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Abstract

A novel rhamnolipid biosurfactant-producing and Polycyclic Aromatic Hydrocarbon (PAH)-
degrading bacterium Pseudomonas aeruginosa strain NY3 was isolated from petroleum-
contaminated soil samples. Strain NY3 was characterized by its extraordinary capacity to produce
structurally diverse rhamnolipids. A total of 25 rhamnolipid components and 37 different parent
molecular ions, representing various metal ion adducts (Na*, 2Na* and K*), were detected by
matrix-assisted laser desorption ionization time-of-flight mass spectrometry. Among these
compounds are ten new rhamnolipids. In addition to its biosurfactant production, strain NY3 was
shown to be capable of efficient degradation of PAHSs as well as synergistic improvement in the
degradation of high molecular weight PAHSs by its biosurfactant. These findings have added novel
members to the rhamnolipid group and expanded current knowledge regarding the diversity and
productive capability of rhamnolipid biosurfactants from a single specific strain with variation of
only one carbon source. Additionally, this paper lays the foundation for improvement in the yield
of NY3BS and study of the degradation pathway(s) of PAHs in P. aeruginosa strain NY 3.
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1. Introduction

Biosurfactants are surface-active amphipathic metabolites produced by a variety of
microorganisms which include bacteria, fungi and yeasts. Glycolipids, phospholipids,
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lipopeptides/lipoproteins, fatty acids and polymeric macromolecules are the main categories
of structurally diverse biosurfactants (Desai and Banat, 1997). They are primarily produced
by fermentation with renewable carbon sources, such as vegetable oils (Costa et al., 2006).
Some cheaper raw materials and recycling substrates from agricultural operations, food
processing and other industrial processes could be used for cost-effective biosurfactant
production (Makkar and Cameotra, 2002; Nitschke et al., 2005, 2009; Monteiro et al., 2009).
Their environmental compatibility, effectiveness at extremes of temperature, pH and
salinity, and high specificity to targeted pathogens (Haba et al., 2000; Rivardo et al., 2009)
make these biosurfactants attractive and desirable for widespread application.

If used for environmental bioremediation, biosurfactants hold great potential to
decontaminate polluted water and soils (Mulligan, 2005; Shete et al., 2006). The
biosurfactant from Bacillus circulans was capable of removing nearly the whole metal
content at 5x its Critical Micelle Concentration (CMC) by chelating toxic heavy metals and
forming an insoluble precipitate (Das et al., 2009). Biosurfactants from Pseudomonas spp.
and Acinetobacter calcoaceticus BUO3 improved bioavailability and degradation of toxic
and carcinogenic pesticides (lindane and chlorpyrifos), petroleum hydrocarbons and
polycyclic aromatic hydrocarbons (Singh et al., 2009; Sharma et al., 2009; Zhao and Wong,
2009).

Biosurfactants are diverse in their benefits and applications. When used in the food
processing, cosmetic and pharmaceutical industries, biosurfactants have been included in
formulations to serve as emulsifiers and solubilizers, as well as foaming, wetting,
antiadhesive, antimicrobial and antiviral agents (Shete et al., 2006; Rodrigues et al., 2006a;
Muthusamy et al., 2008). Rhamnolipid mixture RL471» from P. aeruginosa 47T2 NCBIM
40044 exhibited excellent activities toward Klebsiella pneumoniae CECT17832 and
Enterobacter aerogenes CECT689 (Haba et al., 2000). The anti-adhesion activity of
lipopeptide biosurfactants from Bacillus spp. was shown to prevent biofilm formation by
bacterial human pathogens (Rivardo et al., 2009). Varnier and co-workers demonstrated a
novel role for biosurfactant rhamnolipids in protecting grapevines from the fungal infection
with Botrytis cinerea by triggering plant defense responses and directly inhibiting spore
germination and mycelium growth (Varnier et al., 2009). If employed by the petrochemical
industry, biosurfactants could play an important role in enhanced oil recovery and
decontamination of oil spills (Shete et al., 2006; Wang et al., 2007; Bordoloi and Konwar,
2008; Pornsunthorntawee et al., 2008; Lotfabad et al., 2009). In agricultural applications,
biosurfactants can serve as biocontrol agents. Rhamnolipids from the rhizosphere bacterium
Pseudomonas spp. GRP were reported to reduce damping-off disease in chili and tomato
nurseries (Sharma et al., 2007). Chemical surfactants (e.g., Triton X-100, Tween 80 and
sodium dodecy! sulphate) are petroleum-derived synthetic compounds. These are commonly
toxic to health and ecosystems and resistant to complete degradation (Muthusamy et al.,
2008; Frank et al., 2009). In contrast, biosurfactants are environmentally friendly, having
little or no toxicity to humans and animals. They are not detrimental to microbial flora.
Therefore, biosurfactants have been gaining attention in both academic researches and
industrial developments worldwide.
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Among the different classes of biosurfactants, rhamnolipids, members of the glycolipid
group, are the most extensively studied and characterized (Desai and Banat, 1997;
Muthusamy et al., 2008). Since rhamnolipids were first identified from Pseudomonas sp.
(Jarvis and Johnson, 1949), chemical structures of some of these metabolites have been
reported (Haussler et al., 1998; Déziel et al., 2000; Denekamp et al., 2000; Haba et al., 2000,
2003b; Gunther et al., 2005; Perfumo et al., 2006; Costa et al., 2006; Wang et al., 2007;
Monteiro et al., 2007; Sharma et al., 2007; Pornsunthorntawee et al., 2008; Price et al., 2009;
Rooney et al., 2009; Nitschke et al., 2009; Bordoloi and Konwar, 2009; Sarachat et al.,
2010). An amphiphilic rhamnolipid molecule is composed of two moieties. One half is the
hydrophilic sugar part, mono- or dirhamnose, and the hydrophobic lipid part possessing one
or two fatty acid residues. These residues may either be both fully saturated or one may be
saturated and the other unsaturated with either one or two double bonds. The lipid moiety is
attached to the sugar by O-glycosidic linkage while the two 3-hydoxy acyl groups are joined
together by the formation of an ester bond. The structural diversity of rhamnolipids is
determined by the number of rhamnose (one or two) and fatty acid (one or two), and the
fatty acid components. The length of the constituent fatty acids has been found to vary from
Cg to Cyq4 and their combinations identified as: Cg_g, Cg—C10, C10—Cg, Cg—C10:1, Cg—C12:1,
C12:1-Cs, C10-Ca0, C10-C10:1, C10-C12, C12-Ca0, C10-C12:1, C12:1-C10, C10-C14:1, C14:1-
C10, C12-C12, C12-Ci2:1, C12:1-Ci2, C12-C14, C12-C14:1, C14:1-C12, C14—Ca4. Several
single fatty acid-containing rhamnolipid compounds were also identified (Déziel et al.,
1999; Haba et al., 2003a,b; Perfumo et al., 2006). In addition, novel mono and
dirhamnolipid methyl esters (Rha-Cg-CgME and Rha-Rha—Cg—CgME) were described
(Hirayama and Kato, 1982). Rhamnolipids with alternative fatty acid chains were also
reported (Desai and Banat, 1997). To date, over 40 different rhamnolipid components have
been described, all having molecular masses below 800 Da. The Gram-negative
opportunistic pathogenic bacteria Pseudomonas spp. were found to be the most common
producers of rhamnolipids. Pseudomonas was also identified as one of the most frequently-
isolated bacterial genera capable of degrading the PAHs which are characterized as
carcinogenic, mutagenic and ubiquitous environmental organic pollutants (Zhao and Wong,
2009; Haritash and Kaushik, 2009). This report describes the isolation and characterization
of strain NY3 and its rhamnolipid biosurfactant products and demonstrates the in vivo
degradation of five polycyclic aromatic hydrocarbons by this strain.

