, Z. Peeri, D.L. Gutnick, and E. Rosenberg. 1979. Emulsifier of 
Arthrobacter RAG-1 : Chemical and physical properties. Appl. Environ. Microbiol. 
37:414-420. 



APPENDIX A 

92 

DISTRIBUTION OF BIOSURFACTANT-PRODUCING MICROORGANISMS IN 

PRISTINE AND CONTAMINATED ARID SOUTHWESTERN SOILS 

Adria A. Bodour and Raina M. Maier 

Depanment of Soil, Water and Environmental Science 
University of Arizona 

Tucson, A2 85721 

To be submitted to: Applied and Environmental Microbiology 

September 2002 



93 

ABSTRACT 

Biosurfactants are a unique class of compounds that have been shown to have a variety of 

potential applications in remediation of organic- and metal-contaminated sites, enhanced 

transport of bacteria, enhanced oil recovery, as cosmetic additives, and in biological control. 

However, little is known about the distribution of biosurfactant-producing microorganisms 

in the environment. The goal of this study was to determine how common surfactant-

producing organisms are in pristine and contaminated sites. A series of 20 contaminated 

(metals and/or hydrocarbons) and uncontaminated soils were collected. Soils were plated on 

RiA agar and 1305 colonies were screened for biosurfectant production in mineral salts 

medium containing 2% glucose. Results from this study show that biosurfactant-producing 

organisms are found in most soils with 45 of the 1305 isolates positive for biosurfactant 

production. The majority of gram positive biosurfactant-producers were obtained from heavy 

metal-contaminated (cadmium and/or lead) or uncontaminated soils, whereas, the gram 

negative biosurfactant-producers were obtained from hydrocarbon-contaminated or co-

contaminated soils. These were grouped using repetitive extragenic palindromic (REP) PCR 

analysis giving 16 unique isolates. Each isolate was identified using 16S rDNA PCR and 

sequencing revealing one new biosurfactant-producing microbe a Flavobacterium sp. 

According to the 16s rDNA database search results there were only 11 unique isolates. Yet 

isolates that had identical search results produced different biosurfactants based on surface 

tension analysis. This suggests that use of the present 16S rDNA database as an analysis tool 

may miss functional diversity in the populations analyzed. 
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INTRODUCTION 

Biosur&ctants are unique amphiparhic molecules with properties that have been 

explored for a variety of industrial and bioremediation applications (Bodour and Maier, 

2002). From a clinical perspective, it is well-known that some biosurfactants have antibiotic 

activity (Jenny et al., 1991) and that at least one biosurfactant, rhamnolipid produced by 

Pseudomonas aeruginosa, has a role in pathogenesis of this opportunistic pathogen (Singh 

et al., 2000). Recently, several groups have presented intriguing data suggesting that 

biosurfactants are important for microbial growth and survival in the environment. For 

example, surfactin production is necessary for fi*uiting body formation by Bacillus subiilis 

(Branda et al., 2001). Rhamnolipid is necessary for normal biofilm formation by 

Pseudomonas aeruginosa (Rashid et al., 2000). Despite this work, our understanding of 

biosurfactants as a class of molecules remains limited. This is partially because the present 

body ofknowledge has been developedarounda relatively 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 microorganisms that produce them. Such 

an effort is hampered by the fact that common genes or regulatory pathways do not exist 

among the diflferent types of biosurfactant producers. Thus, molecular approaches are not 

useful in screening for biosurfactant-producers, instead such screenings must be done by 

activity measurements. A further difficulty with screening for biosurfactant-producers is that 

biosurfactant production depends both on the type of carbon source present, and on the type 
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and amount of other nutrients in the screening medium (Rapp et aL, 1979; Uchida et aL, 

1989; Davila et aL, 1997; Matsufliji et aL, 1997; Konz et aL, 1999). 

The present work is an initial attempt to systematically screen for biosurfectant-

producing microorganisms and to evaluate their phylogenetic diversity. Twenty soils were 

collected from the arid southwest U.S. representing both contaminated (organics and/or 

metals) and uncontaminated sites. The soils were screened for biosurfactant-producers using 

a combination of cultural and molecular methods. Putative biosurfactant-producing isolates 

were cultured from the various soils and grouped using REP PCR fingerprinting. Each 

unique isolate identified by REP PCR was identified usmgl6S ribosomal DNA (rDNA) 

analysis. A phylogenetic tree was then constructed by combining the results of the present 

study with a survey of biosurfactant-producing bacteria and archaea found in the literature 

to examine the diversity of biosurfactant-producers. 

METHODS 

Soils Twenty soils were collected and were stored at 4°C (Table 1). Soils were classified as 

uncontaminated, contaminated with organics (petroleum), contaminated with metals, or co-

contaminated with organics and metals. 

Screening for biosurfactant-producing isolates Soils were saeened for biosurfactant-

producing isolates using the following procedure. Soil (5 g) was placed into a 250 ml flask 

containing 50 ml tap water and incubated at room temperature on a shaker at 200 rpm for 21 

days. On day 3, 7, 14, and 21, a sample from each soil slurry was serially diluted, plated on 

RiA agar (Becton and Dickinson Company CockeysvUle, MD), and incubated for one week. 
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After incubation, plates were enumerated and morphologically diflferent bacteria were selected 

for biosurfactant screening (approximately 15-30 isolates per sampling time). Isolated 

colonies were inoculated into 5 ml mineral salts medium (MSM) (solution A per liter 

contained: 2.5g NaNOj; 0 4g MgS04-7H20; l.Og NaCl; l.Og KCl; 0.05g CaCl ^HjO; 10 ml 

H3PO4 (85%); adjust pH 7.2 with KOH pellets and add 1 ml solution B per 100 ml containing: 

50mg FeS04-7H,0; ISOmg ZnS04-7H20; 150mg MnS04 H20; 30mg HjBO,; 15mg 

CoCl ^HjO; 15mg CuS04-5H20; lOmg NaMOj-lH^O) containing 2% glucose as the sole 

carbon and energy source. The broth cultures were incubated with shaking (200 rpm) for 7-9 

days at room temperature. The cell suspensions were then tested for the presence of 

surfectant using the qualitative drop-collapse method. 

Qualitative measurement of surface tension Qualitative drop-collapse tests (Bodour 

and Miller-Maier, 1998) were performed in the polystyrene lid of96-microwell 12.7 x 8.5 cm 

plate (VWR; Cerritos, CA or Biolog; Hayward, CA). The lids have 96 circular wells (i.d., 

8 mm). A thincoat of lOW-40 Pennzoil (1.8 ^I/well) was applied to each well (Oil City, PA). 

The coated wells were equilibrated for 24 h at room temperature and then a 5 |il aliquot of 

supernatant was delivered into the center of the each weQ. 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 genetically unique were then tested quantitatively 
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for biosurfactant production using the du Nouy ring method. The isolates were grown in 25 

ml MSM amended with 2% glucose. Cell suspensions were centrifiiged (10,000 X g, 

Beckman Model J2-21, Centrifuge Palo Alto, CA) and the cell-free supernatant was placed 

into a clean glass 50 ml beaker. A Surface Tensiomat, Model21 (Fisher Scientific Pittsburgh, 

P.A.) was used to measure the surface tension. Between each measurement, the platinum wire 

ring used to measure surface tension was rinsed three times with water, three times with 

acetone, and allowed to dry. 

Identification of biosutfactant producers A total of 1305 isolates were screened and of 

these 45 isolates demonstrated the ability to produce biosurfactants. The first step in 

identification was to determine how many isolates were unique. Therefore, each isolate was 

Gram-stained and fingerprinted using repetitive extragenic palindromic (REP) analysis as 

previously described by Versalovic et al. (1994) with modifications. A 25 ul PCR reaction 

contained 0.5 nM of each primer (REP lR-1 5' III ICG ICG ICA TCI GGC 3'; REP2-1 5' ICG 

ICT TAT CIG GCC TAC 3'), 1.25 mM of each dNTP, 1 X buffer consisting of 10 mM Tris-

HCl, 50 mM KCl. 2.5 mM MgCU (pH 8.9), 5.0% DMSO, 2.5 U of Taq DNA Polymerase 

(Roche, Indianapolis, IN), and 2.5 |il cell lysates. The PCR program used for amplification 

was: 95°C for 5 min. followed by 35 cycles consisting of95°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(NuSieve3:l agarose, FMC BioProducts, 

Rockland, ME) and isolates with unique fingerprint were identified. 

Further identification of each unique isolate was performed using 16S rDNA PCR. 
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The forward primer was 27f (5'AGA GTT TGA TCC TGG CTC AG 3') and the reverse 

primer wasl492r (5' TAG GGT TAG GTT GTT AGG ACT T 3') (Medlin et al., 1988; 

Weisburg et aL, 1991). Each 50 ul PGR reaction contained 0.5 ofeach primer, 0.2 mM 

of each dNTP. I X buffer consisting of 10 mM Tris-HGI, 50 mM KGL 2.0 mM MgCl, (pH 

8.3), 5.0% DMSO, I.O U ofTaq DNAPolymerase (Roche, Indianapolis, IN) and 5.0 ^1 cell 

lysates. The PGR program used for amplification was: 95°G for 5 min, followed by 30 cycles 

consisting of 94°C for 1 min, 63°G for 1 min, and 72°G for 1 min 15 sec and a single final 

extension step consisting of 72°G for 5 min. The entire 1500 bp product was visualized on 

a 1.0% agarose gel (SeaKem LE agarose, FMG BioProducts, Rockland, ME). The PGR 

product was subsequently purified using Qiaquick PGR Purification Kit (Qiagen, Valencia, 

GA) and sequenced at the Genomic Analysis and Technology Core Facility (University of 

Arizona Research Laboratories- DivisionofBiotechnology, Tucson, AZ). Sequence analysis 

resolved approximately two 500 bp regions of each 16S rDNAgene corresponding to 5' and 

3' ends. Thus, internal primers were designed to sequence the remaining internal 500 bp of 

the gene. Primers were designed using OLIGO Primer Analysis Software, version 6.1 

(Molecular Biology Insights, Inc., Cascade, GO). SequencherSoftware, version 3.0 was used 

to align and to obtain a consensus sequence for each isolate (Gene Codes Corporation, Ann 

Arbor, MI). A representative consensus sequence for each of the 16 unkjue isolates was 

compared to known sequences using the BLAST program (Akschul et a., 1990). 

