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ABSTRACT 

Th(IV) isotopes are important proxies in oceanographic investigations, and are used as 

tracers of particle dynamics and particulate organic matter (POC) fluxes out of the euphotic zone 

through the use of 234Th/POC ratios. These approaches rely on empirically determined and 

variable POC to 234Th ratios, which might be controlled, in parts, by the abundance of 

exopolymeric substances (EPS). EPS contain acidic polysaccharides (APS) and are excreted by 

both phytoplankton and bacteria. To this end, radiotracer experiments with EPS from microbial 

cultures were conducted to determine the binding environment of 234Th(IV)-binding ligands in 

colloids and suspended particles in marine systems. In these experiments, the 234Th distribution 

during isoelectric focusing (IEF) and polyacrylamide gel electrophoresis (PAGE) was related to 

the functional group composition of EPS and of colloidal organic matter (COM) isolated from 

the Gulf of Mexico (GOM) using cross-flow ultrafiltration. EPS was extracted from 

phytoplankton (Emiliania huxleyi and Synechococcus elongatus) and bacteria (Sagittula stellata 

and Roseobacter gallaeciensis) cultures by repeated alcohol precipitation. Phosphate and sulfate 

concentrations were determined using ion chromatography (IC). IEF profiles indicated that 49% 

to 65% of the 234Th labeled EPS from plankton and bacteria as well as COM samples from the 

GOM was found concentrated below pH of 4, near an isoelectric point, pHIEF, of about 2.  The 

carboxylic acid maxima for extracted EPS and COM samples appeared close to the pHIEF of 
234Th(IV). The phosphate maximum appeared at the same pHIEF as 234Th(IV) for EPS from 

Roseobacter gallaeciensis and Synechococcus elongatus.  The sulfate maximum was found at the 

same pHIEF as 234Th(IV) for EPS from S. elongatus and COM.  The molecular weight (MW) of 

the strongly Th(IV) binding ligand varied from 1-14 kDa, depending on the species, but was 

about 10 kDa in COM. Thus, depending on the species of plankton or bacteria, the MW and 

specific functional group composition of the strongly 234Th(IV)-binding amphiphilic biomolecule 

can vary.  Therefore, different acidic functional groups can, at times, contribute to the binding of 

Th(IV) to the EPS chelating ligand, which can also have different MWs. This implies that the 

binding environment for Th(IV), which is present at total concentrations at least a million times 

lower than the acid functional groups, consists of strong polydentate chelate complexes in 

clustered structures of carboxylate, sulfates and/or phosphates. The combination of strongly 

chelating groups and amphiphilicity gives this biomolecule the unique properties of a “sticky” 

ligand. 
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Introduction 

Air-sea exchange of CO2, coupled to downwelling and/or the “biological pump”, are the 

main mechanisms of the ocean to counteract increasing anthropogenic CO2 concentrations in the 

atmosphere.  The “biological pump”, i.e., new production or carbon export flux, consists of the 

fraction of the primary production of organic matter resulting from CO2 fixation by 

phytoplankton that is exported as particulate organic matter (POM) to the deep ocean, thus 

escaping internal recycling. Carbon export fluxes can be assessed by measuring biogenic particle 

fluxes caught in sediment traps (Buesseler et al., 1992, 1995), as well as by the product of 

measured 234Th flux times measured  ratios of particulate organic carbon (POC) to 234Th(IV) in 

either sinking (caught in sediment traps) or large (filterable) particles (Moran et al., 2003, and 

references therein). Organic carbon to 234Th(IV) ratios in suspended matter, used to determine 

new production rates, decrease with increasing depth and particle size, and are often different for 

settling particles caught in sediment traps than for large (>53 µm) suspended particles (Buesseler 

et al., 1995, 1998, 2005; Murray et al., 1996; Bacon et al., 1996; Moran et al., 1997; Santschi et 

al., 2003, 2005; Hung et al., 2004).   

Thorium-234 (234Th(IV), t 1/2=24.1 days) is a naturally occurring highly particle-reactive 

radionuclide continuously produced from alpha decay of Uranium-238 (t 1/2 =4.47 x109 years) in 

seawater.  Uranium in seawater exists as the soluble carbonate species [UO2(CO3)3
4–] that is 

relatively un-reactive to particles (less than 0.1% of uranium is particulate in seawater).  Thus, 

uranium exhibits a rather conservative distribution in the open ocean (Ku et al., 1977; Edwards 

et al., 1987), with an average U-concentration of 1.4 x10-8 M at a salinity of 35, thus providing a 

constant source of its daughter product, 234Th. Long-lived 232Th(IV) occurs in seawater at 

concentrations of about 4.5 x 10-12 M (Choppin and Wong, 1998) and short-lived 234Th(IV) at 

about 10-18 M. This can be compared to natural seawater concentrations of major and minor 

cations, which are in the millimolar to micromolar range.  The Th(IV) concentration is thus well 

below the solubility limit of ThO2 of about 10-9 M (Fanghänel and Neck, 2002). While Th(IV) 

might form a humic acid complex in seawater (Nash and Choppin, 1980), it was also found 

strongly associated with an acid polysaccharidic (APS) rich compound in both laboratory and 

field experiments (Quigley et al., 2002; Guo et al., 2002, Santschi et al., 2003). Acidic 

polysaccharide fibrils have been identified as important biopolymers in different aquatic systems 