2. Materials and methods

2.1. Chemicals

Pyrene (99%) was purchased from Sigma-Aldrich (Shanghai, China), phenanthrene from the
Chemical Store of the Chinese Academy of Military Medical Sciences (Beijing, China),
anthracene from Beijing Chemical Industry Co., fluorene (98%) from Johnson Matthey Co.
(Shanghai, China) and fluoranthene from Tokyo Chemical Industry Co. (Shanghai, China).
Unless otherwise stated, the organic solvents, media and medium ingredients, salts and acids
were purchased from various suppliers (Sigma, VWR and Fisher, USA).

Biotechnol Adv. Author manuscript; available in PMC 2014 September 09.
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2.2. Screening and isolation of the biosurfactant-producing bacterial strains

Petroleum-contaminated soil samples collected from Shaanxi Province (China) were first
suspended in a series of 10-fold dilutions of sterile water from 1071 to 1078 and plated on
agar plates containing the Rhamnolipid Biosurfactant-Specific Screening Medium (RBSSM,
per liter): 1 g beef extract, 20 g glucose, 5 g peptone, 0.2 g yeast extract, 0.2 g N,N,N,-
trimethyl-1-hexadecane ammonium bromide, 0.005 g methyl blue and 18 g agar. The
inoculated plates were incubated at 30 °C for 48 h. Colonies displaying the anionic
biosurfactant-indicating blue coloration with halo around them (Siegmund and Wagner,
1991) were selected for further colony purification and confirmation on RBSSM agar plates.
Isolated colonies were inoculated into the Biosurfactant Production Liquid Medium (BPLM,
pH 7.4) to further confirm and evaluate their surface activities. BPLM was made from the
stock solutions and selective carbon sources. BPLM (per liter) contains 5.0 ml phosphate
buffer (per liter: 25.82 g K;HPO,4.3 H0, 8.7 g KHPO4, 33.4 g NapHPO,4.12 H,0, 5.0 g
NH4CI), 3.0 ml magnesium sulfate solution (22.5 g/l MgSQy,), 1.0 ml calcium chloride
solution (36.4 g/l CaCly), 1.0 ml ferric chloride solution (0.25 g/l FeCl3), 1.0 ml trace
mineral elements containing MnSQO4 (39.9 mg/l), ZnSO,4.H,0 (42.8 mg/l) and
(NH4)gM0024.4 H,0 (34.7 mg/l), and one of the following carbon sources: 20 g glucose, 3
g beef extract, 0.2% diesel oil, 0.2% hexane and 0.2% octane (v/v). To measure the surface
activity, the liquid cultures were placed in 250 ml Erlenmeyer flasks and incubated at 30 °C
on a rotary shaker at 200 rpm. 5 ml culture samples were taken over time at 24, 48, 72 and
96 h. The pure culture, which produced the highest surface activity, was designated as strain
NY3 and selected for full characterization.