Preparation of phylogenetic tree Sequences representing a broad range of biosurfactant-

producing microorganisms fi-om this study and fi-om the literature were retrieved from the 
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NCBI16S rDNA database and downloaded in FASTA format. Sequences were aligned using 

ClustalX version 1.81 (Thompson et aL, 1994). Thensequence regions from 1 to 125 bp and 

greater than 1550 bp were excluded to eliminate biases created by large gap regions caused 

by a lack ofsequence data. Finally, the tree was constructed in PAUP* beta version 4.0 using 

Neighbor joining method with Hasegawa-Kishino-Yano (HKY85) substitution model 

(Swofford, 2002; Sinauer Associates, Inc. Publishers, Sunderland, MA). 

RESULTS 

The twenty soils screened for biosurfactant-producers were collected primarily from 

arid soils in southern Arizona. Most had a sandy loam texture and total organic carbon 

content ranged from 0.20 to 4.59% (Table 1). The soils had culturable populations ranging 

from4.1 ±0.41 X 10^ to 8.1 ±0.64 X 10" CFU/g dry soil (Table 1). The initial screening on 

R2A yielded a total of 1305 isolates which were grown in MSM-glucose broth for a week and 

then tested for qualitative drop-collapse. This resulted in 45 putative biosurfactant-producing 

isolates or a total of 3.4% of the isolates tested under these screening conditions. Of the 20 

soils tested, 13 contained biosurfactant-producers including all six uncontaminated soils and 

all three co-contaminated soils. However, only two ofthe six hydrocarbon-contaminated and 

two of the five metal-contaminated soils contained biosurfactant-producers. 

Of the 45 putative biosurfactant-producers, 47% were gram negative and 53% were 

gram positive (Table 2). Upon examining the types of soils and their contaminants, the 

following pattern was revealed: gram positive isolates dominated in the uncontaminated and 

metal-contaminated soils (95%); and gram negative isolates dominated in the hydrocarbon-
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contaminated and co-contaminated soils (83%). This distribution may represent 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 pattern holds 

for soils from non-arid regions. 

REP PCR grouped the 45 putative biosurfactant-producers into 16 unique fingerprint 

patterns. These 16 isolates were fiarther characterized in two ways. First the surface tension 

of culture supematants 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 rDNA sequence and classified into three genera, Pseudomonas. 

Bacillus, and Flavobacterium with homologies of 97% or greater in each case suggesting 

good matches (Table 3). The data from this study were combined with known 

biosurfactant producers from the literature and used to construct a phylogenetic tree. As 

shown in Figure 2, biosurfactant-producing organisms were found in at least three of the 

major divisions of the eubacteria including; Proteobacteria, Firmicutes (Gram positive), and 

Cytophaga-Flexibacter-Bacteroides (CFB), as well as the two major divisions of the archaea: 

Crenarchaeota, and Euryarchaeota. Isolates from this study were distributed between 

Proteobacteria, Firmicutes, and CFB divisions. 

DISCUSSION 

Phylogenetic analysis illustrates the great diversity that exists among biosurfactant 

producing microorganisms which suggests that biosurfactant production is an imponant 

survival tool (Figure 3). Interestingly, biosurfactant production is a trait that seems to have 
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evolved in an independent (genes for the different surfactants are entirely unrelated), yet 

parallel fashion for each surfectant type. It further appears (on the basis of the two better 

studied biosurfactants; rhamnolipid and surfactin) that while the genes encoding catabolic 

pathways are conserved for individual surfactants, the regulation and location of these genes 

on the bacterial chromosome is quite complex (Bodour and Maier, 2002). 

It is currently known that the type of biosurfactant made is dictated by the producing 

microorganism and a single organismcan produce chemical variations ofthe same surfactant. 

The major types of biosurfactants that have been described include the glycolipids; 

rhamnolipids are produced only by Pseudomonas aeruginosa, trehalose lipids are produced 

only by a number of closely related genera including Rhodococcus, Nocardia, 

Corynebacterium, Tsukamurella, Gordonia, Mycobacterium, sndArthrobacterzW belonging 

to the Firmicutes division, and sophorose lipids are produced by several species of Candida 

(yeast). A newer glycolipid group called mannosylerthritol lipids are produced by Candida 

and Usiilago maydis (fungus). The lipoprotein biosurfactant group includes surfactin, iturin, 

fengycin, and lichenysin which are produced only by Bacillus sp. Other genera that produced 

lipoproteins are Actinoplanes, Arthrobacter, Pseudomonas, and Serratia. Polymeric 

biosurfactant producers have been isolated from eubacteria, eucaryote, and archaea the 

include the following genera; Acinetobacier, Bacillus, Candida, Halomonas, 

Melhanobacterium, Phormidium, Pseudomonas, and Saccharomyces. 

In this study only three bbsurfactant-producing genera were obtained from the soils 

screened, Pseudomonas, Bacillus, and Flavobacterium. Of these, the isolation of 
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Flavobacierium MTN11 as a surfactant-producer was surprising. A recent report in the 

literature isolated a Flavobacierium aquatile from an indigenous bios lurry reactor that was 

producing biosurfactant (Cassidy and Hudak, 2001). However, the researchers did not 

determine which isolates were responsible for the biosurfactant production. Therefore, 

Flavobacierium sp. MTNl 1 is considered to be a novel biosurfactant producer that is being 

purified and for which the biosurfactant is being identified. The four Pseudomonas isolates 

obtained were screened for rhamnolipid production using primers for the rhlB gene. Only the 

two P. aeruginosa isolates were positive for the rhlB gene and rhamnolipid production was 

confirmed by a thin layer chromatography analysis. Other Pseudomonas species have been 

reported to produce a variety of lipoproteins including viscosin, tensin, syringomycin, and 

syringopeptin, as well as polymeric biosurfactants such as Biosur-Pm, and PM factor 

(Laycocketal., 1991; Perssonetal., 1988; Phaleetal., 1995; Burd and Ward, 1996; Fogliano 

et al., 1999; Nielsen et al., 1999; Henriksen et al., 2000). Of the 16 different isolates obtained 

in this study, 11 were Bacillus sp. This genus has been reported to produce a variety of 

lipoprotein surfectants. B. subtilis usually produces a mixture composed of surfactin, iturin, 

and fengycin which each have several isoforms (Peypoux et al., 1999). B. licheniformis 

produces lichenysin which also has a number of isoforms (Grangemard et al., 1999). 

It is likely that other biosurfactant-producing populations were present in these soils 

but were not enriched for by the screening conditions used. The screening method employed 

used glucose as the sole carbon and energy source. Glucose was selected for the following 

reasons: 1) it is known to support the production of a variety of biosurfactants, and 2) 
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because we are interested in stimulating in situ production ofbiosurfactants for remediation 

applications and glucose is a non-toxic carbon source that could be used for this purpose. 

However, it must be emphasized that biosurfactant production is dependent on the carbon 

source and media selected. Thus, if another media and carbon source had been chosen it is 

probable that a different population of biosurfactant-producers would have been enriched. 

Despite the limitations of the screening method used, we still obtained a diverse group of 

biosurfactant producing organisms including the novel biosurfactant-producer, 

Flavobacterium sp MTNl 1. These results suggest that a more exhaustive screening may 

yield other new biosurfactant producing microorganisms. 

One fascinating aspect of this work that needs fiirther exploration is that several of the 

16 isolates were differentiated by REP PCR followed by 16S rDNA PCR and sequencing had 

identical database matches. For example. Bacillus subtilis HAZ2, HAZ14, WP1-2I, and 

GAl-5 all had matched 99% homology with the database isolate with accession number 

.A.BO 18484. This does not mean these four sequences are identical, indeed they vary from 

each other by up to 8 bp. For instance, for HAZ2 and GAl-5, there is a difference of 1 bp 

in the 1470 bp that were sequenced. If we had merely sequenced all 45 isolates instead of 

first grouping them by REP-PCR, we would have identified only 10 unique isolates rather 

than 16. So the use of REP-PCR in this case was critical in pointing out the uniqueness of 

these two isolates (as shown in Fig. 2, the REP fingerprints for HAZ2 and GAl-5 show 

several bands that are different). What is disturbing about this is that as high throughput 

screening methodologies for bacteria become more available, we may begin to rely only on 
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database information. If we do this we risk overlooking unique and different activities. 