(Alldredge et al., 1993; Leppard, 1995, Santschi et al., 1998, 2005), and are likely derived from 
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exopolymeric substances (EPS) excreted by micro-organisms. EPS compounds are amphiphilic 

or amphiphatic (Buffle, 1990; Leppard, 1995, 1997) and act as biosurfactants (Ron and 

Rosenberg, 2001). Because of their surface activity, EPS in the ocean form alcian-blue stainable 

transparent exopolymeric particles (TEP, Alldredge et al., 1993). APS compounds, even though 

generally only a minor fraction (~10%) of the polysaccharide pool (Santschi et al., 2003; Hung 

et al., 2003a), are present in both particulate and colloidal material, and play a critical role in the 

formation of marine snow flocs, mucilaginous aggregates, and the removal of trace elements and 

radionuclides from the water. 

Using radiolabeled glucose, Stoderegger and Herndl (1998) determined the incorporation 

of glucose into intracellular and capsular pools (i.e., EPS) to acquire production estimates.  Their 

results indicated that 55% of labeled glucose was incorporated intra-cellularly and 45% to 

capsular material.  Release rates of the capsular material represented about 25% of bacterial 

respiration suggesting that a significant portion of the DOC pool is composed of bacterially 

derived semi-labile EPS (Stoderegger and Herndl, 1998). 

It was recently reported that the strongly Th(IV)-binding APS compound has a low pHIEP 

and pKa of ≤ 3 (Quigley et al., 2002), and a high sticky coefficient in seawater of 0.9 (Quigley et 

al., 2001). Such a “sticky” macromolecular ligand is likely instrumental in removing Th(IV) 

from the ocean. The exact functional group composition of this APS compound is, however, not 

well known, even though Santschi et al. (2003) reported that it might also contain phosphate.  

In order to determine the functional group composition, isoelectric focusing  experiments 

were conducted with samples of EPS taken from cultured phytoplankton and bacteria, as well as 

of colloidal macromolecular organic matter from the Gulf of Mexico. 

 

2. MATERIALS AND METHODS 

2.1. Sampling  

Colloidal organic matter (COM) water samples were taken from the chlorophyll a 

maximum layer inside a Cold Core Ring (CCR, Station 4, 27o38’N, 94o59’W) at a depth of 72 m 

along a N-S transect in the Gulf of Mexico (GOM) aboard the R/V Gyre during May 17-25, 2001 

(Santschi et al., 2003; Hung et al., 2003a,b). Briefly, cross-flow ultrafiltration (CF-UF) was used 

to extract the colloidal fraction from large volumes of seawater (Benner, 1991; Guo et al., 1994, 
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1996, 2000a,b). An Amicon DC10L ultrafiltration system was used with a 1kDa spiral-wound 

polysulfone cartridge (Amicon, S10N1). About 200 1iters of seawater were processed, and the 

concentrated colloidal fraction was reduced to ~ 2 1iters. All ultra-filtration experiments were 

carried out aboard ship within 6-10 h of seawater collection (Guo et al., 1994). The concentrated 

colloidal sample was further desalted through diafiltration using nanopure water and 

subsequently freeze dried for purification as well as 234Th labeling experiments.  

 

2.2. Exopolymeric substances (EPS) from bacteria and phytoplankton 

 Phytoplankton and bacteria cultures were used to obtain polysaccharide- and APS-

enriched EPS isolates from particle phases using established procedures (Staats et al., 1999). 

Illumination for the cultures was provided by white fluorescent tubes and photo flux density was 

12.5 µE m-2 s-1, measured by a LI-COR (model LI-250 Light Meter) quantum 

Radiometer/Photometer equipped with a quantum sensor (LI-Q323926). The species used to 

extract EPS included the marine bacteria Roseobacter gallaeciensis (Strain ATCC 700781) and 

Sagittula Stellata (Strain ATCC 700073) and the phytoplankton Emiliania huxleyi (Strain CCMP 

374) and Synechococcus elongatus species (Strain CCMP 1379). These bacteria and 

phytoplankton species are very common in the Gulf of Mexico and the open ocean. B. 

gallaeciensis and Sagittula stellata (obtained from the American Type Culture Collection, ATCC 

700073) were cultured in marine broth 2216 (Difco Laboratories) media at 27-29 oC. After 2 to 4 

days of incubation, the cultures were sampled for harvesting EPS (see below).  

The two phytoplankton species, Emiliania huxleyi (CCMP 374) and Synechococcus 

elongatus, obtained from the Bigelow Center for the Culture of Marine Phytoplankton, were 

cultured in f/2-Si medium at 20 oC under a 12:12 day/night irradiance cycle. From these cultures, 

EPS was harvested (see below) after 10-14 days of incubation. Both bacteria and phytoplankton 

cultures were used for radioisotopic incubation experiments.  

