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In this study, we describe the isolation and characterization of a new exopolymer that exhibits high
emulsifying activities against a range of oil substrates and demonstrates a differential capacity to desorb
various mono-, di-, and trivalent metal species from marine sediment under nonionic and seawater ionic-
strength conditions. This polymer, PE12, was produced by a new isolate, Pseudoalteromonas sp. strain TG12
(accession number EF685033), during growth in a modified Zobell’s 2216 medium amended with 1% glucose.
Chemical and chromatographic analysis showed it to be a high-molecular-mass (>2,000 kDa) glycoprotein
composed of carbohydrate (32.3%) and protein (8.2%). PE12 was notable in that it contained xylose as the
major sugar component at unusually high levels (27.7%) not previously reported for a Pseudoalteromonas
exopolymer. The polymer was shown to desorb various metal species from marine sediment—a function
putatively conferred by its high content of uronic acids (28.7%). Seawater ionic strength (simulated using 0.6
M NaCl), however, caused a significant reduction in PE12’s ability to desorb the sediment-adsorbed metals.
These results demonstrate the importance of electrolytes, a physical parameter intrinsic of seawater, in
influencing the interaction of microbial exopolymers with metal ions. In summary, PE12 may represent a new
class of Pseudoalteromonas exopolymer with a potential for use in biotechnological applications as an emulsi-
fying or metal-chelating agent. In addition to the biotechnological potential of these findings, the ecological
aspects of this and related bacterial exopolymers in marine environments are also discussed.

Surfactants and emulsifiers comprise a unique class of mole-
cules that are distinguished for their capacity to interface between
water-soluble and oil phases (4, 20, 66). This amphipathic quality
is conferred by the presence of both polar and nonpolar moieties,
endowing these molecules with a hydrophilic-hydrophobic nature.
In this respect, surfactants and emulsifiers have been used exten-
sively in almost every sector of modern industry today. As a large
fraction is produced by organo-chemical synthesis, this raises con-
cern over their potential toxicological effects to humans and the
environment. Naturally produced amphipathic molecules, how-
ever, have gained increasing interest in recent years based on their
associated lower levels of toxicity, higher degradability, and in-
creased consumer demand for natural alternatives (4).

High-molecular-weight surface-active compounds (i.e., am-
phipathic biopolymers) are of particular interest for biotech-
nological and industrial applications (57, 65). Compared to
their lower-molecular-weight counterparts, these biopolymers
exhibit a number of advantages, such as possessing a large
surface area on which multiple reactive groups may be ex-
pressed (58), the ability to confer texturizing and stabilizing
properties to process and product formulations (37, 65), and
the capacity to exhibit tensile strength and resistance to shear
(23, 31). Some, particularly those that are anionic (e.g., the
emulsans), have been shown to chelate cations (75), thus dem-
onstrating their potential for use in the remediation of envi-

ronmental sites contaminated with toxic metals (67). For com-
mercial exploitation, microorganisms are recognized as a more
reliable and sustainable source for producing these types of
biopolymers than methods of organo-chemical synthesis. In
addition, microbially derived polymers can exhibit enhanced
performance and greater functional diversity than synthetic
polymers. One typical example is xanthan gum, a commercial
hydrocolloid produced by the plant-pathogenic bacterium Xan-
thomonas campestris, which, in addition to possessing interfa-
cial properties (33), is also a viscosity builder, thus making it an
important component of many healthcare products and food
processing formulations (24).

In recent years, the marine environment has been recog-
nized as a rich and relatively untapped source of microbial
polymers (57, 72). Ecologically, these polymers serve impor-
tant functions in marine environments, where they may be
involved in microbial adhesion to solid surfaces and biofilm
formation (21, 32, 47, 50, 53), the emulsification of hydrocar-
bon oils to enhance biodegradation (5, 60), or mediating the
fate and mobility of heavy metals and trace metal nutrients (8,
13, 28). This wide spectrum of functional activity is reflected
not merely in the complex chemistry of these biopolymers but
also in the diversity of bacterial genera found producing them
(59). In recent years, members within the genus Pseudoaltero-
monas have been recognized for producing exopolymers with
properties of biotechnological interest. Although the chemical
and physical properties of various Pseudoalteromonas exopoly-
mers have been described (11, 44, 46, 49), to our knowledge no
reports exist that describe their emulsifying activities or emul-
sion-stabilizing properties. There is limited information on
the metal-binding properties of exopolymers produced by
pseudoalteromonad species (39).
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The objective of this study was to characterize a new exopoly-
mer, PE12, produced by a new Pseudoalteromonas isolate,
Pseudoalteromonas sp. strain TG12. This study examined the
growth conditions for producing this exopolymer, its partial pu-
rification, chemical characterization, and functional properties
that include emulsifying activities, emulsion-stabilizing properties,
and the ability to desorb metal ions from marine sediment under
nonionic and seawater ionic-strength conditions. As will be dis-
cussed, PE12 represents a new type of high-molecular-weight
glycoprotein with an unusually high content of xylose. To our
knowledge, only one other pseudoalteromonad, Pseudoalteromo-
nas antarctica NF3 (originally identified as an Alteromonas), has
previously been reported to produce an exopolymer characterized
as a high-molecular-weight glycoprotein with specifically surfac-
tant activity (11). The amphipathic nature of PE12, however, is
characterized to be of primarily emulsifying quality. The results
presented are discussed with respect to the physicochemical prop-
erties of this new polymer in relation to its emulsifying activity and
capacity to facilitate the desorption of metals bound to marine
sediment.