To continue with this example, the surface tension reduction activity of the 

biosurfactants produced by HAZ2 and GA1-5 differ greatly. The HAZ2 culture supernatant 

reduced surfece tension from 72 mN/m(water) to 39.2 ± 0.4 mN/m, while the GAl -5 culture 

supernatant reduced surface tension to only 49.4± 0.5 mN/m. The difference in these surface 

tension activities is quite large, a surface tension reduction to 49 is considered minimally 

active while a surface tension reduction to 39 is considered moderately active. It is likely that 

HAZ2 and GAl -5 both produce a lipopeptide surfactant given their identification as Bacillus 

subtilis isolates and that the surfactant is a mixture of lipopeptides. However, it is important 

to note that even slight differences in biosurfactant stmcture and in the mixture of the 

biosurfactant types can have great consequences on its activity in the environment or in 

clinical settings. For example, we have studied P. aeruginosa rhamnolipids extensively and 

found that monorhamnolipid is less soluble and sorbs to surfaces and complexes metals more 

strongly than dirhamnolipid suggesting different functions for these surfactants (Zhang and 

Miller, 1995; Zhang et al., 1997; Ochoa-Loza, PhD Dissertation 1998). It is also known that 

different P. aeruginosa isolates produce different rhamnolipid mixmres or in some cases may 

produce only monorhamnolipid or dirhamnolipid (Oshsner et aL, 1995; Lang and WuUbrandt, 

1999). Thus, the properties of a biosurfectant produced by very similar isolates may be quite 

different and as a result may be useful for very different applications. From this analysis, we 

conclude that the current 16S rDNA database is not adequate to identify functional diversity 

for biosurfactants and by extension most likely is not adequate to identify functional diversity 
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of other natural compounds. 
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FIGURE CAPTIONS 

Figure 1: Phylogenetic tree was based on the 16S rDNA from microorganisms representing 
biosurfectant-producers isolated in this study as well as known biosurfectant-producers from 
the literatiire. The unrooted tree was created using Neighbor joining method. 

Figure 2: REP analysis of all the isolates that matched with B. subtilis. Lane 1 strain MA 12; 
lane 2 strain HAZ2; lane 3 strain HAZ14; lane 4 strainWPl-21; lane 5 GAl-5; lane 6 strain 
BHP6-I; lane 7 strain BZ15; lane 8 strain STB29; lane 9 Molecular weight marker III; lane 
10 100 bp marker. 
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Table 1: Soil Characteristics / Isolates screened from soils 

Biosurfactant 
Type of Number of Producing 

Soil (ID)/ Location Contamination Texture TOC / OM' CFU/g soil' Isolates Isolates 
Screened^ Obtained' 

Uncontaminated 
1 - Tucson, AZ None Sandy 0.43%' 9.9 ± 3.8 X 10^ 88 2 
2 - Tucson, AZ None Sandy loam 4.59%' 7.1 ±57.7 X 10" 72 1 
3 - Tucson, AZ None Loamy sand 1,27%' 3.4 ± 38.0 X 10' 77 1 
4 - Tucson, AZ None Sandy loam 0.12%' 5.3 ±34.2 X 10' 82 4 
5 - Elgin, AZ None Loam 1.88%' 2.9 ± 11.4X 10' 72 1 
6 - Tucson, AZ None Sandy loam 0.2%' 1.2 ± 17.4 X 10' 75 4 

Hvdrocarbon-Cont'd 

7 - Tucson, AZ Motor oil N/A N/A 1.6 ± 23.0 X 10' 91 4 
8 - Blythe, CA Waste oil N/A N/A 8.1 ±64.3 X 10' 81 0 
9 - Layton, UT JP4, PAH Fine to coarse sand w/ N/A 1.5 ± 22.0 X 10' 42 0 

interbedded gravel 

10 - Layton, UT JP4, chlorinated Fine to coarse sand w/ N/A 1.6±42.8X 10' 36 0 10 - Layton, UT 
solvents, PAH interbedded gravel 

11 - Tucson, AZ Gasoline Silty clay N/A 4.9 ± 81.3 X 10' 43 0 
12-Willcox, AZ Mineral oil Clay sandy N/A 4.4 ± 39.6 X 10' 64 3 

Metal-Contaminated 
13 - Green Valley, AZ Pb, Cd Sandy loam 0.55%' 4.1 ±40.5 X 10' 71 7 
14 - Wickenburg, AZ Cr, Hg Sandy loam 0.30%' 3.7 ± 51.6 X 10' 54 0 

15 - Tucson, AZ Pb Sandy loam N/A 2.0 ±30.1 X 10' 47 0 

16 - Tucson, AZ Pb, Cd, Cr Sandy loam N/A 3.6 ±33.1 X 10' 53 0 
n - BeUemovisA, ML A.&, Ra, Be, Cd, Cx, 

PK 
loam l.Q±2l.Q X IQ' S4 I 

o vO 



Table I; Continued: Soil Characteristics / Isolates screened from soils 

Soil (ID)/ Location Type of Contamination Texture TOC / OM' CFU/g soil' 
Number of 

Isolates 
Screened^ 

Biosurfactant 
Producing 

Isolates 
Obtained' 

Co-Contaminated 
18 - Tucson, AZ Pb, waste oil Sandy loam N/A 8.9 ±2.5 X 10' 83 2 
19 - San Manuel, AZ Flue dust, hydrocarbon N/A N/A 3.4 ±26.1 X 10' 63 1 

waste 
20 - San Manuel. AZ Flue dust, diesel fuel Alluvial fill N/A 7.1 ± 75.7 X 10' 57 14 

'Total Organic Carbon 
'Organic Matter 
'Plate counts were not significantly different from day 3, 7, 14, and 21 soil slurries, 
^Totai number of colonies screened from day 3, 7, 14, and 21 soil slurries. 
'Results from day 3, 7, 14, and 21 soil slurries. 



Table 2: Distribution of positive biosurfactant-producing isolates 

Soils 
Number of Biosurfactant-

producing isolates' Gram negative Gram positive 

Uncontaminated (6) 13 1 12 

Hydrocarbon-Contaminated (6) 7 6 I 

Metal-Contaminated (3) 8 0 8 

Co-Contaminated (3) 17 14 3 

'These represent isolates obtained from all the colonies screened. 



Table 3; Identification of Biosurfactant-producing Isolates 

Soil(s) Isolate 
was Obtained Isolates Identification Given Based on Match Percent Homology/Accession Number 

Surface Tension 
(mN/m) 

6 Bacillus subtilis strain OA 1 -5' 99%/ABO 18484 49.4 ± 0.5 

13 Bacillus subtilis strain HAZ2^ 99%/ABO 18484 39.2 ± 0.4 

13 Bacillus subtilis strain HAZ14^ 99%/ABO 18484 33.3 ± 0.3 

18 Bacillus subtilis strain WP1 -21 ̂  99%/ABO 18484 33.9 ±0.2 

7 Bacillus subtilis strain STB29^ 1 GO % / AY030331, AY030330, AJ276351, Z99104 31.3 ±0.4 

19 Bacillus subtilis strain BHP6-1' 99 % / AY030331, AY030330, AJ276351, Z99104' 3\.4±0.2 

3 Bacillus subtilis strain MA12^ 99%/ABO 18486 31.3 ±0.2 

4, 13, 18 Bacillus subtilis strain BZ1 99 % / AF318900, ABO 18486 33.1 ±0.4 

1,4,5,6, 17 Bacillus licheniformis strain G A1-17' 99%/AY030335 39.6 ± 0.6 

13 Bacillus licheniformis strain H AZ6-17' 99%/AY030335 42.6 ± 0.5 

6 Bacillus licheniformis strain GA8' 99%/AB039328, X68416 42.6 ±0.2 

2 Flavobacterium sp. strain MTN11 97 % / A F3 88029 40.6 ± 0.0 

12 Pseudomonas aeruginosa strain M02' 99 % / AF331663, AF227866, AF094718, 
AF094713. AE004844 

32.5 ±0.2 

20 Pseudomonas aeruginosa strain BHP7-6' 99 % / AF331663, AF227866, AF094718, 
AF094713, AE004844 

31.8± 0.2 

7 Pseudomonas sp. strain STB 17 99%/AY029759 28.7 ± 0.4 

20 Pseudomonas sp. strain BHP7-11 99%/AF105389 27.3 ± 0.3 

'All gram negative isolates were screened for the rhlB gene molecularly and rhamnoiipid using thin liquid chromatography. 

These isolates were positive for rhamnoiipid production. REPs were different for these two isolates. 
^All gram positive isolates REPs were different. 
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ABSTRACT 

A new biosurfactant, flavosurfactant, is identified and its structure and potential 

applications are explored. The biosurfactant is produced by a soil bacterium, identified by 

itsl6S rDNA as Flavobacterium sp. 36. The culture supernatant ofthis organism, grown in 

nitrogen-limiting mineral salts medium containing 2% glucose as the sole source of carbon 

and energy, reduced surface tension to 40.7 mN/m. Flavosurfactant was partially purified 

using a C8 solid phase extraction resia This partially purified surfactant reduced surface 

tension to 26.0 mN/m, indicating strong surface activity. The flavosurfactant was a strong 

and stable emulsifier (100%) to a minimum concentration of 19 mg/L ofsurfactant. Apparent 

solubility of hexadecane was enhanced fi-om 0.003 to 1900 mg/L with biosurfactant solutions 

ranging up to 1200 mg/L. The abflity of the surfactant to complex a model heavy metal, 

cadmium, was determined. The stability constant was measured to be 3.61 which is 

comparable to organic ligands such as oxalic acid and acetic acid. Mass spectroscopy 

indicates a mixture of 12 compounds that have a molecular mass ranging fi-om 626 to 682 

g/mol. Nuclear magnetic resonance results indicate that the structure has a sugar, a fatty acid 

tail, and one other functional group as yet unidentified. The biosurfactant produced by 

Flavobacierium sp. 36 is a new type of glycolipid with a strong potential for biotechnology 

applications. 
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INTRODUCTION 

There are diverse bacterial genera that produce a variety ofbiosurfactants. In general, 

the type of biosurfactant produced is specific to genus and in some cases species. For 

instance, rhamnolipid is produced by Pseudomonas aeruginosa. Trehalose lipids are 

produced by Rhodococcus species. The lipoproteins such as surfactin, lichenysin, and 

fengycin are produced by different species in the genus Bacillus. Both substrate and growth 

conditions dictate the quantity and to some extent the structure of a biosurfactant. The most 

widely studied biosurfactants are the glycolipids and the lipoproteins. Discovery of new 

biosurfactants first requires the isolation ofa novel bio surfactant-producing microorganism. 