2.3. Genomic DNA preparation, PCR amplification, DNA sequencing and analysis

For mini-preparation of genomic DNA, strain NY3 was grown in 10 ml Tryptone Soya
Broth (TSB) medium at 30 °C for 16 h. Cells were harvested by centrifugation at 4 °C and
4000 rpm for 15 min (Beckman JS-21). The supernatant was discarded and the pellet was
successively washed once with 10.3% sucrose and twice with 10 mM Tris.HCl and 1 mM
disodium ethylenediaminetetra-acetate (EDTA), pH 8.0 (TE buffer). The wet cells,
equivalent to the volume of 80 ul water, were distributed into 1.5 ml sterile micro-centrifuge
tubes. After adding 300 pl of the lysis solution containing 200 pl of 10 mM Tris—HCl and 1
mM EDTA, pH 8.0 and 0.3 M Sucrose (TES buffer), 50 ul of 0.5 M EDTA, 50 ul of
lysozyme (50 mg/ml), the tubes were incubated at 37 °C for 30 to 60 min until the solution
became viscous. Next, 5 I of proteinase K (20 mg/ml) and 180 pl of 10% sodium dodecyl
sulfate (SDS) were added into each tube. After gentle but thorough mixing, the solutions
were incubated at 37 °C for 90 min. Then, 80 ul of 10% Cetyl Trimethyl Ammonium
Bromide (CTAB) were added. After thorough mixing, the tubes were incubated at 65 °C for
10 min. The solutions were extracted twice with 600 pl of phenol/chloroform/isoamyl
alcohol (25/24/1). The genomic DNA in the upper aqueous phases were recovered and
precipitated with 0.6 volume of isopropanol. The harvested genomic DNA was washed
twice with 70% ethanol. After drying at room temperature for 10 min, the genomic DNA
was dissolved in 50 to 100 pl of sterile water for use in PCR. The PCR reaction was
conducted under conditions described previously (Yin et al., 2003) except for substitutions
in the forward and reverse primers with fD1 and rD1 (Weisburg et al., 1991) as well as the
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addition of 1 pg of genomic DNA. Primers used for PCR and DNA sequencing were
synthesized by Fisher. The PCR product from the agarose gel was purified using QlIAquick
Gel Extraction kits from Qiagen. DNA sequencing was performed at Oregon State
University Center for Genome Research and Biocomputing (CGRB) using the Amplitaq
dye-terminator sequencing system (Perkin Elmer) and Applied Biosystems automated DNA
sequencers (models 373 and 377). Nucleotide sequences were determined for both strands.
Sequence analysis was carried out using the VectorNTI (Invitrogen) software. Nucleotide
sequence similarity comparisons were carried out in public databases using the BLAST
program (Altschul et al., 1990). The 16S rRNA gene sequence of strain NY3 was deposited
in GenBank under the accession number GU3772009.

2.4. Culture conditions for growth of P. aeruginosa strain NY3 and production of NY3BS

Strain NY3 was permanently stocked in 20% glycerol solution at —70 °C and temporarily
plated and maintained on a Luria—Bertani (LB) agar plate for fresh inoculation of liquid
culture. We evaluated the growth of strain NY3 in a series of liquid and solid media
available in our laboratories. They included the liquid media LB, 2xYT, TSB, YM, YGP
and BHI, and the solid media LB, YM, ISP2, ISP4, AS1 and R2YE. Production of NY3 was
affected by a number of factors including the concentration of the cells initially inoculated,
the media, initial pH, metal ions, cultural temperature, shaking speed and harvest time. For
routine production of NY3BS, P. aeruginosa strain NY3 was grown in BPLM broth,
supplemented with either glucose (BPLMglu) or glycerol (BPLMgly) as the carbon source,
at 30 °C on a rotary shaker at 200 rpm for 76 h.

2.5. Characterization of P. aeruginosa strain NY3

For strain characterization, all liquid cultures were inoculated in triplicate in 500 ml
Erlenmeyer flasks containing 200 ml BPLM broth or its derivatives at 30 °C on a rotary
shaker at 200 rpm. The initial pH values were varied from 2.0 to 10.0 in culture broth in
order to determine the optimal pH range for NY3BS production. To determine the optimum
carbon source for NY3BS production, glucose (20 g/L), beef extract (5 g/L), hexane (2
ml/L), octane (2 ml/L) and diesel oil (2 ml/L) were alternatively added into BPLM broth as
the sole carbon source. Samples were taken at 0, 12, 24, 36, 48, 60, 72, 76, 84, 96 and 102 h
for acquiring surface activity and other measurements.

2.6. Measurements of the surface activity of NY3BS

Three methods including oil displacement test, surface tension/critical micelle concentration
and emulsification activity were employed to evaluate the surface-active properties of
NY3BS using either cell free broth (supernatant) or pure NY3BS compounds. Qil
displacement test was conducted as described by Rodrigues et al. (Rodrigues et al., 2006b).
Briefly, a clear round glass plate (20x150 mm) was loaded with 10 ml distilled water and
0.5 ml Filippo Berio olive oil (purchased from Fred Meyer, Corvallis, Oregon) in the center
and was followed by adding 100 pl supernatant in the center. The centrally located oil was
then forced to displace towards the off-center directions while forming a clear oil zone. The
concentration of biosurfactant added was proportional to the diameter of the clear zone.
Surface tension was measured by using the maximum bubble pressure method (Kjellin et al.,
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2003). Based on the surface tension measurement, CMC was then obtained by the plot of
surface tension and the serial concentration of NY3BS solutions. Emulsification activity was
assessed by following Cooper and Goldenberg's protocol (Cooper and Goldenberg, 1987). In
brief, a 15-ml graduated clear glass tube with screw cap was filled with 5 ml
dimethylbenzene and 5 ml supernatant. After thorough mixing by vortexing at maximum
speed for 2 min, the tube was left standing undisturbed at room temperature for 24 h. The
height of the dimethylbenzene layer was measured and divided by the total height of
dimethylbenzene and aqueous phases. The resulting ratio was multiplied by 100 to obtain
the emulsification index E;g, which was proportional to the emulsification activity. For the
above measurements, cell free broths were freshly prepared from the NY3BS productive
cultures at the time points of 24, 48, 68, 72, 76, 92 and 96 h, and the pure NY3BS was
dissolved in deionized water at the concentration of 1 to 100 mg/L. All measurements were
taken in triplicate to minimize the experimental errors and to generate averaged values.