MATERIALS AND METHODS

Isolation and screening of emulsifying bacteria. A seawater sample containing
decaying seaweed was collected from the shores of Oban Bay (Scotland) and
used to isolate bacteria based on their growth on a solid synthetic seawater
medium (54) supplemented with NH4NO3 and n-hexadecane that had been
supplied via the vapor phase as the sole carbon source. Colonies were grown in
the dark at 28°C for 2 to 3 weeks. Isolates displaying distinct colony morphologies
were streaked onto modified Zobell’s 2216 marine (ZM/10) agar and stored at
�80°C in ZM/1 broth supplemented with 20% glycerol. Both ZM/10 and ZM/1
media were prepared as previously described by Green et al. (27).

One isolate, strain TG12, was selected for its production of high emulsifying
activity during growth in ZM/10 broth amended with glucose at 1% (wt/vol)
concentration. During growth, samples were taken periodically for emulsification
and tensiometric assays (see below). Washed cell pellets and cell-free superna-
tants (centrifuged at 13,000 � g for 10 min) were assayed. Viable cell counts were
measured by plating out appropriate dilutions of culture broth onto ZM/10 agar
plates. Growth experiments were repeated at least three times, and all analyses
were performed in triplicate. Strain TG12 was identified by DNA sequencing of
its 16S rRNA gene following amplification with a PCR using oligonucleotide
primers 27f and 1492r (73), as described by Green et al. (27).

Production and extraction of exopolymer. Strain TG12 was grown in 2-liter
Erlenmeyer flasks containing 770 ml of ZM/10 medium amended with glucose
(1%, wt/vol) and incubated (at 28°C and 150 rpm) for 45 to 50 h, at which point
the cultures were then pooled together. The emulsifying fraction was then sep-
arated from the biomass by cross-flow filtration (0.2-�m-pore-size filter; Schlei-
cher & Schuell). The cell-free permeate was then passed through a 100-kDa
ultrafiltration membrane cassette (Schleicher & Schuell), and the retentate was
dialysed with �5 liters of distilled water. KCl (7.5%, wt/vol) and 3 volumes of
cold 99% ethanol were then added to precipitate the emulsifying fraction. After
the precipitate was allowed to settle overnight at 10°C, it was recovered by
centrifugation (4,500 � g for 10 min) and subsequently dialyzed extensively
against distilled water and lyophilized. The resultant dried material, labeled
PE12, was used in all subsequent chemical and physical characterization exper-
iments.

Chemical analysis. For determination of the monosaccharide composition in
the emulsifying extract PE12, triplicate samples (10 �l at 1% [wt/vol]) were
dissolved in 500 �l of 2 M trifluoroacetic acid and hydrolyzed (at 100°C for 4 h).
The samples were then prepared for analysis by high-performance anion ex-
change chromatography using a Dionex Carbopac PA-20 column and quantified
using external standards. The total carbohydrate content was calculated from the
individual amounts of monosaccharides.

For determination of amino acid composition, acid hydrolysis and derivatiza-
tion were performed on triplicate samples (100 �l at 1% [wt/vol]) of PE12.
Samples were hydrolyzed in 1 ml of acid (6 N HCl; 112°C for 22 h) and then
analyzed using a Waters Alliance high-performance liquid chromatography
(HPLC) system equipped with a Zorbax XDB C18 reverse-phase column. Quan-
tification was performed using external standardization with amino acid standard

mixtures. The total protein content was calculated from the individual amounts
of amino acids.

Lipid analysis was performed on triplicate samples of PE12 and analyzed by
gas chromatography, as described previously (16).

HPLC. To evaluate the purity of the PE12 extract and to obtain an estimate of
the molecular weight (Mr) of its constituent components, high-performance
size-exclusion chromatography was performed with an Agilent 1100 chromato-
graph equipped with a refractometer and diode array UV detector. A BioSep-
SEC-S 4000 column (300 by 7.8 mm) was used at 30°C. The eluent was 0.1 M
NaNO3 (pH 8), and the flow rate was 0.6 ml/min. Dextran standards of Mrs
ranging from 12,000 to 2,000,000 were used to calibrate the column for Mr

estimation.
Emulsification assays. Production of the emulsifier during growth was deter-

mined using a modified version of the method described by Cooper and Gold-
enberg (17). Samples of culture broth with cells removed (by centrifugation at
13,000 � g for 5 min) were mixed with an equal volume of n-hexadecane in
acid-washed (0.1N HCl) screw-cap glass tubes (100 by 13 mm), manually shaken
(15 s), vortexed at 2,200 rpm (15 s) to homogeneity, left to stand for 10 min, and
shaken as before; the height of the emulsion layer (emulsification index at 24 h
[EI24]) was measured after allowing the mixture to stand for 24 h at 21°C. This
same assay was also used to measure the EI24 produced by solutions of the
extracted emulsifier (PE12) against n-hexadecane.