Then growth conditions, as well as development of a purification protocol, have to be defined 

for the biosurfactant. These challenges have made obtaining new biosurfactants a relatively 

difficult task. However, the structural diversity ofbiosurfactants gives them versatility and 

potential for many different applications. 

F/avo6ac/ena are gram-negative, aerobic, gliding-motility, non-fermentative, and rod-

shaped. Theybelongto the group Cytophaga-Flavobacterium-Bacteroides(CFB). TheCFB 

phylum has five subgroups and their small subunit rRNA suggests they are strongly related 

to the sulfiir bacteria phylum (Woese et al., 1990). The CFB is a group that has been and will 

continue to deal with rapid changes in taxonomy. The saprospira subgroup contains the 

Flavobacterium genus (Ghema and Woese, 1992). Flavobacieria are ubiquitous in the 

environment. Some species are opportunistic pathogens known to cause disease in humans 

(Manfredi et aL, 1999) and other animals such as fish (Wiklund et al., 2000). For example. 



120 

F. psychrophilwn is a fish pathogen that has shown marked resistance to agents used to 

protect fish ferming in Denmark (Schmidt et al., 2000). Flavobacteria are known to produce 

pigments ranging in color from yellow to orange, pink, red, and brown. Studies have shown 

that some species of Flavobacterium degrade xenobiotics such as pentachlorophenoL, nylon 

oligomers, polyaromatics and pesticides (McAllister et al., 1996; Lee and Xun, 1997; Lo et 

al., 1998; Negoro. 2000; Wang and Vipulanandan, 2001). 

The goal of this study was to purify and characterize the novel biosurfactant produced 

by the soil bacterium. Flavobacterium sp. 36. The CFB group has not previously been shown 

to produce surfactants. However, a recent study showed that an anaerobic gram-negative 

bacterium related to CFB by its 16S rRNA produced a surface active extracellular compound 

(Denger et al., 2002). In the present study, the structure of the flavosurfactant is described 

as well as its surface tension reduction capability, critical micelle concentration, emulsification 

index, its ability to solubilize hexadecane, a model organic contaminant, and to complex 

cadmium, a model metal contaminant. 

.MATERIALS A.ND METHODS 

Biosurfactant production Flavobacterium sp. 36 was isolated from a sandy loam soil 

collected from Mount Lemmon in the Coronado National Forest near Tucson, AZ. The 

culture was maintained on R2A plates and transferred monthly. Flavobacterium sp. 36 was 

inoculated into 25 ml mineral salts medium (MSM) amended with 2.0% glucose as the sole 

carbon and energy source in 125 ml flask. MSM is composed of solution A per liter 

containing: 2.5g NaNOj; 0.4g MgS04-7H20; 1 .Og NaCl; l.Og KCl; 0.05g CaCl ^HiO; 10 ml 
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H3PO4 (85.0%); adjust pH 7.2 with KOH pellets then 1 ml of solution B was added 

containing 50mg FeSO^-THjO; I50mg ZnSO^-THiO; I50mg MnS04 H20; 30mg H3BO3; 

15mg CoCl-6H,0; I5mg CuS04-5H,0; lOmg NaM0v2H,0 per 100 mL The preculture was 

incubated with gyratory shaking at 200 rpm for 36 h at 25°C, and then 3 ml was used to 

inoculate 300 ml of MSM amended with 2.0% glucose in a 1 liter flask. This flask was 

incubated at the same temperature and gyration for 6 days, and then the biosurfactant was 

harvested. 

Biosurfactant extraction The surfactant was recovered by first removing the cells by 

centrifugation at 15,300 X g for 10 min. The culture supernatant was collected and partially 

purified using the following procedure. Methanol (1.0%) was added to the supernatant and 

then solid phase extraction (SPE) was performed to concentrate and purify the surfactant. 

Columns were prepared using 5 g of bulk Isolute® sorbent C8 (International Sorbent 

Technology Ltd.. Hengoed Mid Glam, UK) which was sandwiched between 27 mm 

polyethylene fiits (International Sorbent Technology Ltd., Hengoed Mid Glam, UK) inside 

a 60 ml plastic syringe (Becton Dickinson & Co., Franklin Lakes, NJ). The columns were 

conditioned with 100% methanol, and then approximately 60 ml of the supernatant solution 

was added to each column. Next, the resin was rinsed with approximately 60 ml of water 

containing 1.0% methanol to remove salts and hydrophilic pigments. Application of 60 ml 

supernatant and the subsequent rinse step was repeated four more times for each column. 

Then, the column was rinsed with 150 ml of an 8:2 water/methanol mixture. TbJs rinse 

removed further pigments and other impurities. The surfactant was then eluted with 100 ml 
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of a 2:8 water/methanol mixnire. Elution steps used a vacuum manifold (Burdick & Jackson, 

VWR Scientific Products, Phoenix, AZ) to maintain a constant drip. The pressure applied 

to maintain a constant drip varieties throughout the SPE procedure (<-15 kPa). The eluted 

surfactant was rotary evaporated to remove the methanol (Rotavapor RE-140/EL141 

Brinkmann Instruments, Inc., Westbury, NY). Finally, the aqueous surfactant solution was 

oven dried (50-60°C) to remove the water. After obtaining the oven dry mass, standard 

solutions of surfectant were made. 

Surface Tension Analysis A Surface Tensiomat. Model 21 (Fisher Scientific Pittsburgh, 

PA) was used to measure the surfece tension of surfactant solutions ranging from 0 to 3100 

mg/L. A plot of surface tension verses the log of biosurfactant concentrations (Figiu-e 1) was 

used to estimate the critical micelle concentration (CMC). The surface tension of each 

solution was measured three times and the experiment was repeated twice. 

Emulsification Index The emulsifying capacity of the biosurfactant was determined using 

a modification of a method previously described by Willumsen and Karlson (1997). 

Surfactant solutions were prepared at a range of concentrations: 0, 18.75, 37.5, 75, 150, and 

300 mg/L. Six ml of each solution was placed into glass test tubes. .A 600 |il aliquot of 10% 

vol/vol Pennzoil® lOW-40 oil was added to each test tube. The height of the oil layer was 

then measured for each test tube. Each tube was vortexed for 1 min followed by 1 min manual 

shaking to create an emulsion. The height of the emulsified layer was measured at 2 hr, 24 

hr, and one week later. From this measurement an emulsification index (EI) was calculated 

using the ratio of the height of the emulsified layer to the height of the total oil layer. Each 
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solution was measured in triplicate. This experiment was repeated twice. 

height of emulsion layer 
Emulsion Index = x 100 

total height of the oil layer 

Hexadecane Apparent Solubility The influence of the biosurfactant on the apparent 

solubility of hexadecane was determined as previously described (Zhang and Miller, 1995). 

In brief 1 ml solution (0, 25, 75, 100, 150, 200, 300, 400, 500, 600, 900, 1050. and 1200 

mg/L) was dispensed into borosilicate glass4 mlautosampler vials (15 X 45 mm) with screw-

cap containing red PTFE- faced/white silicone septa (Kimble, VWR Scientific Products, 

Phoenix, AZ). Then,10 |a.l of a mixture of hexadecane and [l-'''C]hexadecane with a specific 

activity of 0.74 mCL/mmol (98.0 % pure, Sigma, St. Louis, MO) was added to each viaL For 

the 0 surfactant treatment, '"C-hexadecane (specific activity of 12 mCi/mmol) was used. The 

vials were incubated on a rotary shaker at 300 rpm at room temperature for 24 hr and allowed 

to stand for 24 hr to equilibrate. A 100 |il aliquot was carefiiUy removed from the bottom of 

the vials to avoid both floating hexadecane on the top of the surfactant solution and the 

emulsification layer. This 100 [il aliqout was added to 5 ml Scintiverse BD (Fisher, 

Pittsburgh, PA). The radioactivity was measured on a Packard Tri-Carb liquid scintillation 

counter model 1600 TR (Meriden, CT). Three replicates were performed for each surfactant 

concentration, and the entire experiment was performed twice. 

Cadmium Complexation An ion-exchange technique was used to determine the ability 

of the biosurfectant to complex a model metal, cadmium. This technique and the calculation 

of the stability constant was performed as previously described (Ochoa-Loza et aL, 2001). 
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In brief, a 0.1 g of sodium-saturated SP Sephadex C-25 (Pharmacia Biotech AB, Uppsala, 

Sweden) was placed into 7 ml polypropylene scintillation vials. Test solutions were made 

with varying concentrations of surfactant (0, 0.1, 0.5, 1. 2, 3, and 5 mM), and 0.5 mM 

cadmium in a 0.01 M Pipes buffer solution (Piperazine-N,N'-bis-(2-ethanesuIfonic acid), 

Sigma, St. Louis, MO). Five ml of each test solution was placed into a 7 ml vial containing 

Sephadex resin. These vials were shaken at 100 rpm for 2 hr at room temperature. The vials 

were removed and allowed to settle for a minimum of 1 hr. Then 3 ml of the supernatant were 

removed and analyzed fo r cadmium by ato mic absorp tion (AA) (Instrument Laboratory Video 

12 aa/'ae spectrophotometer. Allied Analytical Systems. Waltham, MA). Standard cadmium 

solutions were prepared and used to obtain a calibration curve for the AA. Four replicates 

were performed for each test solution. 