2.7. 1solation and purification of NY3BS

500 ml of the production culture was harvested at 48 h by centrifugation at 4000 rpm
(Beckman J2-MC) at 4 °C for 15 min to remove the cells. The supernatant was acidified to
pH 2.0 with concentrated HCI and kept at 4 °C overnight. The precipitate was recovered by
centrifugation at 4 °C and 12,000 rpm (Beckman J2-MC) for 30 min and then washed twice
with aqueous HCI (pH 2.0). The precipitates were dissolved in 1 N NaOH and adjusted to
pH 7.0. The solution was dried in lyophilizer. The crude preparation of NY3BS was further
extracted twice with CH,Cl, and dried with a rotary evaporator. After the powder was
dissolved in 5 ml of 0.01 N NaOH, the solution was filtered with Whatman No.4 paper. The
filtrate was collected and adjusted to pH 2.0 and then centrifuged at 4 °C and 12,000 rpm for
30 min. The pellet was dried with a rotary evaporator to obtain the pure biosurfactant
NY3BS which was stored at —20 °C for further analysis.

2.8. Structural characterization of NY3BS

MALDI-TOF MS and tandem MS were employed to elucidate the structure of NY3BS. MS
analysis was performed by Matrix-Assisted Laser Desorption/lonization Time-Of-Flight
(MALDI-TOF) mass spectrometry using an Applied Biosystems ABI4700 TOF/TOF mass
spectrometer in reflector mode with an accelerating voltage of 20 kV. Samples were mixed
in a 1:4 ratio with alpha-cyano-4-hydroxycinnamic acid (HCCA) in 50% acetonitrile and
0.1%TFA. An aliquot of 0.5 pl of the sample solution was applied to the sample plate and
air dried.

2.9. Quantification of the total sugar, protein and rhamnose

Total sugar was determined by the phenol sulfuric acid method according to Dubois et al.
(1956). The stand curve was prepared with o-glucose. Total protein content was measured by
Bradford method (Bradford, 1976), standardized with bovine serum albumin. Rhamnolipid
was assessed by quantification of .-rhamnose by the 6-deoxy-hexose method according to
Chandrasekaran and Bemiller (Chandrasekaran and Bemiller, 1980). .-rhamnose was used
for making the standard curve.

Biotechnol Adv. Author manuscript; available in PMC 2014 September 09.
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2.10. Effects of temperature and concentrations of salt on the surface activity

To evaluate the effect of temperature variation on NY3BS's surface activity, the NY3BS
solution at the CMC was heated to 40 °C, 60 °C, 80 °C and 100 °C in water bath, 120 °C
and 140 °C by autoclave for 1 h. After cooling to room temperature, the corresponding
surface tensions were measured to evaluate NY3BS's thermal stability. The NY3BS solution
at the CMC was added with serial concentrations of 4%, 8%, 12%, 16%, 20% and 24%
NaCl solutions. After thorough mixing, the corresponding surface tensions were measured to
evaluate NY3BS's tolerance to salt.

2.11. Assay for PAHs degradation by P. aeruginosa strain NY3

The seed culture of strain N'Y3 was prepared by inoculating a single colony into a 125 ml
Erlenmeyer flask containing 30 ml BPLMGIu broth as the sole carbon source. The culture
was incubated at 30 °C on a rotary shaker at 200 rpm. When the optical density at 600 nm
reached 0.5, a 10 ml culture was transferred to a 500 ml Erlenmeyer flask containing 100 mi
BPLM broth. The broth was supplemented with a mixture of equal amounts of the following
polycyclic aromatic hydrocarbons: fluorine, anthracene, phenanthrene, pyrene and
fluoranthene to the final concentration of 25 mg/L (5 mg/L for each). Triplicate cultures,
including one negative control with autoclaved cells of strain NY3 added, were incubated at
30 °C on a rotary shaker at 200 rpm. The culture samples were taken at the time points of 0,
1.5,12, 15, 18, 21 and 24 h for analysis. The residual PAHSs in the cultures were recovered
by three repeated extractions with cyclohexane and followed by dehydration using
anhydrous Na,SO,. After passage through a 0.45 um membrane filter, the preparations were
concentrated on a rotary evaporator. The pellets were dissolved in methanol and quantified
by HPLC (JASCO LC-2000 chromatograph equipped with a diode-array UV-visible
detector). The samples were analyzed at 25 °C by injecting 20 pl into a reverse-phase ODS-
Cjg column (5 uM, 250%4.6 mm) and using isocratic elution with the mobile phase of 15%
H»,0 and 85% methanol at a flow rate of 1 ml/min. Elution of PAHs was monitored at 254
nm. The residual concentrations for each PAH compound were quantified by comparison of
the peak areas between the sample and the control.

3. Results

3.1. Screening and isolation of the biosurfactant-producing microorganism strain NY3

Serial dilutions of the petroleum-contaminated soil samples in sterile water were screened
on the solid medium RBSSM. After two days' incubation at 30 °C, seven large, flat, smooth
colonies of rod-shaped bacteria produced visual rhamnolipids as indicated by the presence
of blue halos (Siegmund and Wagner, 1991). These colonies were further purified on
RBSSM agar plates according to their uniform growth, color, morphological and
microscopic characteristics. To confirm their abilities to produce the biosurfactants in liquid
culture, individual colonies were inoculated in BPLMGIu medium. Production of
biosurfactants in these cultures was monitored by measuring the surface tension and
emulsification activity. Among them, one pure culture, designated as strain NY3, producing
the lowest surface tension (32.8 mN/m?2) and highest emulsification activity (E7=100%),
was selected for in-depth characterization.