Procedure for harvesting, i.e., extraction and purification of EPS: 

EPS extraction and precipitation was performed as described in Staats et al. (1999), 

which minimizes cell lysis and maximizes extraction efficiency through the use of tap water 

rather than nanopure water (Figure 1). 

After the bacterial and phytoplankton incubations, 35 ml of media solution was placed 

into centrifuge tubes.  The bacteria or phytoplankton cells were centrifuged (Sorvall RC-5B 



   

 7 

Refrigerated Superspeed Centrifuge) at 10,000 rpm for a period of 30 minutes at 20° C, in order 

to separate phytoplankton or bacteria from seawater and marine broth media.  The supernatant 

seawater or marine broth solutions were then decanted. The bacterial and phytoplankton pellet on 

the bottom of the container was washed with tap water to extract surficial EPS (Staats et al., 

1999). The aqueous supernatant was separated by centrifugation and four volumes of 95% 

ethanol and 5% methanol were slowly added to the aqueous supernatant resulting in a 

alcohol:water ratio of 4:1. The resulting solution was stored in –20° C overnight to promote 

precipitation of EPS.  After that, the ethanol:water mixture was ultracentrifuged for 30 minutes at 

a temperature of –20°C. This separation and purification procedure was performed a total of five 

times, after which the EPS was lyophilized. The EPS material thus isolated was then further 

separated through isoelectric focusing and 2D SDS-PAGE to determine the spectrum of 14C, 32P, 
35S, 234Th(IV), as well as phosphate (PO4

3-), and sulfate (SO4
2-). S. stellata and S. elongatus 

yielded about 2 mg (2% yield) and 1 mg (1% yield) of EPS material, respectively, after IEF 

separation. 

 

Radioisotopic Incubation [32P, 35S and 234Th(IV)]: 

In order to verify mass balance and extraction efficiency, incubations were conducted in 

parallel but on smaller scale (30 ml) with all species. Incubation conditions and duration for the 

radioisotopic incubations were identical to experiments without radioisotopes i.e., EPS material 

was harvested after 10-14 days of incubation. Triplicate cultures of each species were incubated 

with small amounts of 32P (in the form of H3PO4 in 0.02N HCl), 35S (in the form of H2SO4 in 

water) and 234Th(IV) (in nanopure H2O, after purification according to Quigley et al., 2001, 

2002). Small amounts of radiolabeled material were then extracted as described above, including 

micro-organism cells by centrifugation, EPS by alcohol precipitation as described above, and 0.1 

N HCl wall leachates. Activity levels used were high enough for mass balance evaluations but 

generally not for IEF experiments. 

 

2.3. Laboratory Analyses 

Determination of the Relative Concentration of Carboxylic Acid: 

Carboxylic acid functional groups of samples of humic acid (as a test sample), EPS 

harvested from cultures, and COM from the Gulf of Mexico were radiolabeled with 14C-
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methylamine according to published procedures (Warwick et al., 1993, as modified by Alain 

Reinhardt, CABE, University of Geneva, Switzerland, personal communication). 20.0 mg of 

Suwannee River Humic Acid Standard (Int. Humic Substances Society), or 5.0 mg of microbial 

(bacteria and phytoplankton) EPS were added to 10.0 ml 0.05M NaCl adjusted to pH of 7.0 and 

filtered through a 0.22mm white GSWP 47mm filter. Under nitrogen atmosphere, 0.322 x 10-4 

Moles 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (Fluka-Chemika) was added to the 

filtered sample.  6.95 x 10-7 Moles 14C-methylamine (ICN), an amount sufficient to react with 

about 1% of the number of carboxylic acid groups present in solution, was added to a humic acid 

standard and/or the microbial samples, respectively (assuming identical fraction of carboxylic 

acid groups as in the Suwannee River Humic Acid Standard).  The basis for labelling only about 

1% was so that the chemical behaviour of the macromolecular compound would not be 

significantly altered.  The pH of the solution was adjusted to 7.0, and the reaction vessel was 

stirred overnight.  The pH of the solution was then lowered to 2 using concentrated nitric acid. 

The acidic solution was subsequently placed in a dialysis bag (Spectrum CE molecular weight 

cut-off, MWCO 500) and inserted in 900ml of 0.05 M NaCl at pH 2 for 3 days. The solution was 

recovered from the dialysis bag and neutralized to a pH of 7.0, then dialysed again with nanopure 

H2O to remove unwanted salts prior to isoelectric focusing.  The sample was then freeze-dried 

and resuspended in  nanopure H2O prior to carrying out isoelectric focusing and 2-D SDS-PAGE 

(Quigley et al., 2002). Finally, individual parts of the gel strips were sectioned and subsequently 

analyzed on a liquid scintillation counter. 