.MassSpectrometr>'(MS) Massspectrometric(MS)anatyseswereperformed by both Fast 

Atom Bombardent (FAB) and Electrospray ionization (ESI) methods. The FAB analyses were 

performed on a HX-1 lOA model magnetic sector instrument (JEOL USA, Inc., Peabody, 

-MA) using a xenon FAB source and a matrix consisting of 50% glycerol, 25% thioglycerol, 

25% m-nitrobenzyl alcohol and 0.1% triflouoroacetic acid. For exact mass measurements, 

polyethyleneglycol was used as an internal standard. The ESI measurements were performed 

on a LCQ model system (Thermo Finnigan, San Jose, CA) with direct infiision using a 50:50 

water:methanoI solution. Samples were run in both positive and negative ion modes. MS/MS 

analyses were performed on selected ions. 

High Performance Liquid Chromatography - Mass spectrometry (HPLC-MS) analyses 
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were performed on a Magic 2000 HPLC system (Michrom Bioresources, Inc., Auburn, CA) 

coupled with the Finnigan LCQ model system. The column was a Magic C-18, 5 micron 

particle size, 200 angstrom pore size, and a solvent gradient run consisting of 95% solvent 

A to 90% solvent B over 30 minutes, where solvent A consisted of 98% water, 2% 

acetonitrile, 0.1 % triflouroacetic acid and solvent B consisted of 90% acetonitrile, 10% water 

and 0.09% trifluoroacetic acid. 

Nuclear .Magnetic Resonance (NMR) Spectroscopy Samples were prepared as follows: 

flavosurfactant (55 mg) was either dissolved in 0.5 mL CDjOD with 0.1 mL D20 added 

which was centrifiiged to remove undissolved solids or dissolved in 0.75 mL of DMS0-d6. 

Spectra were acquired on an .WANCE DRX-500 model spectrometer (Bruker 

Biospin Corporation, Billerica, MA) operating at a proton frequency of499.93 MHz using 

a 5 mm triple-resonance triple-axis gradient probe (Nalorac Corporation, Martinez, CA) 

(DQF-COSY) or a 5mm direct '^C observe probe (Bruker Biospin Corporation, Billerica, 

.MA) ('^C and DEFT), or on an .AVANCE DRX-600 spectrometer (Bruker Biospin 

Corporation, Billerica, MA) operating at a proton frequency of600.13 MHz with a 5mm TXI 

triple-resonance triple-axis gradient probe (Bruker Biospin Corporation, BQlerica, MA). .All 

spectra were acquired at 25°C without spinning. The DRX-500 console was purchased with 

funds fromNSF grant #0729350 in the Biological Multi-User histrumentationand Equipment 

Program. The edited gradient HSQC spectrum (Willker et al., 1993) was acquired in TPPI 

mode (Redfield and Kuntz, 1975; Void et al., 1980; Marion and Wuthrich, 1983) using 2048 

data points in t, and 700 data points in t,. 
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The HMBC spectrum (Bax and Summers, 1986) was acquired using echo-antiecho 

selection in t,, and the '^C-bound proton signal was suppressed using a TANGO excitation 

followed by a spoiler gradient (Kover, personal communication). The 4096 data points were 

acquired in t, and the 750 data points in t,. The gradient-selected DQF-COSY spectrum 

(Ranee et al., 1983) was acquired in echo-antiecho mode with 2048 data points in t, and 512 

data points in t|. The NOESY spectrum (Kumar et aL, 1980; Bodenhausen et al., 1984)was 

acquired in TPPI mode with a mixing time of 0.35 s, with 2048 data points in t, and 560 data 

points in t,. NMR data were processed on an SGI Octane workstation using the Feli.x2000 

software (Accelrys, Inc., San Diego, CA). Data was zero-filled to give a final matrix size of 

2048 points in F, and 1024 points in F,. A skewed, 45°shifted sine-bell window flmction was 

used in both dimensions for the HSQC data, a 90°shifted sine-bell was used for the NOESY 

data, and an un-shifted sine-bell was used for the DQF-COSY data. 

RESULTS AND DISCUSSION 

Effect of biosurfactant on surface tension and CMC 

The culture supernatant of Flavobacierium sp. 36 reduced surface tension to 40.7 

mN/m, while the partially purified surfactant reduced surface tension to a minimum of 26.0 

mN/m. The CMC, 302 mg/L, was determined fi-om the intersection of the two linear 

regressions (see Figure 1), which is relatively high when compared to other biosurfactants. 

For example, mono rhamno lipid CMC is 40 mg/L, and a mixture of mo no- and di-rhamno lipid 

has a CMC of 27 mg/L (Zhang and Miller, 1992; Bodour and Miller-Maier, 1998). In 

comparison, ffehalose lipids have a range of CMC from 4 to 15 mg/L (Rapp et al., 1979; Kim 
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et aL, 1990). The reported CMC values for the lipoproteins surfectin, iturin, and fengycin are 

10,20, and II mg/L respectively (Mulligan and Gibbs, 1990; Deleu et aL, 1999). In addition, 

lipoprotein lichenysin has a range of CMC from 10 to 30 mg/L (Jenny et al., 1991; Y akimov 

et al., 1995; Lin et al., 1998). Synthetic surfactants have a rrrore diverse range of CMC 

values. For example, reported CMC values for soduTi±)cfajlai&e(9]Qia:5pfaEtwmil8^280OngLTntkii 

XlOObavffin 110-195 aij-35bavfl3i40-I82n|^ TwaiSObawflai 13-16ngL airiaQ^ cwtdsdfiiflES (LHi) 

bavmi29004IDngL(RiEatlSifliri 19®; ChiaiiMot, 199^ lidTt) 199^ RxharL^lflanda; 1995? Qlaaiiifie 1996; 

BiiiraiiMlla--Mie; 1998V Thus, biological surfactant CMC values are lower than those of 

synthetic surfactants. The lower CMC values may be advantageous because less product is 

needed to create surfactant aggregates and thus, cost of application may be less. 

Effect of biosurfactant on emulsification 

The flavosurfactant completely emulsified the oil layer for all the biosurfactant 

concentrations tested. Emulsion was stable at 2 hr, 24 hr and one week later. It is apparent 

that this flavosurfactant is a strong and stable emulsifier to the lowest concentration tested 

18.75 mg/L. Emulsification indexes are not usually obtained for surface active biosurfactants 

and the assay for emulsification is not widely used or standardized. Therefore, comparison 

is difficult. However, this biosurfactant produces aggregates that solubilizes droplets of 

hydrocarbons very efficiently and effectively. 

Effect of biosurfactant on solubility of hexadecane 

As shown in Figure 2, the flavosurfactant dramatically increased the apparent 

solubility of hexadecane. For instance, in the presence of 25 mg/L of flavosurfactant, the 
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solubility of hexadecane was 80 mg/L, an increase of more than 4 orders of magnitude over 

the measured solubility of hexadecane in pure water (0.003 ± 0.0002 mg/L). The curve in 

Figure 2 suggests that the flavosurfactant has two different aggregate formations affecting the 

apparent solubility of hexadecane. The apparent solubility of hexadecane is increased rapidly 

after 600 mg/L of flavosurfactant. This was expected to happen immediately following the 

CMC (302 mg/L) but this was not the case with flavosurfactant. It is not known what 

aggregate formation flavosurfactant can make until the structure is fully elucidated, therefore 

the unusual solubilization behavior can not be explained. 

The molar solubilization ratio (MSR) is used to quantitate the solubilization power 

ofa surfactant where the MSR represents the mole oforganic compound solubilized/mole of 

surfactant. The MSR for hexadecane and flavosurfactant was 1.78 based on surfactant 

solutions above CMC (302-1200 mg/L). The MSR for below the CMC of the curve was 

determined to be 0.22. Zhang and Miller (1995) determined the MSR for 

hexadecane/dirfiamnolipid methyl ester structure and di-rhamnolipid acid structure was 5.2 

and 0.13 respectively. Thai and Maier (1992) reported the MSR values for 

octadecane/tritonX-114 and Corexit 0600 were 0.013 and 0.034 respectively. MSR values 

for naphthalene/Brij 30, Igepal CA-720 Tergitol NP-10, and Triton X-100 have a range of 

0.320-0.37 (Edwards et al., 1991). Thus, the flavosurfactant has similar MSR values when 

compared to these surfactants. 

Effect of biosurfactant on compiexation of cadmium 

The ability of a molecule to complex a metal can be expressed in terms of a 
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conditional stability constant (log K). The ability of flavosurfactant to complex a model 

heavy metal, cadmium, was determined to have a stability constant of 3.61. Ochoa-Loza et 

al. (2001) determined the stability constants for various metals withrhamnolipid biosurfectant. 

The reported stability constant for cadmium with rhamnolipid biosurfactant was 6.89. This 

higher stability constant of rhamnolipid is probably due to the free carboxyl group which is 

unprotonated at neutral pH. In contrast, the flavosurfactant is nonionic and should be 

expected to complex metals less efficiently. However, the flavosurfactant stability constant 

for cadmium is similar to organic ligands such acetic acid, oxalic acid and citric acid which 

are 1.2-3.2, 4.1, and 4.5 respectively (Martell and Smith, 1977 and 1982). 