Biotechnol Adv. Author manuscript; available in PMC 2014 September 09.
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3.2. Taxonomic classification of strain NY3

Sequencing of the 16S rRNA gene for an unknown pure microorganism has appeared as the
predominant strategy in the literature for strain classification. By adopting the published
primers fD1 and rD1 for most eubacteria (Weisburg et al., 1991), and using genomic DNA
of strain NY3 as a PCR template, the 1.5 kb fragment was successfully amplified. The gel-
purified PCR product was directly submitted for sequencing using the PCR primers
mentioned above. The 1475 bp sequence (GenBank accession number: GU377209) was
obtained and analyzed by Blast search against GenBank database (Altschul et al., 1990). It
revealed the high similarity to the 16 S rRNA genes from P. aeruginosa strains (e.g.
Accession Nos.: EF062513 (100% identities), GQ180118, GQ180117, FJ948174 and
FM209186 (99% identities)). Based on the Blast result, morphological and microscopic
characteristics, the pure isolate was classified as P. aeruginosa strain NY3.

3.3. Characterization of P. aeruginosa strain NY3

The growth of strain N'Y3 was evaluated on the agar plates made from different media
available in our laboratories. Those include solid media LB for E. cali, ISP2, ISP4, R2YE,
AS1 and YM for Streptomyces. After two days' incubation at 30 °C, robust growth was
observed on ISP2, YM, AS1 and LB. However, no growth was observed on 1SP4 and
R2YE. A coffee-brownish color was visualized when grown on YM. The growth of strain
NY3 was also tested in the different liquid media. Those include LB and 2xYT for E. cali,
YM and TSB for Sreptomyces, YGP for yeast and BHI for Paenibacillus. Strain NY3 was
able to grow well in all these liquid media. To optimize the fermentation conditions for
growth and biosurfactant production, strain NY3 was cultivated in BSPL medium
supplemented with different carbon sources and at various initial pH. Fig. 1 demonstrates
that strain N'Y3 is capable of utilizing n-alkanes as sole carbon and energy sources. The
growth rate with hexane was superior to diesel oil and octane. The maximum growth of
strain NY3 with hexane was approximately three times lower than that with beef extract.
Regardless of whether glucose (20 g/L), glycerol (20 g/L) or beef extract (3 g/L) was used as
the sole carbon source, the growth curves were remarkably similar (data not shown).
However, the culture supernatant from the glucose fermentation produced higher surface
activity than those grown with either beef extract or glycerol (data not shown). Varying the
initial pH from 2 to 10 in the BSPMGlu, the best initial pH for NY3BS production and
surface activity was determined as 9.0. Under the optimum fermentation conditions, the
lowest surface tension (32.8 mN/m2), the best emulsification activity (E7g=100%) and the
maximum oil displacement ability (10 cm) for strain NY3 were simultaneously achieved
when the measurement was conducted with the cell free culture or with purified
biosurfactant NY3BS prepared from 76 h culture samples (Table 1). In addition, the yield of
NY3BS produced by strain NY3 was determined to be 0.2 g/L after 76 h fermentation in
BSPMGIu medium. Studies on the improvement of NY3BS production are under way.

3.4. Degradation of PAHs by strain NY3

A mixture of five compounds: fluorene, anthracene, phenanthrene, pyrene and fluoranthene
were employed to evaluate the capacity of the in vivo degradation of the polycyclic aromatic
hydrocarbons by strain NY3. They were added into the liquid medium BSPM, which had
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been previously inoculated with strain NY3 or dead NY3 cells as negative control. The
residual compounds were recovered from the fermentation samples collected at different
time points by extraction with organic solvent. Quantitative analysis of the residual PAHs by
HPLC are shown in Fig. 2. By the end of 24 h, 23.1% anthracene, 19.9% phenanthrene,
16.9% pyrene, 15.8% fluorene and 11.2% fluoranthene were removed. In general, strain
NY3 was capable of degrading all five PAH substrates although their removal rates were
different (Fig. 2). The degradation rates for three-ring PAHSs, including fluorene,
phenanthrene and anthracene, were higher than four-ring PAHSs like fluoranthene and
pyrene. There were no significant differences in the degradation rates among the three-ring
PAHSs. The removal rates for three-ring PAHSs gradually increased over fermentation time
while the removal rates for four-ring PAHs showed no obvious changes between 1.5 h and
18 h. In addition, the removal rate for each PAH was relatively high during the first 1.5 h of
fermentation. The possible explanation for this observation was that during the time period
0.1 h through 1.5 h, a portion of the removal rate may have been contributed by the NY3
cells trapping the PAH. This portion should not be counted as real degradation. Only a
portion of the removal rate observed was actually due to degradation by the NY3 cells.