 

      Isoelectric focusing and 2-D SDS-PAGE: 

Isoelectric Focusing Electrophoresis (IEF) IEF is an electrophoretic method that separates 

molecules according to their isoelectric point (pI or pHIEP). Isoelectric focusing (IEF) 

experiments were conducted as a means of primarily determining the pHIEF of 234Th(IV) binding 

ligands.  Two types of IEF were obtained and presented, IEF obtained from a one-dimensional 

IEF strip, and IEF obtained from a 2D SDS-PAGE, where the sum of the molecular weight 

(MW) subfractions at each pH were combined to result in a one dimensional profile (or 

spectrum). IEF is performed under denaturing conditions to provide the highest resolution and 

the cleanest results. This is undertaken by mixing urea, carrier ampholytes, and detergent (Triton 

X) to ensure that each sample (polymer) is only present in one configuration and aggregation and 
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intermolecular interactions are minimized.  Each sample (ca. 2 mg of microbial EPS) was loaded 

into each IPG strip (Amersham Biosciences, Immobiline Dry Strip, pH 3-10, 11cm, Lot No: 

300135), in addition to 100 µl of rehydration solution. The IPG strips were placed into the 

reswelling tray for at least 12 hours. Consequently the IPG strips were then placed in the 

Electrophoresis apparatus (Amersham Biosciences, Multiphor II Electrophoresis System) and 

run for 17.5 hours with a current profile of 19,701 Volt-hours (Vh), and the pH values calibrated 

separately. 2D SDS-PAGE separates molecules according to two physical properties, i.e., net 

surface charge (pH) and molecular size. The charged molecules migrate during isoelectric 

focusing through the gel toward one of the electrophoresis electrodes until protonation or 

deprotonation within the pH gradient results in a net neutral charge for the molecule (pHIEP) 

(Trubetskoj et al., 1992). The second dimension run, which was carried out on the same sample, 

was a standard polyacrylamide homogeneous gel (T=15% Amersham Pharmacia Biotech).  The 

Multiphor II system (Amersham Pharmacia Biotech) was used for sample preparation and 

electrophoresis, according to the manufacturer's recommended procedures. The pH along the 

length of the isoelectric focusing gel was monitored, and the molecular weight (MW) gradient or 

homogeneous gel was calibrated by use of rainbow colored MW marker standards (Amersham 

Pharmacia Biotech).  

 

Liquid Scintillation Counting (LSC) - 14C, 234Th(IV): 
14C and 234Th(IV) in the samples were counted for 10 minutes by a Beckman Model 8100 

Liquid Scintillation Counter. The conventional energy windows used were 18 keV to 0.156 MeV 

for 14C and 0.199 MeV for 234Th(IV), respectively.  The detection limits for 14C and 234Th 

analyses were 6.4, and 6.3 dpm, respectively.  Measurement errors were ±10% for a 2-sigma 

error (Quigley et al., 2001). 

 

Determination of organic phosphate and sulfate, carbohydrates, proteins, monosaccharides 

and uronic acids: 

The organic phosphorus and sulfate were extracted from the IEF gel sections with Triton 

X-100, and analyzed according Grotjan et al., (1986) as modified by Silvestri et al., (1982).  The 

method utilizes acid hydrolysis of organic material with subsequent lyophilization followed by 

pyrolysis with ultimate injection into ion chromatograph (IC). The EPS samples were dissolved 
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in nanopure water in glass tubes and the solution was pyrolyzed. The dry residue was then 

dissolved in 2 ml of nanopure water for the analysis by ion chromatography. Total carbohydrates 

in EPS were measured by a spectrophotometric method (Myklestad et al., 1997), as modified by 

Hung and Santschi (2001). The concentration of protein in EPS was measured by the 

bicinchoninic acid method and colorimetric detection (Smith et al., 1985). Bovin serum albumin 

was used as a standard to quantitatively calculate the protein content. The concentration of 

uronic acids in EPS was analyzed according to Filisetti Cozzi and Carpita (1991), as modified by 

Hung and Santschi (2001). The concentrations of monosaccharides and acidic polysaccharides 

were measured, after methanolysis, by the method of Doco et al. (2001) using alditol as a 

standard. Briefly, EPS were suspended in methanol/HCl solution and kept at 80 oC for 16 hr in a 

heating block. After that, the solution was cooled down and concentrated to dryness at 40 oC 

under a stream of nitrogen gas. 0.3 ml of TriSil reagent was added to the solutions at 80 oC for 20 

mins and the extra reagents were removed by a stream of nitrogen gas. The residue was extracted 

by hexane. Hexane was then concentrated to 20 µL. Finally, 2 µL of hexane was was used for 

measurement by GC-EI-MS (Polaris-Q GC/MS) with a J&W Scientific column (DB 1701, 0.25 

mm ID, 30 m). The temperature of the GC program was set up as follows: 120 oC to 145 oC at 1 
oC /min, and 145 to 180 oC at 0.9 oC /min, and 180-230 at 50 oC /min. Peaks of neutral 

monosaccharides and acidic polysaccharides in the EPS were identified by comparison of 

retention time and mass spectral fragmentation patterns of monosaccharide and acidic 

polysaccharide standards. 