Mass and nuclear magnetic resonance spectroscopy 

Mass spectroscopy results indicate there is a mixture of 12 compounds which group 

into 3 different series of molecular mass. The first and the second series have 5 molecular 

masses while the third series only has 2 molecular masses. The first series of masses is 626, 

640,654,668, and 682 g/moL and the second series of masses is 628, 642,656,670, and 684 

g/'mol. In both of these series, the masses differ by 14 g/mol units or a CH, that is likely to 

be part of the fatty acid tail. The third series molecular masses (644 and 672 g/mol) also 

differ by a CH, unit. The difference between first and second series and between second and 

third series is degree of saturation; therefore, the mass increases by 2 g/mol (2H). Some of 

the molecular masses between first, second, and third series also differ by 16 g/mol (O); 

therefore, the number functional hydroxide groups on a sugar may be changing. The major 

compounds produced by the Flavobacterium sp. are the 654 and 668 g/mol masses. The 
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molecular components of the 654 g/mol mass are C35 H58 Oil. 

The NMR spectrometry indicates that the type of biosurfactant flavosurfactant 

produces is a glycolipid. This was indicated by the COSY and NOSY which show that 

multiple sugar types are present. However, the structure only has one sugar with one fatty 

acid tail and one other functional group that is yet to be determined. The analysis of the sugar 

group suggests that it is either tyvelose or ascarylose. These sugars are known to be part of 

the lipopolysaccharide layer but have never been associated with biosurfactants. Therefore, 

the Flavobacierium sp. is not only a newly reported microorganism that produces a 

biosurfectant, but the biosurfactant that it produces is a novel one. 
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FIGURE CAPTION 

Figure 1. Standard plot of surface tension verses the log concentration of biosurfactant 

concentrations. The surfece tension was measured in nanopure distilled water, pH 6.8, at 

room temperature. 

Figure 2. Effect of biosurfactant on the apparent aqueous solubility ofhexadecane. 
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ABSTRACT 

Widespread environmental contamination by polycyclic aromatic hydrocarbons 

(PAHs) has led to increased interest in the use of in situ bioremediation as a c leanup strategy. 

However, few bioremediation studies have investigated temporal changes in dominant 

indigenous populations following long-term exposure to a PAH. The goal of this study was 

to examine the temporal response of an indigenous soil community to long-term exposure to 

phenanthrene. A column was packed with a loamy sand, saturated, and then exposed to a 

solution saturated with phenanthrene (-1.2 mg/L) for six months. Initial soil, effluent, and 

final soil samples were collected and analyzed for phenanthrene concentration and microbial 

counts. Counts were performed on mineral salts medium amended with phenanthrene 

(phenanthrene degraders) and R^A (heterotrophic counts) plates. Phenanthrene degradeis 

were isolated and grouped by morphology. For each unique group, 16S rDNA PCR was 

performed and then sequencing analysis was used to identify the isolate. A total of 27 

different phenanthrene degraders were determined. Results indicate that a shift took place 

in the dominant phenanthrene-degrading populations over the course of this sLx-month 

experiment. Specifically, the isolates obtained initially from the soil were not subsequently 

found in either effluent samples or in the soil at the end of the experiment. Furthermore, 

seven isolates that were found in the soil at the end of the experiment were not observed in 

the soil initially or in the effluent samples. The second significant fmding of this study 

confirms earlier findings that a diverse population of microbes participates in 
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phenanthrene degradation in the environment. We describe here several PAH-degrading 

genera that have not been previously reported including: Afipia, Lepiothrix, Massilia, 

Methylobacieriiim, Microbacterium, Ralstonia, Rhizobium, and Thiobacillus. 

Key words: Phenanthrene degradation, Indige"Ous soil community, and Saturated column 

experiment. 
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INTRODUCTION 

Interest in microbial metabolism of polyaromatic hydrocarbons (PAHs), a class of 

toxic compounds widespread in soil and water environments, has engendered numerous 

studies on this subject. A wide variety of bacteria capable of metabolizing PAHs have been 

reported 'mchding: Achromobacter.Acidovorax,AcinelobacterAeromonas,Agrobacterium, 

Alcaligenes, Arthrobacter, Bacillus, Beijerinckia. Burkholderia, Comamonas, 

Corynebacieriiim, Flavobacterium, Micrococcus, Moraxella, Mycobacterium, 

Neptunomonas, Nocardia, Paenibacillus, Pseudomonas, Rhodococcus, Sphingomonas, 

Slreptomyces, Vibrio, and Xanthamonas (Weissenfels et al., 1990; Grosser et al., 1991; 

Cemiglia. 1992; Mueller et al., 1997; Aitken et al., 1998; Hedlund et al, 1999; Meyer et al., 

1999; Moody et al., 2001). The majority of PAH degradation research to date has involved 

pure culture enrichment of PAH degraders or the use of indigenous communities from 

uncontaminated or contaminated sites to characterize rates of PAH degradation (Guerin and 

Jones, 1989; Roslev et al., 1998; Berardesco et al., 1998; Yuste et al., 2000). The model 

PAHs most widely selected for these studies are naphthalene and phenanthrene because they 

have higher relative solubilities and can be degraded by a diverse group of microbes (Ahn et 

al., 1999; Miyaand Firestone, 2001). Several of the pure cultures obtained have been used 

to comprehensively study the biochemistry and genetics of PAH catabolic pathways. For 

example, the metabolism of naphthalene to salicylate (upper pathway) has been well studied 

using Pseudomonas putida G7 (plasmid pNAH7, nah genes) and NCIB9816-4 (plasmid 

pDTGl, nah genes) (Dunn and Gunsalus, 1973; Yen and Serdar, 1988; Menn et al., 1993; 
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Simon et al., 1993; Takizawa et al., 1999). Similarly for phenanthrene the pah (from 

Pseudomonas) andphn (from Sphingomonas) genes have been well described (Yang et al., 

1994; Zylsira et aL, 1994; Zylstra and Kim 1997). 

With recent interest focusing on the use of in situ bioremediation as a cleanup 

strategy, there is a recognized need for better understandingof the ecology of PAH-degrading 

microorganisms. Thus, much of the more recent research in PAH degradation has begun to 

address ecological questions. This effort has been hindered by the lack oftools available for 

a comprehensive analysis of PAH-degrading communities in the environment. For example, 

several smdies have attempted to use nah, pah. and phn probes and/or PCR primers to 

evaluate whether contaminated soils harbor a PAH-degrading population. The authors of 

these studies point out that their results underestimate the number of potential PAH degraders 

because the primers and/or probes used were necessarily designed from known catabolic 

genes. This limits the ability to detect PAH degraders that utilize other pathways (Foght and 

Westlake, 1991; Pellizari et al., 1996; Goyal and Zylstra, 1996; Stapleton and Sayler, 1998; 

Meyer et aL, 1999; Laurie and Lloyd-Jones, 2000). Indeed, when using nah, pah, and phn 

probes to examine microorganisms capable of degrading P.AHs. only a third to half of the 

isolates hybridized to probes (Ahn et al., 1999; Lloyd-Jones et aL, 1999). Therefore, new 

primer pools/probes constructed from diverse PAH enzymes will be needed to adequately 

evaluate PAH degradation potential (Hamann et al., 1999; Laurie and Lloyd-Jones, 1999). 

These PAH primers/probes are going to have to be developed from newly discovered 

catabolic pathways or based on a degenerate primer/probe design (Hamann et aL, 1999). 
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Use of culturable methods is similarly problematic because these methods routinely 

miss a large part of the community under study due to inherent difficulties in current culture 

techniques (Kaeberlein et al., 2002). Failure to comprehensively culture entire PAH-

degrading communities may be due to the shock of the culturing process to some community 

members (Bogardt and Hemmingsen, 1992; Alley and Brown, 2000). Alternatively, it may 

be because a few populations dominate other smaller or less-competitive populations thereby 

masking their presence following serial dilution and plating (Shiaris and Cooney, 1983). 

.A.S outlined above, investigating the ecology of indigenous populations and population 

dynamics following a PAH exposure is a difficult challenge but one that must be met to 

further develop the application of natural attenuation for remediation of contaminated sites. 

We report here a slightly different approach that was used to investigate the phenanthrene-

degrading community in a model soil. A column study was performed to examine the 

temporal response of the phenanthrene-degrading community to a long-term (six month) 

exposure to phenanthrene under saturated-flow conditions. A combination of cultural and 

molecular methods were used in this study. Cultural methods were used as the initial 

screening tool to isolate phenanthrene degraders throughout the study. This was based on 

the hypothesis that the ecology of the phenanthrene-degrading community would change 

during long-term exposure to phenanthrene. As a result, populations that were unculturable 

(less dominant) in the beginning of the experiment would become more dominant and 

therefore culturable as exposure time was increased (Kaeberlein et al., 2002). Colonies 

obtained from culturing were morphologically grouped and then unique isolates were 



144 

identified using 16S-rDNA PCR and sequencing. 

MATERIALS AND METHODS 

Porous Media The model soil chosen is well characterized and has been used extensively in 

our lab (Estrella et al., 1993). In brief, the soil is a loamy sand with 2.7% organic matter 

content. It is an 80:20 (w/w) mixture of two soils; Sonoran and Mount Lemmon. The 

Sonoran soil is a low organic matter sandy loam that was collected from an agricultural field 

inSonora. Mexico with a history of2,4-dichlorophenoxy acetic acid (2,4-D) application. The 

Mount Lemmon soil is a high organic matter content undisturbed sandy loam that was 

collected fi"om Coronado National Forest in Mount Lemmon, Arizona. Both soils were air 

dried and sieved (pore size < 2.0 mm) before mixing and the mixture was stored at 4°C until 

use. 