3.5. Characterization of biosurfactant NY3BS

NY3BS was extracted from a 76 h fermentation in BSPLGIlu or BSPLGIly media. The
purified NY3BS was analyzed for sugar and protein contents by the phenol sulfuric acid and
Bradford methods, respectively. The results indicated NY3BS contains 63.4% total sugar,
34.6% rhamnose and 0.35% protein. Purified NY3BS was analyzed by MALDI-TOF MS
and tandem mass spectrometry. The results are summarized in Table 2 and shown in Fig. 3.
A total of 25 components of rhamnolipid biosurfactant NY3BS, which represented 37
different metal ion (Na* and/or 2Na* or K*) adducts, were detected by MALDI-TOF MS.
The parent ions at m/z527.3 and 673.4 were dominant and could be assigned to singly
sodiated monorhamnolipid [Rha—C1¢—C1o+Na]* and dirhamnolipid [Rha—Rha-C1o—
C1o+NaJ*, respectively (Fig. 3 A to J). The parent ions at m/z499.3 (Fig. 3A), 687.4 (Fig.
3E and 1), 513.3 and 517.3 (Fig. 3F), 549.3 (Fig. 3H) and 695.4 (Fig. 3J), were less abundant
and could be assigned to [Rha-C1g—Cg+Na]*, [Rha-C19—C10:1+K]*, [Rha—Rha—Cqo—
C10:1+K]*, [Rha—C1g—Cg.1+K]*, [Rha—Rha-Cg+K]*, [Rha—Cy4.1+Na]* and [Rha—Rha—
C10-C10-H+2 Na]™, respectively (Table 2). Many minor or trace components of
rhamnolipid NY3BS were also observed (Table 2 and Fig. 3A to J). Among them were ten
novel rhamnolipids, which included five monorhamnolipids: Rha—Cg—Cg.1, Rha—C16, Rha—
C16:1, Rha—C47:1 and Rha—C»4.1, and five dirhamnolipids: Rha—Rha—-Cg—Cg.1, Rha—Rha—
Co-1, Rha—Rha—Clo:l—Clo:l, Rha—Rha—Cy4, and Rha—Rha-C»4-1. In addition, MALDI-TOF
MS revealed an unusually large molecular ion at m/z 1044.6 (Fig. 4A). The corresponding
NY3BS sample was isolated from the fermentation using glycerol as the sole carbon source.
Further tandem MS analysis of this parent ion gave fragment ions in which one strong signal
at m/z695.4 corresponded to a known rhamnolipid component: doubly sodiated
dirhamnolipid [Rha—Rha—C1q—C1¢-H+2Na]* while one weak signal at m/z 667.3 matched
another known rhamnolipid component: doubly sodiated dirhamnolipid [Rha—Rha—C1¢—Cg—
H+2 Na]* (Fig. 4B). Moreover, tandem MS data for the parent ions at nVz527.3 and 673.3
were obtained and are summarized in Table 2. The fragment ions from the parent ions at n/z
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673.4 gave recognizable ions with the same mass units as the parent ions at m/z527.3 (Fig.
3C) and 555.4 (Fig. 3G).

3.6. Effect of temperature and NaCl on the surface activity of NY3BS

The surface tension was measured with NY3BS solutions treated at various temperatures.
Rhamnolipid NY3BS was resistant to a wide range of temperatures. No significant changes
were observed in the surface tension after 1 h at 120 °C. The surface tension increased from
32.8 to 38.0 mN/m? after 1 h at 140 °C (Fig. 5A). NY3BS was still effective in the presence
of a high concentration of sodium chloride. The surface tension remained less than 35
mN/m? even though the concentration of NaCl was elevated to 16%. However, the surface
tension rapidly increased to a high of 43 mN/m?2 when the final concentration of NaCl
reached 20% (Fig. 5B).

4. Discussion

Compared to their chemically synthesized counterparts, microbial surfactants show great
potential for useful activity with less environmental risk. The search for safe and efficient
methods to remove environmental pollutants is a major impetus in the search for novel
biosurfactant-producing and PAH-degrading microorganisms. Prior studies demonstrated
that Pseudomonas spp., the most common producers for biosurfactant rhamnolipids, were
frequently isolated from petroleum-contaminated soil samples (Déziel et al., 1996; Monteiro
et al., 2007; Pornsunthorntawee et al., 2008; Price et al., 2009). In the present research, a
novel rhamonolipid-producing and PAH-degrading bacterium, P. aeruginosa strain NY3,
was isolated from petroleum-contaminated soil samples collected in Shaanxi, China. Its
taxonomic classification was fully supported by the 16S rRNA gene sequence similarity and
the colony morphological and microscopic characteristics. Strain NY3 grows robustly in a
wide variety of solid and liquid media which have been routinely used for cultivation of E.
coli, Sreptomyces, yeast and Paenibacillus. However, no growth was observed on media
designed for cultivaiton of actinomycetes, ISP4 and R2YE. Strain NY3 was able to use n-
alkanes like diesel oil, hexane and octane as the sole carbon and energy sources as
previously observed in other Pseudomonas spp. (Zhang and Miller, 1992; Perfumo et al.,
2006). However, these carbon sources could not be effectively metabolized by strain NY3 as
reflected by the poor and slow growth (Fig. 1). In contrast, glucose and glycerol were
equally good for growth but, the former is better than the latter for NY3BS production with
respect to the surface activity (data not shown).