 

Hypothesis testing: 

Acidic polysaccharides (those containing anionic acidic functional groups, i.e., 

carboxylate, phosphate or sulfate) are mainly responsible for surface complexation of 234Th(IV) 

compared to neutral polysaccharides.  If there is no observed correlation between any of the 

anions in the acidic region and 234Th(IV), then the null (Ho) will have to be accepted. HoI: 
234Th(IV) will have no correlation with any of the individual acidic functional groups for all 

samples. 
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3. RESULTS AND DISCUSSION 

3.1.  Radioisotope Labeling Incubation Experiment - 14C and 234Th(IV) 

The purpose for conducting this radionuclide experiment was to verify mass balance and 

extraction efficiency.  IEF gel electrophoresis was performed on radiolabeled EPS in order to 

study and compare the isoelectric (pH) profile of 14C incubated material with that non-incubated 
234Th labeled EPS. 

 

 Bacterial Incubations: 

The mass balance for the EPS extraction method was obtained for all species and each 

individual step of the method.  Total recoveries for 234Th(IV) were 60-82% for the marine 

bacteria R. gallaeciensis, 93-97% for S. stellata, 66-122%, for E. huxleyi, and 93-99% for S. 

elongatus. Less than 4% of the total activity of 234Th(IV) remained in the marine broth after 

incubation. The majority, i.e., 56-75% and 79-89% of the total 234Th(IV) activity was associated 

with the microbial pellet for R. gallaeciensis and S. stellata, respectively.  The water extraction 

of the microbial pellet resulted in 1% and 8% extraction efficiency for R. gallaeciensis and S. 

stellata, respectively.  Very little of the 234Th(IV) label remained on the centrifuge tubes (ranging 

from 1-7% of total 234Th activity).  Eventually, between 0.5% and 2% of the 234Th was extracted 

as Th(IV)-reactive EPS produced by R. gallaeciensis and S. stellata from the cell surface, 

respectively.  Thus a large portion of the 234Th(IV), as was the case with 32PO4 (not shown), 

remained on the cell surface, indicating that the extraction procedure only removed a small 

fraction of the thorium-binding biomolecule.  

 

Phytoplankton Incubations: 

 At the end of the incubation period, less than 8% of total activity of 234Th remained in the 

marine broth.  41-61% and 32-76% of the total 234Th(IV) activity remained associated with the 

microbial pellet for E. huxleyi and S. elongatus, respectively.  The water extraction of the 

microbial pellet resulted in 33% and 17% extraction efficiency for E. huxleyi and S. elongatus, 

respectively.  Very little of the 234Th(IV) label remained on the centrifuge tubes (ranging from 2-

3% of total 234Th(IV) activity).  Only about 10% of 234Th(IV) associated with EPS material was 

extracted from the microbial cells (9% and 11% for E. huxleyi and S. elongatus, respectively).  
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Thus, a large portion of the 234Th(IV) still remained on the cell surface, as was the case with 
32PO4, a situation similar to that for bacterial incubations, indicating that the extraction procedure 

was working, but did not lead to an efficient recovery of the 234Th(IV)-binding biomolecule. 

 

 Low yield of extraction of 234Th(IV)-binding biomolecule:  

The experiments described above are representative for fresh phytoplankton bloom 

conditions that can produce rapidly sinking aggregates controlled by the excretion of EPS 

(Alldredge et al. 1993; Verdugo et al., 2004, and references therein).  Since only a small fraction 

of the EPS is extracted from the microbes (e.g., about 10 mg per g of plankton or bacteria dry 

weight), the low fraction of 234Th that is found with the extracted EPS (a few %) is not 

surprising, as it basically tracks the relative amount of EPS in solution vs. on the cell surface. 

Also, because a comparison of the composition (e.g., polysaccharide, protein, uronic acids) of 

EPS from solution and surface-attached fractions (harvested using the same procedure as was 

used here) is very similar (Hung et al., 2005), we can nonetheless assume that the EPS that was 

harvested from solution is representative of the surface-attached fraction. 

 

3.2.   Isoelectric Focusing Electrophoresis (IEF) Experiments 
234Th(IV) IEF spectra were compared with those of 14C, PO4

3- and SO4
2-.  Selected 

examples are given in Figures 2 and 3. For all bacterial and phytoplankton isolates, a large 

portion (50-61%) of the 234Th(IV) was associated with molecules in the pH range below 4 (acidic 

region) rather than above pH of 6, where one would expect to find pure ThO2 or iron hydroxides 

(pHIEF of 7-9, El Shafei (1996)).  Marine bacteria R. gallaeciensis and S. stellata exhibited 93 % 

of 234Th(IV) activity between a pH of 1.9 and 2.3, while 234Th(IV) associated with EPS isolates 

from phytoplankton species E. huxleyi (Figure 2) and S. elongatus was largely associated (~55%) 

with a molecule below a pH of 5. EPS from S. elongatus, also had a significant thorium activity 

(31 %) at a pH between 6.22 and 6.84.  This higher pHIEF value may be attributed to a) 

contamination of samples from airborne particulate (clay, iron oxide or silica particles) or by 

DNA which may have been inadvertently extracted during processing of this sample. The COM 

sample had 55 % total activity below pH of 4 (average pH of 2.86). Overall, 57 %, 50 %, 65 %, 
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49 % and 55 % of the total activity of 234Th(IV) were found near pH of 2 for R. gallaeciensis, S. 

stellata, E. huxleyi, S. elongatus and GOM COM, respectively.   