Phenanthrene and heterotrophic counts Phenanthrene plates (MSM/phenanthrene) used 

to isolate bacteria that could utilize phenanthrene as a sole source ofcarbon and energy were 

made using a mineral salts medium (MSM) containing 1.0 g KH^POj, 1.0 g NajHPOj, 0.5 g 

NH,NO-, 0.02 g CaCl,*2H,0, 0.002 g FeClj, 0.002 g MnSO,« 2H,0, 0.2 g MgS0,«7H,0, 

and 15 g purified noble agar (BBL. Becton Dickinson Microbiology Systems, Cockeysville, 

MD) per liter. The MSM solution was autoclaved, poured, and solidified and then 0.5 ml of 

a 0.5 mg/ml phenanthrene (purity > 98.0%, Aidrich Qiemical Co., Milwaukee. WI) in 

chloroform solution was applied to the surface of each plate under a fiime hood. The 

chloroform was allowed to evaporate leaving a final mass of 0.25 mg of phenanthrene on the 

surface of each plate. In some cases, RiA agar (Becton and Dickinson Company 
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Cockeysville, MD) plates were used to isolate general heterotrophic bacteria, 

Miscible-displacement experiments The apparatus and methods employed for the miscible-

displacement experiments have been previously described (Hu and Brusseau 1998; Brusseau 

et al., 1999). All system components, materials, and solutions were sterilized prior to each 

experiment to eliminate contamination by microbes other than those under investigation. The 

tubing and pumps, and other column components that could not withstand autoclaxing were 

sterilized by treatment with a 2.0% bleach solution for a minimum of 30 minutes, followed 

by an equivalent treatment in 0.01% sodium thiosulfate, and then rinsed with sterile distilled 

water. A precision-bore stainless steel chromatography column with an inner diameter of 2.1 

cm and 15.0 cm long was used. The column had stainless steel distribution plates and porous 

plates (0.5 ̂ m nominal pore diameter) at both ends of the column to help ensure uniform flow 

and to serve as bed supports. In addition, all the tubing and fittings were stainless steel to 

prevent sorption of phenanthrene. 

The coluinn was aseptically packed with air-dried soil to obtain a uniform bulk density 

of 1.41 g/cm^and porosity of 0.48. For the sterile column experiment, the soil was sterilized 

by 4 consecutive (I h) autoclave events within a 5 day period. The column was connected to 

a single-piston high performance liquid chromatography (HPLC) pump to establish steady 

state flow (Scientific Systems, Inc., SSI Model 300, State College, PA). The column was 

saturated by slowly pumping a sterile 0.005 M CaCU electrolyte solution into the bottom of 

the column. The pore volume (PV) of the column was determined to be 25 ml by measuring 

the mass ofwater required for saturation of the column and correcting for dead volimie of the 
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tubing. 

Two column experiments were conducted with phenanthrene. The first was 

conducted using sterile soil to examine the sorption and transport behavior of phenanthrene. 

The second column experiment used nonsterile soil and phenanthrene was injected into this 

system continuously for 6 months (~11.648 PV) to investigate degradation of phenanthrene 

and microbes associated with the degradation. Dissolved oxygen was monitored both in the 

influent and effluent solutions using a MI-730 micro-oxygen electrode oxygen meter 

(Microelectrodes, Model OM-4, Bedford, NH). The average dissolved oxygen concentration 

in the influent was 8.5 ± 0.4 mg/'L, whereas the dissolved oxygen concentration in the effluent 

fluctuated fi-om a range of 3.9 ± 0.02 to 8.0 ± 0.05 mg/L. 

Phenanthrene solution preparation Sterile phenanthrene solutions were prepared in the 

following manner. A phenanthrene and chloroform solution was applied to autoclaved glass 

beads under the fume hood and the solvent was evaporated leaving the glass beads coated 

with phenanthrene. TTiese glass beads were aseptically packed into an autoclaved 

chromatograpic column (ACE Glass Inc., Louisville KY), and then an autoclaved 0.005 M 

CaCl, solution was pumped through the column to obtain the saturated phenanthrene 

solution. All fittings and tubes were sterilized with 2.0% bleach solution for a minimum of 

30 minutes. This disinfectant was neutralized by an equivalent treatment of 0.01% sodium 

thiosulfate and then rinsed with sterile distilled water. 

Phenanthrene detection in influent, effluent, and soil samples Breakthrough curves 

(phenanthrene concentration profiles) were obtained by determining the concentration of 
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phenanthrene in effluent samples (C) and dividing this value by the influent concentration (Cq) 

Effluent samples were collected continuously using a fraction collector for both the 

indigenous and sterile columns. The phenanthrene concentration in each sample was 

determined by fluorescence spectroscopy with an excitation wavelength of 250 nm and an 

emission wavelength of 365 nm (Hitachi Ltd., Model F-2000, Tokyo, Japan). The 

concentration of phenanthrene in the influent solution was 1.2 ± 0.1 mg/L. 

Following both miscible displacement experiments, the soil was removed from the 

column and subsampled in triplicate. Chloroform (30 ml) was added to each sample, the 

sample was vortexed for 1 min, sonicated for 15 min, centrifuged for 10 min at 3000 rpm 

(Beckman Instruments Inc., Model GP, Palo Altd, CA), and the supernatant retained. The 

procedure was repeated twice for a total of three, extractions for each sample. The 

supernatant from each sample were combined and concentrated using a rotary evaporator to 

remove the chloroform(RotavaporRE-140/EL14l Brinkmann Instruments, Inc., Westbury, 

NY). The concentration of phenanthrene was quantified by high performance liquid 

chromatography (HPLC - Waters, Milford, MA) using a 4.6 mm i.d. X ISO mm length 

reverse phase column. LUNA 5|i C18 (Phenomenex. Torrance, CA). Operating conditions 

were isocratic using a mobile phase of 5.0% HPLC grade water and 95.0% HPLC grade 

methanol at a flow rate of I ml/min and a wavelength 250 nm The extraction procedure had 

recoveries of > 97.0% of phenanthrene from soil. 

Isolation of phenathrene degraders Initial cell counts (C FU/g dry soil) were obtained, using 

MSM/phenanthrene and R^A plates, for the soil prior to packing. The sterile column was 



148 

monitored for bacterial contamination in the influent and effluent during the experiment, and 

in the soil after the experiment was terminated. For the nonsterile column, influent samples 

were monitored for bacterial contamination on MSM/phenanthrene plates, and effluent 

samples were monitored for phenanthrene degraders on MSM/phenanthrene plates. 

Following termination of the e.xperiment, the soil was carefiilly and aseptically removed from 

the column and divided into six cross-sectional fractions. Subsamples (-I g) were taken from 

each fraction and plated on both MSM/phenanthrene and R.A plates. All samples, including 

effluent samples, were plated in triplicate and 25 < CFU < 300 were enumerated after 7 days 

(RiA), and 14 days (MSM/phenanthrene) of incubation at room temperature. 

Identification of Phenanthrene-degraders Representative colonies were chosen from both 

the MSM/phenanthrene and R^A plates representing the initial, effluent, and final soil samples 

at the end of the experiment for identification. In order to obtain pure cultures, colonies from 

both MSM/phenanthrene and R,A plates were streaked for isolation on R,A. Oncethe isolate 

was pure, thenthe isolate was re-struck on MSM/phenanthrene plates to make sure the isolate 

was capable of phenanthrene degradation. 

The next step in identification was to determine which of the phenanthrene-degrading 

isolates were unique. Each isolate was Gram-stained and morphologically grouped. Any 

isolate that was ambiguous in the grouping process was categorized as unique. All unique 

isolates were subjected to 16S rDNA PGR. The forward primer was 27f(5'AGAGTT TGA 

TCC TGG CTC AG 3') and the reverse primer wasl492r (5' TAG GGT TAG GTT GTT 

AGG ACT T 3') (Medlin et al., 1988; Weisburg et al., 1991). Each 50 ul PGR reaction 
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contained 0.5 of each primer, 0.2 mM of each dNTP, 1 X buffer consisting of 10 mM 

Tris-HCl, 50 mM KCl 2.0 mM MgCl, (pH 8.3), 5.0% DMSO, 1.0 U of Taq DNA 

Polymerase (Roche, Indianapolis, IN) and 5.0 ^.1 cell lysates. 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 sec and a single final extension step consisting of 72°C for 

5 min. The entire 1500 bp product was visualized on a 1.0% agarose gel (SeaKem LE 

agarose, FMC BioProducts, Rockland, ME). The PCR product was subsequently purified 

using QIAquick PCR Purification Kit (Qiagen, Valencia, CA) and sequenced at the Genomic 

••Analysis and Technotogy Core Facility (Arizona Research Laboratories-Division of 

Biotechnology, Tucson, AZ). Isolates were sequenced using the forward primer; therefore, 

sequence analysis resolved approximately 500 bases of each 16S rDNA gene corresponding 

to 5' end. The sequence for each isolate was compared to known sequences using the NCBI 

BLAST database. .A.11 16S rDNA sequences were aligned using ClustalX version 1.81 

(Thompson et al., 1994). Sequences that were < 1.0% different were considered the same 

isolate. 

RESULTS 

The breakthrough curve obtained for phenanthrene in the sterile soil was typical of 

one that is influenced by rate-limited sorption/desorption (data not shown). Phenanthrene 

breakthrough occurred at PV = 137 indicating high sorption. The large sorption capacity of 

the soil for phenanthrene is presumably due to the high organic carbon content of the soil 

(2.7%). The mass recovery for phenanthrene was 100.0%. 
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The breakthrough curve for the nonsterile column showed an unusual oscillatory 

pattern during the six month phenanthrene pulse (Figure 1). Breakthrough of phenanthrene 

first occurred at PV = 2028 (this is in comparison to the sterile column breakthrough of PV 

= 137). A phenanthrene mass balance was determined and showed that a total of 355.2 mg 

of phenanthrene was added to the column. Of that, a total of 40.7 mg of phenanthrene was 

eluted from the column (11.5%) and only a small quantity was extracted from the soil 

following termination of the e.xperiment (1.6 mg / 0.5%). The significant mass loss of 

phenanthrene is attributed to biodegradation by the indigenous soil community (312.9 mg / 

88.0%). The dissolved oxygen concentration fluctuated from 3.9 ± 0.02 to 8.0 ± 0.05 mg/L 

in the same pattern observed with the phenanthrene breakthrough curve (Figure 1). 