The ability of the extracted emulsifier (PE12) to form oil-in-water emulsions
against different food oils was based on a modified version of the method
described by Cirigliano and Carman (15). For this, 2.5-ml aqueous volumes of
the test emulsifier (0.02%, wt/vol) were mixed with 0.4 ml of the test oil in the
same way as described above. The solutions were allowed to stand for 10 min
before the turbidity of the lower aqueous layer was measured using a spectro-
photometer at 540 nm. The emulsifying activity (A540) was measured after the
emulsions were allowed to stand undisturbed at room temperature for 24 h. All
A540 values were expressed as the average from triplicate experiments. The
emulsifiers xanthan gum and gum arabic (Sigma) were used as commercial
controls. The food oils tested were olive (Filippo Berio, Italy), sunflower (Tesco,
United Kingdom), rapeseed (Tesco, United Kingdom), walnut (Tesco, United
Kingdom), and vegetable (Tesco, United Kingdom). Activities were compared
under neutral (0.1 M phosphate-buffered saline, pH 7.5) and acidic (0.1 M
sodium acetate buffer, pH 3.5) conditions.

Desorption of metals from marine sediment. The ability of the PE12 polymer
to desorb various metal ions (Al3�, Fe2�/3�, K�, Mg2�, Mn2�, Na�, Si4�, Ca2�,
Ba2�, Cu2�, Li�, Sr2�, and Zn2�) from a marine sediment sample was evaluated
in deionized water and in 0.6 M NaCl to simulate seawater ionic-strength con-
ditions. The water used in both treatments was of 18 M�/cm quality. The
sediment sample used in these experiments was obtained from Garroch Head, a
site located in the river Clyde near Glasgow (Scotland), which for many years had
been a dumping ground for sewage. The sediment was air dried and ground to
a fine powder. Selected characteristics of the sediment were as follows: dry bulk
density, 0.435 g/cm3; porosity, 0.829; salt content, 6.67%; organic carbon,
3.85% � 0.14%; organic nitrogen, 0.39% � 0.01%; elemental C/N ratio, 11.46.

For the experiment, a series of 15-ml polypropylene vials was prepared con-
taining 0.5 g of sediment. Five-milliliter volumes of the PE12 polymer at a
concentration of 1 mg/ml dissolved in either deionized water or 0.6 M NaCl were
added to the sediment samples, and the mixtures were incubated in the dark
overnight with shaking (150 rpm at 21°C). The vials were then centrifuged (at
10,000 � g for 10 min), and 3 ml of supernatant was removed for metal analysis,
which was performed by inductively coupled plasma-atomic emission spectrom-
etry, using a Perkin Elmer 4300DV spectrometer equipped with an AS93
Autosampler (Perkin Elmer Life and Analytical Sciences, Inc., MA). Multiele-
ment calibration solutions were prepared in-house from 10,000 �g/ml single-
element solutions (CPI International, Amsterdam, The Netherlands). The sam-
ples were diluted in 5% nitric acid solution and determined axially (Al, Fe, Mn,
Si, Ca, Ba, Cu, Li, and Zn) or radially (K, Mg, Na, and Sr). The total metal
concentrations in the native polymer and untreated sediment were also analyzed.
All experiments were conducted in triplicate for each treatment (i.e., in deion-
ized water or 0.6 M NaCl).

Nonspectral interference from high sodium concentrations has been widely
reported in the literature on inductively coupled plasma-atomic emission spec-
trometry (12, 43, 69). This was overcome by “matrix matching” the calibration
solutions to the samples (51) with respect to the sodium chloride concentration.
Thus, two independent calibration sequences were prepared, one in an appro-
priate concentration of sodium chloride solution and the other in water, which
were then applied to the respective samples.

Tensiometry. A Nima DST-9005 tensiometer was used with the du Noüy ring
method to measure surfactant production by strain TG12 during growth in liquid
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medium and to determine if the PE12 exopolymer, at different concentrations,
could reduce the surface tension of water.

Statistical analysis. For the emulsification assays, a three-way analysis of
variance (ANOVA) was used to assess the significance of the emulsifying activ-
ities compared to the control when averaged over all oil types and both pHs
(Dunnett test). One-way ANOVA was used for each pH and oil type combina-
tion (Tukey’s test) to determine if any significant difference (P � 0.05) in the
emulsifying activities was produced by the three polymers.