MALDI-TOF MS, in conjunction with tandem MS analysis, were employed as powerful
tools to identify the components of rhamnolipids and to access their chemical structural
information (Haussler et al., 1998; Déziel et al., 1999; Denekamp et al., 2000; Haba et al.,
2003a,b; Gunther et al., 2005; Perfumo et al., 2006; Costa et al., 2006; Wang et al., 2007;
Monteiro et al., 2007; Sharma et al., 2007; Pornsunthorntawee et al., 2008; Price et al., 2009;
Nitschke et al., 2009; Bordoloi and Konwar, 2009). Strain NY3 was characterized for its
extraordinary capacity to produce diverse components of rhamnolipids. MALDI-TOF MS
analysis of NY3BS revealed the co-production of 25 rhamnolipid components which were
present in 37 different species with adduction of metal ions (Na*, 2Na* or K*, Table 2 and
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Fig. 3 A to J). Among those components were ten novel rhamnolipids including five
monorhamnolipids Rha—Cg—Cg.1, Rha—C16, Rha—C14:1, Rha—C17:1 and Rha—C»4.1, and five
dirhamnolipids: Rha—Rha—-Cg—Cg.1, Rha—Rha—Cg.1, Rha—Rha—C1(.1—C19:1, Rha—Rha—Cy4,
and Rha—-Rha—Cy4.1 (Table 2). To the best of our knowledge, these ten rhamnolipid species
are being reported here for the first time. MALDI-TOF MS detected nine single fatty acid-
containing rhamnolipid species including five monorhamnolipids (Rha—Cg.1, Rha—C1g,
Rha—C1¢:1, Rha—C17:1 and Rha—Coy4.1) and four dirhamnolipids (Rha—Rha—Cg.1, Rha—Rha—
C10, Rha—Rha-Cy4 and Rha—Rha—-Cy4:1). Single-fatty acid-containing rhamnolipid species
were previously reported as Rha-Cg and Rha—Rha—Cg (Déziel et al., 1999), Rha—Cg.» and
Rha-C15.2 (Haba et al., 2003a), Rha—C;p and Rha—Rha—C1q (Déziel et al., 1999; Perfumo et
al., 2006), Rha—C15 and Rha—Rha—C1, and Rha—C5.1 (Déziel et al., 1999). Strain NY3
produced the monorhamnolipids Rha—C13—C1 and dirhamnolipids Rha—Rha—C1q—C1g as
the predominant components. This finding was consistent with previous reports for P.
aeruginosa SP4 (Sarachat et al., 2010), P. aeruginosa LBI (Nitschke et al., 2009) and P.
aeruginosa NRRL B-59182 (Rooney et al., 2009). Strain NY3 stands out from other
rhamnolipid-producing Pseudomonas strains because of its capability to produce many more
minor components of biosurfactant rhamnolipids. These molecular ions observed were at
m/z429.3, 451.2, 469.3, 473.2 and 499.3 (Fig. 4A);437.2 and 521.3 (Fig. 3B); 543.3 and
549.3 (Fig. 3C); 660.7, 689.4, 695.4, 699.4, and 701.4 (Fig. 3D); 413.3, 469.3, 513.3, 517.3,
541.3, 645.3 and 715.4 (Fig. 3E); 503.2 (Fig. 3F); 549.3 and 555.4 (Fig. 3G); 543.3 and
553.3 (Fig. 3H); 633.2, 685.4, 703.4 and 713.4 (Fig. 3l); 667.3, 689.3, 701.4, 711.3 and
723.4 (Fig. 3J). Strain NY3 appeared to be much more productive when grown with glycerol
as the sole carbon source than it was when grown in glucose. This was evidenced by the
number of different components and their corresponding metal ion-adducts. Strain NY3
produced 18 different rhamnolipid components with glycerol as sole carbon source and 13
with glucose as sole carbon source (Table 2 and Fig. 4 A to J). It was previously reported
that multiple factors, like individual strain, carbon sources, culture conditions and isolation
procedures, were all possibly responsible for the diversity of the components of rhamnolipid
production (Déziel et al., 1999; Nitschke et al., 2009). The results reported here support
those observations and emphasize the importance of carbon source and specific strain in the
diversity of rhamnolipid production. In addition, it was observed with MALDI-TOF MS
analysis that there was an unusually large molecular ion at myz 1044.6 in the NY3BS
samples. It was isolated from the fermentation using glycerol as sole carbon source (Fig.
4A). This compound was absent in the glucose-containing fermentation. Tandem MS
analysis of the parent ion at m/z 1044.6 gave the fragment ions in which a strong signal at
m/z 695.3 appeared to correspond to one of the known rhamnolipid components: [Rha—Rha—
C10-C10—H+2 Na] while a weak signal at m/z 667.3 matches another known component:
[Rha—Rha-C1¢—Cg—H+2 Na] (Fig. 4B). Whether this compound belongs to a rhamnolipid or
not remains to be determined. Moreover, it was observed that the number of the potassiated
dirhamnolipid compounds were remarkably high with NY3BS samples isolated from the
glycerol-containing fermentation. The factors associated with these observations remain
unclear.

Strain N'Y3 was not only capable of producing structurally diverse novel rhamnolipids
NY3BS but, it was also able to degrade five PAH substrates including the carcinogenic
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compound phenanthrene (Blicher et al., 1979; Haritash and Kaushik, 2009). With the
mixture of equal amounts of five PAHs comprised of fluorene, anthracene, phenanthrene,
fluoranthene and pyrene, it was clearly demonstrated that strain N'Y 3 efficiently degraded
each of these compounds in vivo (Fig. 2). It appeared that strain N3 was capable of
degrading all five PAH substrates. Particularly, the strain was able to efficiently degrade
both the low molecular weight compounds anthracene, fluorene and phenanthrene, and the
high molecular weight substrates pyrene and fluoranthene (Fig. 2). Similar results were
reported by Arun et al. (2008). The increase in the degradation rates of the high molecular
weight compounds fluoranthene and pyrene coincidently occurred with the end of the
exponential phase and the start of the stationary phase of bacterial growth. This suggests that
the in vivo production of rhamnolipid biosurfactant by strain NY3 would have a synergistic
effect resulting in an improvement on the degradation of water-insoluble PAHs. This
observation supports previous reports that the rhamnolipid biosurfactant could enhance the
water solubility of PAHs and thus improve their degradation and bioavailability (Shin and
Kim, 2004; Hickey et al., 2007; Bordoloi and Konwar, 2009). Interestingly, a common Z-
like degradation curve for anthracene, phenanthrene and fluorene was observed between 12
h and 24 h in each of the repeated experiments. This implies there is a dynamic exchange of
substances including PAHSs and their derivatives or their metabolites between the inside and
outside of the cells. Differentiated degradation in strain NY3 is evidence of the naturally
different properties of each PAH. Furthermore, the relative residual amounts and temporary
balances between inside and outside of the cells may vary significantly from one another.
Consequently, different degradation curves, like the one for fluorene, should be expected.

5. Conclusions

Through this research, P. aeruginosa strain NY3 was demonstrated via isolation,
identification and characterization to be a novel rhamnolipid-producing and PAH-degrading
bacterium. Its biosurfactant product, NY3BS, was purified and characterized by MALDI-
TOF MS and tandem MS analysis. Strain NY3 stood out from other rhamnolipid-producing
P. aeruginosa due to its extraordinary capacity to produce the structurally diverse
components of biosurfactant rhamnolipids. specifically, there were ten novel molecules
described here for the first time. Additionally, the improved capacity to efficiently degrade
detrimental environmental contaminants, like PAHSs, adds to its value in environmental
remediation. These findings expand current knowledge regarding the diversity and
productive capability of rhamnolipid biosurfactants from a single specific strain using a
single carbon source. This initial work paves the way to further exploit the potential of this
strain across a broad range of industrial applications.
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Fig. 1.
Growth curves of P. aeruginosa strain NY3 on different carbon sources.
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Time course of the PAHs degradation during the fermentation of P. aeruginosa strain NY3.
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Fig. 3.