Both initial and final coimts were obtained for the indigenous soil column. The initial 

heterotrophic plate count was 1.5 ± 0.25 x 10^ CFU/g dry soil whereas the phenanthrene 

initial count was 7.4 ± 1.1 x 10^ CFU/g dry soil. At the end of the experiment, the 

heterotrophic plate counts were relatively uniform throughout the column, ranging from 9.1 

± 1.8 X 10' (influent end) to 5.7 ± 0.40 x 10 (effluent end) CFU/g. Conversely, the 

phenanthrene degraders were non-uniformly distributed, ranging from 8.4 ± 0.35 x 10° at 

influent end to 5.6 i-0.49 x 10" CFU/g at effluent end. This heterogeneous spatial distribution 

of the phenanthrene degraders was expected because of the distribution of substrate, and 

dissolved oxygen, and associated growth, present in the column. 

Twenty seven different isolates representing at least 17 different genera were obtained 

during this study (Table 1). Of the 27 isolates obtained, 6 were isolated only from the initial 
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soil. 3 were isolated only from effluent samples, and 7 were isolated only from the final soil 

sample. The remaining 11 isolates wereobtained from botheffluent and the finalsoil samples. 

A search of the literature indicates that of the 17 different genera obtained, 8 have not been 

previously reported to degrade phenanthrene including: Afipia, Leptothrix, Massilia. 

Methylobacterium, Microbacterium, Ralslonia, Rhizobium, and Thiobacillus. 

DISCUSSION 

Only 46.1% (12/26) of the genera in this study have been reported previously to 

degrade phenanthrene. This suggests that there is a great and yet unstudied diversity in the 

environment not only in terms of PAH degradation, but probably for most other catabolic 

activities as well. Identification of the entire community involved in PAH degradation is 

important because investigation of the catabolic pathways used by these populations may 

contribute further to our understanding of the PAH degradation process and provide for new 

biotechnology applications. Inaddition. knowledge of these pathways will increase the ability 

of constructed primer pools and probes to more accurately and completely identify the 

components of the PAH-degrading community. 

Important to the identification of the majority of phenanthrene degraders in this smdy 

was the temporal nature of the experiment. Only six of the phenanthrene degraders were 

isolated from the original soil sample and these were entirely different from the phenanthrene 

degraders isolated during and at the end of the 6-month exposure to phenanthrene. 

Furthermore, seven of the isolates were obtained only from the soil at the end of the 

experiment, they were not obtained from the initial soil sample nor were they obtained from 
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effluent samples during the experiment. Certainly, it might be expected that had this 

experiment been continued longer, other phenanthrene degraders may also have been isolated. 

It is important to point out that while certain genera appeared only at certain times 

during the experiment, others were obtained throughout the experiment. For instance, the 

genus Methylobacierium was isolated from the initial soil, effluent, and the final soil samples. 

Interestingly, the Methylobacierium species isolated were different in the initial soil sample 

and the effluent and final soil samples. This may be caused by our inability to isolate every 

individual phenanthrene-degrading microorganism due to the massive undertaking to screen 

every isolate. It could also be due to horizontal gene transfer and movement of PAH 

degradation genes between similar isolates (Herrick, et aL, 1997). 

The oscillatory breakthrough pattern exhibited by the nonsterile column merits some 

discussion. Results suggest that for 2028 PV, complete phenanthrene biodegradation was 

taking place in the column (recall that in the sterile column breakthrough occurred at 137 

PV). Then for some reason, at 2028 PV, phenathrene breakthrough occurred, the 

breakthrough curve oscillated up and down three times until 8604 PV, after which complete 

phenanthrene degradation took place once again until the end of the experiment at 11648 PV. 

These data suggest that at 2028 PV a change occurred in the phenanthrene degradation 

capability of the soil community. Identifying what may have caused the temporal shift in 

phenanthrene degradation is problematic. It could be due to protozoal predation of the main 

phenanthrene-degrading population, or to horizontal gene transfer events that result in a shift 

ofdominant degrading populations, or to competition between bacteria populations which are 
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influencedbyoxygen or nutrient availability (Gottschal, 1993; Vaqueetal., 1994; Kxooneman 

et al., 1998; Davison. 1999; Kota et aL, 1999; fCoonin et al.. 2001). 

In summary, numerous interactions occur in the en\'ironment and, therefore, 

degradation of a compound is a complex issue. To unravel the complexity of the system, we 

will need to examine coupled interactions between the microorganisms and their environment, 

specifically microbe'compound, microbe/microbe and microbe/environment interactions. 

These interactions must be studied on a temporal basis as shown by the experiments presented 

in this study that demonstrate temporal shifts occur as different stresses change the coposition 

of the degrading community. Therefore, studying single interactions does not necessarily 

provide the most accurate or complete evaluation of the capabilities in an environment over 

the long terra 
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FIGURE CAPTION 

Figure I; Breakthrough curve for phenanthrene transport and dissolved oxygen for the 
nonsterile soil system. 
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Table 1. Phenanthrene Degraders Obtained from Initial Soil, Effluent, and the Final Soil of the Indigenous Column 

ID I6S r DNA Identification 
Percent Homology / 
Accession Number 

isolated 
from Initial 

Soil 

Isolated 
from 

Effluent 

Isolated 
from 

Final Soil 

Genus 
Reported to 

Degrade a PAH 

1 Arthrohacter ramosus 
Arthrohacter pascens 

99% / X80742 
99% / X80740 

X X 

2 Agricultural soil bacterium 
Arthrohacter sp. CAB 1 

98%/AS0252579 
98% / AB039736 

X X 

3 Methylobacterium sp. BFiO 98%/MSPI6RRNA X 

4 Mycobacterium goodii X7B 99%/AF5I38I5 X X 

5 Rhodococcus marinonanscens 98%/RM16RNA2 X X 

6 Rhizobium sp. 
Rhizobium sp. 
Sinorhizobium sp. S007 

Sinorhizobium meliloti 1021 

99% / AF054931 
99% / AF054930 
99% / AF285964 
99%/SME59l792 

X 

7 Pseudomonas oleovorans 98%/PSElAMI7 X X 

8 Sphingomonas sp. IFO15917 96% / AB033950 X X 

9 Uncultured eubacterium WD2113 
Methylobacterium organophilum 

97%/UEU292612 
97% / MTBJCMA03 

X 

10 Acinetobacter Junii DSM1532 99%/X81658 X X X 

11 Arthrohacter sp. SMCC ZAT200 98%/AF197053 X X X 

Os 



Table 1. Continued: Phenanthrene Degraders Obtained from Initial Soil, Effluent, and the Final Soil of the Indigenous 
Column 

ID 16S r DNA Identification 
Percent Homology / 

Accession Number 

Isolated 

from Initial 
Soil 

Isolated 

from 
Effluent 

Isolated 

from 
Final Soil 

Genus 
Reported to 

Degrade a PAH 

12 Bacillus mojavensis 99%/AB021191 X X X 

13 Glacial ice bacterium GS00K-I6 
Bacillus pumilus 

99%/AF479336 
98% / AB048252 

X X X 

14 Methylobacterium extorquens 
Methylobacterium sp. 

97% / AF293375 
97%/MTB16SRRI 

X X 

15 N/I N/A X X 

16 Ralstonia detusculanense 
Burkholderia {Pseudomonas) pickettii 
Ralstonia sp. APF11 

99% / AF280433 
99%/PRI6SRRNA 
99% / AB045276 

X X 

17 Rhizobium sp. SDW058 
Rhizobium giardinii 

98% / AF345552 
98% / RGU86344 

X X 

18 Sphingomonas sp. JRL-5 98%/API 81572 X X X 

19 Thiobacillus novellus 98%/TFEIAM121A X X 

20 Uncultured bacterium clone 33-FL54B99 
Uncultured bacterium clone 33-PA7B99 
Ralstonia eutropha 

99% / AF469368 
99% / AF469365 
99% / D87999 

X X 

•-J 



Table 1. Continued: Phenanthrene Degraders Obtained from Initial Soil, Effluent, and the Final Soil of the Indigenous 
Column 

ID 16S r DNA Identification 
Percent Homology / 
Accession Number 

Isolated 
from Initial 

Soil 

Isolated 
from 

Effluent 

Isolated 
from 

Final Soil 

Genus 
Reported to 

Degrade a PAH 

21 Afipia broomeae F186 98%/ABU87759 X 

22 Burkholderia sp. N2P5 
Burkholderia sp. SAP 11 

98% / BSU37342 
98%/AF052387 

X X 

23 MTBE-degrading bacterium PM1 
Leptothrix sp. MBIC3364 

97%/AF176594 
97%/ABO 15048 

X 

24 Massilia timonae 98%/TIU 54470 X 

25 Bacterium RSB-1 
Microbacterium testaceum SE034 

93%/AB032250 
93% / AF474327 

X 

26 Nocardioides sp. CI90 96%/AF253510 X 

27 Uncultured Massilia sp. clone KL-11-1-5 93% / AF408326 X 

00 
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