Nucleotide sequence accession number. The sequence of strain TG12 has been
deposited in GenBank under accession number EF685033.

RESULTS

Characteristics of strain TG12. Screening of a number of
isolates for production of surface-active agents identified one
isolate, strain TG12, which was selected for further study based
on its ability to produce stable water-in-oil emulsions with
n-hexadecane. Strain TG12 grew well in both ZM/10 and ZM/1
media, although maximum emulsification activities (EI24 of
60%) were obtained in the low-nutrient medium (ZM/10)
when supplemented with 1% (wt/vol) glucose. Emulsification

assays performed on retentate and filtrate fractions derived
after passage of the cell-free spent medium through Amicon
YM filters (30 to 100 kDa) revealed the emulsifying agent to
have a molecular mass of 	100 kDa (data not shown). 16S
rRNA gene sequencing identified strain TG12 to be a member
of the genus Pseudoalteromonas.

Growth and emulsifier production. Fig. 1 shows the growth
of strain TG12 in ZM/10 broth amended with glucose and
production of its extracellular emulsifying agent. Exponential
growth commenced immediately after inoculation, reaching a
maximum viable cell count (1.26 � 108 CFU/ml) after only 7 h.
The cells remained in the stationary phase for the next 19 h,
after which they entered a death phase which was marked by a
rapid decrease in the viable cell count. Viability was zero after
74 h. This decrease in cell viability was coupled to an almost
proportional decrease in the measured pH of the medium,
from an initial value of 7.4 to 6.1 after 36 h. Emulsifier pro-
duction, as detected in the cell-free culture broth, commenced
after 20 h, coinciding with the end of the stationary phase of

FIG. 1. Growth and emulsifier production by Pseudoalteromonas sp. strain TG12 in ZM/10 broth amended with 1% (wt/vol) glucose. EI and
surface tension values were derived from cell-free culture broth after removal of the cells by centrifugation. F, log10 CFU/ml; X, pH; E, surface
tension; f, EI.
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growth, and reached highest levels (EI24 of 50 to 60%) well
into the death phase of growth at 50 h (Fig. 1). These emul-
sions remained stable for months without displaying any signs
of phase separation or droplet coalescence (results not shown).
Washed cell suspensions were also observed to exhibit good
emulsifying activity (data not shown), indicating that cells of
strain TG12 also expressed a cell-bound emulsifying agent. No
reduction to the surface tension of the culture medium (72.1 �
0.5 mN/m) was detected at any time during the growth exper-
iments. From an initial volume of 10 liters of ZM/10 broth
amended with 1% glucose, the average dry-weight yield of the
emulsifying extract PE12 recovered during the phase of max-
imal emulsifying activity (50 to 60 h) was 8.08 � 2.08 mg/liter.

Chemical composition and molecular mass. The carbohy-
drate content of PE12 was 32.3% � 2.3% (Table 1) of the total
weight of dried polymer recovered. Monosaccharide analysis
showed that hexoses (rhamnose, fucose, galactose, glucose,
and mannose), amino sugars (galactosamine, glucosamine, and
muramic acid), uronic acids (galacturonic and glucuronic acid),
and the pentose xylose were present. Glucose (10.4% � 0.7%),
glucosamine (24.8% � 0.4%), xylose (27.7% � 0.2%), and
galacturonic acid (23.1% � 1.8%) were the most abundant,
while all other monosaccharides were each present at less than
10% and together contributed about 14.0% � 0.7% to the total
carbohydrate content. The total uronic acid content of PE12
was 28.7%, as contributed by galacturonic and glucuronic
acids.

The total amino acid content of PE12 was 8.2% � 0.3%
(Table 2) of the total weight of dried polymer. Amino acid
analysis of hydrolyzed samples identified the presence of four
major amino acids—aspartic acid, glutamic acid, glycine, and
alanine—that in total contributed 46.4% � 1.4% to the total
amino acid content. The percent contribution of hydrophobic
nonpolar amino acids to the total amino acid content was
38.8%, whereas that of polar amino acids was 61.2%. Lipid
analysis did not reveal any fatty acids.

Chromatography of the PE12 extract on a BioSep-SEC-
S4000 column with 0.1 M NaNO3 (pH 8) as the mobile phase
further confirmed the glycoprotein composition of the PE12

polymer (Fig. 2). Three distinct refractive index peaks were
eluted at retention times 10.0 min, 17.6 min, and 20.3 min.
Only the peak at 10.0 min (Fig. 2) displayed a distinct corre-
sponding UV peak with an absorption maximum at 280 nm.
Analysis of fractions collected for each of these three peaks
proved this peak to be the major component in the PE12
extract, and all of the emulsifying activity was associated with
this peak. The molecular mass of the active fraction (i.e., the
peak at 10.0 min) was determined to be a molecule of 	2,000
kDa. The other two peaks that eluted later (at 17.6 and 20.3
min) were outside of the lower exclusion limit of the column
and could be oligomeric degradation products. Chromatogra-
phy of PE12 on a YMC-Pack Polyamine II column did not
reveal the presence of any free monosaccharides (result not
shown).