IEF and 2D SDS-PAGE for 234Th(IV)-labeled EPS were conducted in parallel to 

corroborate the 234Th(IV) affinity to the acidic region, and showed similar distribution patterns 

for all species examined.  The IEF spectra obtained from 2D SDS-PAGE of R. gallaeciensis and 

S. stellata exhibited similar profiles from that of the simple IEF, while IEF spectra obtained from 

2D SDS-PAGE for E. huxleyi and S. elongatus exhibited nearly identical profiles to those of the 

simple IEF (not shown).  Although there were slight variations, statistically speaking (see section 

3.4) there was no significant difference. 

 IEF of carboxylic acid labeled EPS from microbial species with dimethylamine 

([14CH3]2NH) generally resulted in 14C-maxima at low pH, e.g., 30 % at pH between 3.14 and 

2.31 for R. gallaeciensis, 56 % at pH between 1.8-2.3 for  S. stellata , 46 % at pH between 1.7 – 

3.9 for  E. huxleyi (Figure 2). S. elongatus exhibited two major pHIEF peaks at either electrode, 

with 31  % below pH of 4. The general trend was an increase in activity at lower pH.  

 There were not only PO4
3- peaks in the IEF spectrum that were coinciding with the 234Th 

and 14C maxima at low pH, but also peaks at higher pH values, as phosphate would also be found 

in other biomolecules such as DNA, RNA, or phospholipids. For example, there were phosphate 

peaks at pH<5 for R. gallaeciensis, three major peaks (pH 2.3, 4.5 and 9.65) for S. stellata, three 

peaks (pH 2.7, 4.75 and 11.4) for E. huxleyi (Figure 2) and two distinct peaks (pH 3.71 and 8.92) 

for S. elongatus. The IEF spectra of SO4
2- also had peaks at low pH, e.g., for R. gallaeciensis at 

pH 3.1, two major peaks (pH 1.8 and 9.6) for S. stellata, two regions of elevated activity (pH 1.7, 

7.9-11.4) for E. huxleyi and two distinct peaks (pH 2.0 and 8.9-11.2) for S. elongatus. 

The IEF and 2D SDS-PAGE spectra of COM from the Gulf of Mexico showed nearly 

identical profiles (not shown), with no significant differences between the two methods. The 14C-

labeled carboxylic acid profile had one significant peak located at the anode pH 2.2, phosphate 

showed three, and sulfate showed two major peaks (Figure 3).  The phosphate peaks were at pH 

2.2, 4.1 to 5.00 and 6.1.  Sulfate peaks were at pH 2.2 and 9.25 to 10.3.  Sulfate in the neutral and 

basic region could originally have been present as sulfur species different from sulfate esters that 

were hydrolyzed and/or oxidized through our procedures. 

In summary, 234Th, sulfate and phosphate from the colloid and the EPS samples all had 

coincident peaks at low pH near 2, while P and S also had peaks at higher pH values. 
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3.3.  2D SDS-PAGE (IEF+1D SDS-PAGE) of Thorium (IV) bound to EPS 

Two dimensional (2D) sodium dodecyl sulfate (SDS) polyacrylamide gel (PAGE) 

electrophoresis using a 15% homogeneous gel (2D SDS-PAGE 15%) was performed on all 

samples to determine and isolate the 234Th(IV) binding ligand and associate it with a specific 

functional group.  In the marine bacteria sample of R. gallaeciensis, a combined 24% of 
234Th(IV) activity was associated with the extracted EPS that had a MW of <1 kDa  at pH 2.0 

and 2.3 (Figure 4).  This was similar to the IEF results, although the IEF plot had a higher 

amount (i.e., 38% total) for same pH regions. Upon further inspection, the sum of the 234Th(IV) 

activity for the pH 2.0 and 2.3 (from 2D SDS-PAGE) was 42%.  At an approximate pH of 2, 

24% of the total 234Th(IV) activity was associated with the organic matter in the MW category 

less than 1 kDa in size range.  Clearly, for R. gallaeciensis, the 234Th-labeled EPS material was 

mostly in the truly dissolved fraction. 