MALDI-TOF mass spectrometry spectra of rhamnolipid NY3BS. NY3BS samples isolated
from the fermentations using either glucose (A to D) or glycerol (E to J) as sole carbon
source.
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Fig. 4.
MALDI-TOF MS (A) and tandem MS (B) spectra of a large molecular ion at m/z 1044.6.
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Fig. 5.
Effects of the temperatures and concentrations of NaCl on the surface tension of NY3BS.
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Table 1

Surface activity of rhamnolipid biosurfactant NY3BS.

Time (h) 24 48 68 72 76 92 96

Ezs (%) 70 100 100 8 100 100 90

R(cm) 1.0 20 5.0 6.0 8.0 8.0 4.0

Surface tension  52.31 42.46 34.63 41.92 3281 3498 41.92
(mN/m?)
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Table 2

Molecular ions observed in rhamnolipid biosurfactant NY3BS.

Page 22

Molecular Calcd Mass  [M+Nal]* [M+K]* [M—H + 2Na]*
formula units [M]
Obsd Calcd® Obsd Calcd Obsd Calcd

Monorhamnolipids
Rha-Cg—Cg.1 CpoH350g 44625158  469.3 469.24135 - 48521529 - 491.2233
Rha-C1-Cg Cp4H1404 476.29853  499.3 499.2883 - 51526224 5213 521.27025
Rha-Cy5-Cg1 Cp4H420 474.28288 - 49727265 5133 51324659 - 519.26483
Rha—C19—C1g CoeHig09 504.32983 527.3 527.3196 543.3 543.29354 549‘3b 549.30155
Rha-C10-C10:1 Cp6H1509 502.31418 - 52530395 5413 54127789 - 547.2859
Rha-C1-Cy, CpgHs5,0g 532.36113 555.4 555.3509 - 57132484 - 554.33285
Rha-C;g-C1p:1 CpH500g 530.34548 553.3 555.33525 - 560.309019 - 575.3172
Rha-Cg. CyoH34011 45021011 4732 47319988 - 489.17382 - 495.18183
Rha—Cig CyoHao07 416.2774 439.1 439.26717 - 455.24111 - 461.24912
Rha-Cyg:1 CyyH350; 41426175 4372 43725152 - 453.22546 - 459.23347
Rha-Cy7:1 Cp3Ha007 428.2774 4512 45126717 - 467.24111 4732 473.24912
Rha-Cyy. CaoHs40; 526.38695 sg9qP  549.37672 565.35066 - 571.35867
Dirhamnolipids
Rha-Rha-Cg—Ce:1 C1gH300g 300.18898 4133 41317875 4293 42915269 - 435.17093
Rha-Rha-Cg—Cg CpgH50O13 594.32514 617.31491 6332 63328885 - 639.29686
Rha-Rha-C;o—~Cg CaoHs4013 622.35644 645.3 64534621 6607 66132015  667.3 667.32816
Rha-Rha—C1—Cg:1 CaoHs2013 620.34079 - 643.33056 659.4 659.3045 - 665.31251
Rha-Rha-C;o~C1o CaHss013 650.38774 673.3 67337751  689.6  689.35145 ... ,c  695.35946
Rha-Rha-C1g~Cy0:1 CaHs6013 648.37209 - 671.36186  687.4  687.3358 - 693.34381
Rha-Rha-Cip1~Ci1 CapHesO13 646.35644 - 669.34621 6854 68532015 - 691.32816
Rha-Rha-C1o~C1, C34Hgz013 678.41904 701.4 701.40881 - 717.38275 7234 723.39076
Rha-Rha—-C1g-C121 CasHgoO13 676.40339 699.4 699.39316 715.4 715.3671 - 721.37511
Rha-Rha-Cqg.q CyH36011 464.22576 - 48721553 5032  503.18947 - 509.19748
Rha-Rha—Cy, CpH35011 478.24141 - 501.23118  517.3  517.20512 - 52321313
Rha-Rha-Cy, Ca6Hes011 674.46051 - 697.45028 7134 71342422 - 719.43223
Rha-Rha—-Cypg.1 CasHe4011 672.44486 Go54C 09543463 7113 71140857 - 717.41658

Parent molecular ions
[Rha—C1o—C1o+Na]* at
m/z527.3

[Rha,—C1o-Cyo+Na]*
atm/z673.3

Daughter ions

80.0, 83.0, 95.0, 96.0, 111.0, 113.0, 169.0, 185.0, 193.1, 197.9, 209.1, 211.1, 281.1, 295.2, 308.3, 321.2, 335.2, 351.1,
357.2,368.9, 381.2,

409.2

71.0, 80.0, 85.0, 95.0, 111.0, 113.0, 153.0, 169.0, 185.0, 193.1, 211.1, 265.1, 279.2, 281.1, 295.2, 308.3, 315.1, 321.2,
331.1,333.1, 359.2,

381.3, 409.3, 495.1, 503.2, 517.0, 527.3, 555.4

a . .
Calculated monoisotopic masses.
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bThe identical mass units were detected for different compounds. They could be distinguished from each other only by analysis with the higher
resolution mass spectrometry facilities.

CThe identical mass units were detected for different compounds. They could be distinguished from each other only by analysis with the higher
resolution mass spectrometry facilities.
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