Emulsification of food oils. Concentrations of the isolated
polymer, PE12, at 0.01 to 0.2% (wt/vol) did not have any effect
on the surface tension of water (72.1 mN/m at 21°C). However,
the polymer was found to effectively emulsify a range of food
oils. Figure 3A shows the emulsifying activities of the different
emulsifiers under neutral pH conditions when tested against
five different food oils. A three-way factorial ANOVA showed
that the main effect of polymer type was highly significant (P �
0.001) (data not shown). Based on average results for all oil
types and both pH values, all three polymers (PE12, xanthan
gum, and gum arabic) produced emulsifying activities that
were significantly different from that of the control.

Multiple one-way ANOVA was used to identify significant
differences (P � 0.05) in emulsification activities as contrib-
uted by the type of oil used and pH treatment. Under neutral
pH conditions (Fig. 3A), PE12 and gum arabic produced sim-
ilar activities against all the oils, except walnut oil, where the
activity of PE12 was significantly higher than activities of both
gum arabic and xanthan gum. Compared to the control, only
PE12 and gum arabic produced significantly higher activities

TABLE 1. Monosaccharide profile of the extracellular
emulsifier PE12

Component Mean mol%
compositionb

Rhamnose................................................................................... 1.2 � 0.1
Fucose......................................................................................... 0.5 � 0.0
Galactose .................................................................................... 0.9 � 0.0
Galactosaminea .......................................................................... 0.7 � 0.1
Glucose .......................................................................................10.4 � 0.7
Glucosaminea .............................................................................24.8 � 0.4
Mannose ..................................................................................... 4.8 � 0.4
Xylose .........................................................................................27.7 � 0.2
Muramic acid ............................................................................. 0.3 � 0.0
Galacturonic acid ......................................................................23.1 � 1.8
Glucuronic acid ......................................................................... 5.6 � 0.1

Totalc...........................................................................................32.3 � 2.3

a N-Acetylgalactosamine and N-acetylglucosamine are de-N-acetylated during
the acid hydrolysis and are detected as galactosamine and glucosamine.

b Values are the means of triplicate samples � standard deviations.
c The total is expressed as the mean percentage of total dry weight of the

polymer from triplicate determinations.

TABLE 2. Amino acid composition of the extracellular
emulsifier PE12

Component Mean mol%
compositiona

Asp......................................................................................... 13.4 � 0.6
Glu...........................................................................................10.9 � 0.1
Ser............................................................................................ 7.1 � 0.2
Gly ...........................................................................................11.8 � 0.1
His ........................................................................................... 1.2 � 0.0
Thr........................................................................................... 5.3 � 0.1
Arg........................................................................................... 4.2 � 0.1
Ala ...........................................................................................10.3 � 0.6
Pro ........................................................................................... 3.8 � 0.1
Tyr ........................................................................................... 2.5 � 0.3
Cys ........................................................................................... 0.4 � 0.6
Val ........................................................................................... 6.3 � 0.2
Met .......................................................................................... 2.5 � 0.0
Ile............................................................................................. 5.0 � 0.1
Leu........................................................................................... 7.2 � 0.2
Lys ........................................................................................... 4.4 � 0.1
Phe........................................................................................... 3.7 � 0.1

Totalb....................................................................................... 8.2 � 0.3

a Values are the means of triplicate samples � standard deviations.
b The total is expressed as the mean percentage of total dry weight of the

polymer from triplicate determinations.
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against olive, walnut, and vegetable oils. Against rapeseed oil,
only PE12 produced a significantly higher activity compared to
the control. None of the polymers showed any significant emul-
sifying activity toward sunflower oil. Under acidic conditions
(Fig. 3B), the emulsifying activities of PE12 and xanthan gum
were similar when tested against both sunflower and vegetable
oil but significantly higher than the control. Against walnut oil,
PE12 exhibited the highest emulsifying effect, whereas xanthan
gum was the better emulsifier against olive oil. None of the
polymers showed any significant emulsification of rapeseed oil.

Desorption of sediment-adsorbed metals. The observation
that PE12 had a high uronic acid content (ca. 28%) suggested
that it may be able to bind metals. The data in Table 3 show the
amount of each metal ion that was desorbed from the sediment
under nonionic (i.e., deionized water) and ionic (i.e., 0.6 M
NaCl) conditions. Initial analysis of the polymer showed that it
had several metal species intrinsically bound to it; i.e., these

metal concentrations were not removed by dialysis during poly-
mer purification. Ca2� was present at the highest concentra-
tion (141.5 mg/g of polymer), and of the other metals analyzed,
Sr2� and Fe2�/3� were present at 2.7 mg and 0.14 mg per gram
of polymer, respectively.