For the marine bacteria sample of S. stellata, a combined 37% of total 234Th(IV) activity 

was associated EPS around 3.5 kDa at pH 1.9 and 2.3 (Figure 5). This was corroborated from the 

IEF plot, although the IEF plot had a combined total of 47% for the same pH regions.  The sum 

of the 234Th activity for the pH 2.0 and 2.3 (from 2D SDS-PAGE) was 50%.  Evidently, for S. 

stellata, at an approximate pH of 2, 37% of the total 234Th(IV) activity was associated with the 

organic matter in the MW category of 3.5 kDa. 

For E. huxleyi, a combined 27% of total 234Th(IV) activity was associated with EPS with 

a molecular weight of 14.3 kDa and a pHIEP between 1.7 and 4.7 (Figure 6). This was 

corroborated from the IEF plot, although the IEF plot had a combined total of 50% for the same 

pH range. The sum of the 234Th(IV) activity for the pH 2.0 and 2.3 (from 2D SDS-PAGE) was 

50%. Interestingly, Magaletti et al. (2004) recently isolated, using Gel Permeation 

Chromatography, a 12 kDa fragmentation product of EPS from different diatom species, 

Cyndrotheca fusiformis commonly found in mucilage aggregates of the Adriatic, besides a 

20kDa and 700 kDa product. 

For the S. elongatus, a combined 17% of total 234Th(IV) activity was associated with EPS 

with a MW ranging from 1 to 6.5 kDa (average of 3.7 kDa) for pH 1.85 (Figure 7). This was 

corroborated from the IEF plot, although the IEF plot had a combined total of 32 % for same pH 

range.  The sum of the 234Th(IV) activity for the pH 1.85 (from 2D SDS-PAGE) was 46%.  S. 

elongatus, at approximately pH of 1.85, 17% of the total 234Th(IV) activity was associated with 
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the EPS in the MW category less than 3 kDa.  In this case, there was another peak above 45kDa 

size accounting for ~14% total 234Th(IV) activity.  When this material was run again on a 

gradient (8-18%) SDS-PAGE instead of typical 15% homogenous SDS-PAGE, a large portion of 

the activity was associated with material above 160 kDa. This indicated that the 234Th(IV)-

binding ligand can be present in different MW fractions, which all might have similar chelating 

functional group domains for strongly binding Th(IV); however, all have low pHIEP. One way to 

explain this observation is that the low molecular weight ligands might be breakdown products 

of larger macromolecular ligands.  

Carboxylic Acid Functional Group - 14C: 

2D SDS-PAGE (15%) was performed on all samples to map out the activity associated 

with the 14C-labeled carboxylic acid functional group of R. gallaeciensis (example in Figure 8). 

The main reason for conducting 2D SDS-PAGE on carboxylic acid functional group for 14C-

dimethylated amine was to correct for the dimethylamine peak (pKa = 10.9, Mol. Weight = 33 

Da).  Even though every attempt was made to dialyze unwanted salts and unreacted dimethyl 

amine from organic material, dimethylamine was still present, indicated by an anomaly in the 

initial IEF profiles, where a significant amount of the 14C activity was found in the basic region.  

When the Suwannee River humic acid test standard was run, there was no activity in the high pH 

region, likely due to a more favorable ratio of carboxyl groups to dimethylamine.  Even though 

the amount of the marine sample was scaled down 4 fold, there might still have been excess 

reactant if the carboxylate concentration was lower in EPS.  Regardless, these results allowed to 

correct for this low MW 14C peak in the IEF profile by using the results from the 2D SDS-PAGE 

experiment. 

 

3.4.  Statistical Analysis 

Statistical analysis was conducted using SPSS software (SPSS Inc., Chicago, IL 60606) 

2-tailed, bivariate correlation (α = 0.05) after testing for normality using Kolmogorov-Smirnov 

test.  All data resulted in being parametric indicating that any correlations having a p-value at or 

below 0.05 were selected to be significant. 

Our null (Ho) hypothesis was stipulated for the analysis of the IEF spectra (section 3.2) as 

follows:  A p-value indicates the probability of the hypothesis being tested (usually Ho) is true (a 
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p-value of 0.01 indicates there is a 1% chance that the hypothesis being tested is true).  With a 

critical level for rejection (α) of a hypothesis set at 0.05, the null hypothesis (Ho) is rejected with 

any p-value smaller than 0.05.  Thus, the smaller the p-value the more confident one can be to 

reject the null hypothesis and to accept the alternative hypothesis (Dytham, 1999). 

Comparison of IEF Results: 

Bivariate correlation analysis was conducted for each species, using the criteria stated 

above.  All samples (R. gallaeciensis, S. stellata, E. huxleyi, S. elongatus, and GOM COM) 

displayed significant correlations between the IEF spectrum of 234Th(IV) over the whole pH 

range for the 1D-IEF (234Th(IV) IEF) and the IEF obtained from the sum of the parts from 2D 

SDS-PAGE, which allowed us to use both IEF and IEF from 2D SDS-PAGE separation 

techniques for statistical tests. Selected examples are given in Figures 2 and 3. 