In deionized water, PE12 showed the ability to desorb Al3�,
Fe2�/3�, K�, Mg2�, Na�, and Si4� from the sediment. This
was particularly evident with the group I alkali (K� and Na�)
and group II (Mg2�) alkaline earth metals, with 10.6 mg, 154.5
mg, and 31.0 mg desorbed per gram of polymer, respectively.
However, ionic conditions significantly decreased PE12’s abil-
ity to desorb these metals from the sediment. Due to the
presence of Na� at high concentrations in the 0.6 M NaCl
experiments, concentrations of this metal ion could not be
accurately quantified in these treatments and are thus not
shown. Interestingly, PE12 desorbed the same quantity of
Mn2� (0.1 mg/g polymer) from the sediment under both treat-

FIG. 2. HPLC of the PE12 extract on a BioSep-SEC-S4000 size-exclusion column. Only the refractive index peak at 10 min (arrow) displayed
a distinct corresponding UV peak with an absorption maximum at 280 nm. nRIU, refractive index units.
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ment conditions. The polymer, however, did not exhibit any
effect on the desorption of Ca2�, Ba2�, Cu2�, Li�, Sr2�, and
Zn2� from the sediment under either ionic or nonionic condi-
tions.

The affinity of the polymer for desorption of Al3�, Fe2�/3�,
K�, Mg2�, Mn2�, and Na� from the sediment is shown in Fig.
4, where metal affinity is expressed as the ratio of metal ion
desorbed (per gram of PE12) to the amount of metal ion
associated initially with the sediment. Overall, PE12 exhibited
a higher affinity for all the metals when dissolved in deionized
water. The preferred metal ion was Na�, followed by Mg2�,
K�, Mn2�, Fe2�/3�, and then Al3�. In 0.6 M NaCl, the poly-
mer exhibited a high affinity for Mg2�, followed by Mn2� and
then K�. As noted above, values for Na� in the 0.6 M NaCl

treatment were not calculated because this metal ion was
present at concentrations that exceeded accurate quantifica-
tion. Affinity values for Si4� could not be calculated because
original concentrations of this metal in the sediment were not
available.

DISCUSSION

To our knowledge this study represents the first description
of a polymeric emulsifying agent produced by a pseudoaltero-
monad, including an evaluation of its capacity to absorb metal
ions. This exopolymer, PE12, was found to be a high-molecu-
lar-weight glycoprotein with a monosaccharide profile that is
typical of bacterial exopolymers (35). Its high uronic acid

FIG. 3. Emulsifying activity at pH 7.5 (A) and pH 3.5 (B) for oil-in-water emulsions prepared using PE12 compared to commercial emulsifiers.
�, untreated control; o, PE12; s, xanthan gum; p, gum arabic.
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(28.7%) and low protein (8.2%) contents are chemical features
that have been reported in exopolymers derived from other
Pseudoalteromonas/Alteromonas species (14, 44, 55, 62). How-
ever, although a number of polysaccharides and oligosaccha-
rides from various species of Pseudoalteromonas have been
chemically and structurally characterized to reveal the pres-
ence of unusual sugars, including those with uncommon non-
sugar substituents (49), to our knowledge, this is the first report
describing an exopolysaccharide (EPS) from a Pseudoaltero-
monas species containing xylose at significantly high levels.
Other studies describing EPS from Pseudoalteromonas species

have reported xylose as a minor component (�1% of total
carbohydrate) or as absent altogether (46, 49, 63). As xylose is
rarely found in bacterial EPS (35), its high abundance in PE12
is an interesting finding whose significance remains unclear to
us at present.

The glycoprotein composition of PE12 was confirmed by
size-exclusion chromatography, as shown by a close coupling
between the refractive index and UV absorbance at 280 nm of
the high-molecular-weight component (Fig. 2). The two lower-
molecular-mass components (estimated at �2.5 kDa) identi-
fied in the HPLC chromatogram were not expected since dur-
ing their extraction the cell-free spent medium had been
subjected to ultrafiltration through a 100-kDa molecular mass
cutoff membrane, followed by immediate treatment with eth-
anol to isolate and precipitate only high-molecular-weight spe-
cies. Based on this extraction method, it is unlikely that these
low-molecular-weight contaminants are degradation products
from enzyme activity but are, instead, rather loosely associated
oligomeric components that dissociated as a result of the
change in ionic conditions during downstream processing or
chromatographic analysis. Interestingly, almost 60% of the
polymer was not accounted for by our chemical analysis. This
refractory nature is not uncommon and has been described for
other bacterial exopolysaccharides (52) and may possibly be
due to the presence of uronic acids (1, 6) or glycosidic linkages
of hexosamines (10). PE12’s high levels of galacturonic acid
(23.1% � 1.8%) and glucosamine (24.8% � 0.4%) may also
explain its high resistance to acid hydrolysis conditions used in
its chemical analysis. Interestingly, a large amount of Ca2�

(141.5 mg/g polymer) was found intrinsically associated with
the polymer compared to that bound by other bacterial exo-
polymers (25, 48). Whether this high Ca2� loading contributes
in some way to PE12’s refractory nature is also as yet unknown.

It has been reported that uronic acids (pKa of �3) can

TABLE 3. Profile of metals bound to PE12 and ability of the polymer
to desorb sediment-adsorbed metals under nonionic (deionized

water) and ionic (0.6 M NaCl) strength conditions

Metal
Polymer-associated

metal (mg/g of
polymer)a

Desorbed metal (mg/g of
polymer) inb:

Deionized
water

0.6 M
NaCl

Al3� BDL 1.0 � 0.1 �0.26
Fe2�/3� 0.14 � 0.03 0.9 � 0.1 �0.08
K� BDL 10.6 � 2.0 1.2 � 1.7
Mg2� BDL 31.0 � 6.0 5.6 � 3.5
Mn2� �0.02 0.1 � 0.0 0.1 � 0.0
Na� BDL 154.5 � 52.4
Si4� BDL 3.4 � 0.4 0.6 � 0.1
Ca2� 141.5 � 26.2 �0.06 �0.23
Ba2� BDL �0.003 �0.004
Cu2� BDL �0.13 �0.11
Li� �0.005 �0.001 �0.001
Sr2� 2.7 � 0.5 �0.01 �0.01
Zn2� BDL �0.05 �0.04

a Nondialyzable metal concentration associated with the polymer.
b Values represent the amount of metal desorbed by the polymer after sub-

tracting any background metal concentrations contributed by the polymer or
sediment to the aqueous phase. BDL, below detection limit.

FIG. 4. Affinity of the PE12 polymer for sediment-adsorbed metals under nonionic (f, deionized water) and ionic (�, 0.6 M NaCl)-strength
conditions.
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confer a net negative charge to EPS polymers above pH 3 (18).
If we assume that the uronic acid component of PE12 is re-
sponsible for the inherent surface activity of this polymer, we
would expect acidic conditions (i.e., pH 3.5) to have no inhib-
itory effect on its emulsifying activity. However, this was not
the case since, overall, acidic conditions appeared to decrease
the emulsifying potential of PE12 as well as the commercial
emulsifiers tested (Fig. 3B). Although further work will be
needed to better understand these effects, the protonation of
carboxyl groups may provide a mechanism to explain the de-
creased emulsifying activities under low pH conditions (61).
Since the untreated controls (i.e., no emulsifier added) also
exhibited emulsifying activities, likely due to the intrinsic pres-
ence of free fatty acids in the oils (42), protonation of these
fatty acids could also have contributed to the reduced activities
observed under acidic pH.

Overall, the emulsifying ability of PE12 compared well to the
commercial emulsifiers against all the oils and both pH condi-
tions. Interestingly, even very low concentrations (0.02%) of
PE12 produced stable emulsions with the various food oils.
This apparently “high-yield” value is an advantageous property
both in terms of process economics and potential biotechno-
logical applications (64). This may be attributed to certain
functional groups on the PE12 polymer, such as 6-deoxyhex-
oses, or increased substitution by acetyl moieties, either of
which can render polymeric compounds amphipathic in nature
(19, 26). As no lipids were detected, the proteinaceous com-
ponent of PE12 may have played a role in its interaction with
the oils, possibly by mediating the steric adsorption of the
polymer to oil droplets, as has been reported with gum arabic
(74), emulsan (34), and other microbially derived polysaccha-
rides (24). Alanine was identified as the major nonpolar amino
acid (10.3%) in PE12. As a hydrophobic amino acid, it may
contribute to the polymer’s ability to interact with oil droplets.
Carboxylate and methoxycarbonyl groups of polyuronates have
also been reported to contribute emulsifying qualities to poly-
mers (34, 70, 71), such as polysaccharide fractions of pectins,
which can contain up to 44 to 60% uronic acids (19).

It has been suggested that uronic acids provide exopolymers
with an ability to complex with metal species. The observation
that the PE12 glycoprotein contains a high uronic acid content
(ca. 28%) prompted us to investigate its capacity to absorb
metal species, which is of biotechnological interest and, more
broadly, has ecological implications for the role of these poly-
mers in situ. Metal-binding experiments performed in deion-
ized water showed that PE12 could effectively mediate the
desorption of various sediment-adsorbed metals, particularly
Na� (154.5 mg/g polymer), Mg2� (31.0 mg/g polymer), and K�

(10.6 mg/g polymer). Compared to the binding of Mg2� by
other bacterial polymers reported in the literature (7, 25, 48,
56), PE12 quantitatively removed at least 75% more of this
metal per gram of polymer. Notably, PE12 exhibited an appar-
ently high specificity and affinity for Na�, which may be an
intrinsic property of marine polymers. As Na� and Mg2� are
the most abundant metal ions in the ocean and, unlike Fe2�,
are by no means limiting, their binding to charged marine
bacterial exopolymers like PE12 may be a common feature that
warrants further investigation to define its significance. Inter-
estingly, the presence of 0.6 M NaCl drastically reduced the
polymer’s ability to desorb these metals from sediment. In a

study by Bhaskar and Bhosle (9), concentrations of NaCl (0.17
to 0.6 M) were observed to reduce the ability of a Marinobacter
exopolymer to bind Cu2� and Pb2�. Similarly, increasing sa-
linity has been shown to decrease the capacity of dissolved
organic matter for binding metal ions (41). To better under-
stand the metal desorption capacity of PE12, its metal affinity
for different metal species was calculated as a ratio of the
amount of metal desorbed (per gram of polymer) to the initial
amount of metal associated with the sediment (Fig. 4). Under
nonionic conditions, Na� was desorbed with the highest affin-
ity, followed by Mg2�, K�, Mn2�, Fe2�/3�, and Al3�. The
polymer’s affinity for all the other metals, except Mn2�, was
severely affected under ionic-strength conditions (i.e., 0.6 M
NaCl) and may be explained by competition from Na� for
binding sites on the polymer. This is supported by the poly-
mer’s high affinity for these ions, as measured in the deionized
water treatment. Thus, our data indicate that marine bacterial
exopolymers, such as PE12, have the capacity to sequester
metals, suggesting their potential for use in biotechnological
applications such as the remediation of contaminated effluent,
soil, or sediment.

While our original rationale in this study and others (29, 30)
was to search for biotechnologically interesting natural poly-
mers, our finding of a number of marine bacteria producing
glycoprotein exopolymers with significant emulsifying activity
and metal-binding properties raises fundamental questions of
why these organisms produce such polymers and what their
role might be in relation to the producer strain and, more
widely, to ecosystem functioning. It is recognized that marine
bacterial exopolymers contribute to the organic matter contin-
uum in seawater and act as “hot spots” of microbial diversity
and activity (3). An exopolymer endowed with amphipathic
qualities, such as PE12, may be expected to interact with sus-
pended hydrophobic material in seawater, thereby potentially
increasing its solubility and bioavailability to flux into the “mi-
crobial loop.” Notably, marine bacterial exopolymers are rec-
ognized for their high uronic acid content (36), which is com-
parably higher than that found in exopolymers derived from
marine planktonic algae (8) and nonmarine bacteria (22). This
endows these macromolecules with a polyanionic nature—a
property that has been proposed to enable these polymers to
complex cationic species (38, 39, 68). Based on evidence from
field studies in polar marine environments showing a correla-
tion between enhanced phytoplankton activity and high levels
of bacterial exopolymeric substances (2), it has been suggested
that these polymers may play a role in the binding of trace
metals, like iron, possibly leading to an increase in their avail-
ability to phytoplankton (3, 8, 45). To our knowledge, however,
the binding of iron by marine bacterial exopolymers has not
previously been investigated. In the present study, we found
PE12 to contain an intrinsic amount of iron (0.14 mg/g poly-
mer) already complexed to the polymer prior to exposure to
sediment. Although seawater ionic-strength conditions inhib-
ited PE12’s ability to desorb iron from the sediment, this con-
centration remained an intrinsic component of the polymer.
This indicates that moieties on the polymer have specific and
comparatively high affinity for iron because the complexation
of this metal species involves specific structural coordination.
Whether the affinity for iron is conferred by the uronic acid or
protein moieties or by a combination of both is unknown at
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present. Additional work in our laboratory has demonstrated
the ability of other types of marine bacterial exopolymers to
effectively mediate the desorption of high concentrations of
iron from marine sediment (T. Gutierrez, T. Shimmield, and
D. H. Green, unpublished data). Thus, our data support the
hypothesis that marine bacterial exopolymers can contribute to
maintaining a pool of iron in the water column for potential
uptake by phytoplankton (40).

In the present study, we have described a new type of
Pseudoalteromonas exopolymer, PE12, characterized as a high-
molecular-weight glycoprotein with an unusually high content
of xylose. Compared to commercial emulsifiers, PE12 dis-
played excellent emulsifying activities against a range of food
oils, indicating its potential as an emulsifying agent in biotech-
nological and industrial applications. PE12 also showed an
ability to mediate the desorption of various metal ions from
marine sediment, a property attributed to its polyanionic na-
ture due to the presence of multivalent sites (i.e., carboxyl
groups of uronic acids) that are likely to be localized on ex-
posed areas of the polymer’s macromolecular structure. How-
ever, the significant effect of 0.6 M NaCl on this process raises
the importance of taking into account ionic-strength conditions
in experiments designed to shed light on the interactions of
organic macromolecules with metals in the field. Further work
to investigate the metal-binding properties of other marine
bacterial exopolymers is currently in progress in our laboratory
with the expectation that it will reveal greater understanding of
key organisms playing a role in the fate and mobility of metals
in the marine water column.
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