In short, IEF spectra of EPS from R. gallaeciensis, E. huxleyi and S. elongatus showed 

significant correlations between 234Th and 14C-carboxyl, 31P-labeled and stable phosphate, and 
35S-labeled and stable sulfate in the acidic range (pH<7), while S. stellata showed no significant 

correlations because of slight differences of ≤0.5 pH units in their respective peaks. Most 

importantly, COM from the Gulf of Mexico showed significant correlations between all 

parameters over the whole pH range. This difference is likely due to the fact that labile DNA, 

RNA and other biomolecules (with binding capacity for 234Th), which are expected to have pHIEP 

in the neutral to basic range, are present in the extracted EPS at considerably higher 

concentrations than in marine colloids. 

 

3.5.  Chemical Composition of EPS 

 

The content of hydrophilic polysaccharides from the EPS samples from S. stellata and S. 

elongatus isolated by IEF from the pH 1.9 region was 14 % and 8 % of the total carbon content, 

while  the carbon content of more hydrophobic proteins was 2.6 % for S. stellata (Table 1).  

Thus, the Th(IV)-binding ligand is amphiphilic (or amphiphatic). Approximately 15 and 23 % of 

the total polysaccharides from S. stellata and S. elongatus were composed of hydrophilic uronic 

acids, respectively. Overall, the sum of polysaccharides and proteins was about 17 % of the 

organic carbon for S. stellata (Table 1). The polysaccharide and protein data agree with the 

analysis of bulk EPS, which showed 6% TCHO and 5% proteins for the unattached, dissolved 
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fraction, and 12% TCHO and 5% proteins for the attached, particulate fraction of EPS. The 

remainder of EPS mass might have been lipids, refractory sugars or other unknown compounds. 

Moreover, water could be another important fraction of the isolated EPS, which is hygroscopic, 

similar to humic acids (Buffle, 1990; Leppard, 1997).  

Two important anions are also found in the EPS after IEF separation, phosphate and 

sulfate. The molar ratios for the EPS, in terms of total carbon: SO4, were 72:1 and 30:1 for S. 

stellata and S. elongatus, respectively, which are similar to the molar ratios of C:S in marine 

particles, which range from 50 to 70 (Cutter, 1982; Chen et al., 1996). In other words, if all the 

carbon would be composed of hexoses, the sugar: SO4 ratios would be 12:1 and 5:1 for S. 

stellata and S. elongatus, respectively. The sulfate results are similar to those recently published 

for bulk polysaccharide-rich mucilage by Mecozzi et al. (2005), who reported a molar ratio of 

total carbon to total sulfur ranging from 18-66, with an average value of 30. The molar ratios of 

carbon to phosphate in the EPS isolate, after IEF separation, was 243 and 200 for S. stellata and 

S. elongatus, respectively. The C:P ratio of 200 in the EPS is about twice that of the Redfield 

ratio. This ratio is very similar to the C:P ratio in labile dissolved organic matter of 154 to 245 

(average of 199), reported by Hopkinson and Vallino (2005). Therefore, the ratios of C:S or C:P 

in our purified EPS samples are similar to elemental ratios in bulk to elemental ratios in bulk 

dissolved organic matter. 

Given total organic carbon concentrations of 10-4 M and a carboxylate concentration of 1 

meq/g-C (Santschi et al., 1995) in seawater, organic phosphate, sulfate or carboxylate 

concentrations of the order of 10-6 M, and Th(IV) concentrations of the order of 10-12 M 

(determined by 232Th), there would be at least ~ 106 potential acidic binding sites for one 
234Th(IV) ion. The vast majority of such sites would be occupied by other metals in the ocean, 

such as calcium.  This would imply that rarer but clustered acidic binding sites of variable 

composition are likely important as chelating sites.  Thus, the steric environment and not 

necessarily the exact functional group might actually be responsible for thorium-234 

complexation to macromolecular organic matter. 

 

Carbohydrate Composition: The gas chromatography (GC) mass spectrometry (MS) 

provided secondary characterization of the organic material that complexed with 234Th(IV) and 

was extracted from bacterial (Figure 9a) and phytoplankton (Figure 9b) cultures after alcohol 
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precipitation and IEF separation at pH of 2. The total acid polysaccharide (APS) content was 

calculated by the sum of individually identified monosaccharide peaks from the GC spectra 

(Table 2). The determination of simple sugars was accomplished by comparing a library of mass 

spectra to that of sample mass spectra at a specific retention time (Figures 9a and 9b). 

The majority of the organic material extracted from both S. stellata and S. elongatus 

isolated EPS samples showed allose, glucose, galactose, mannose and xylose as the main simple 

sugar monomers in the methanolyzed polysaccharide fraction (Table 2).  The acidic 

polysaccharides in both S. stellata and S. elongatus were galacturonic acid, mannuronic acid and 

glucuronic acid (Table 2). However, there were many unknown peaks, which could not be 

identified in these isolated EPS samples, but could nonetheless be quantified by comparison to 

the standard peak.  Overall, the normalized URA to total sugars measured by the spectrometric 

method (15 and 23% of TCHO) and GC-MS (19 and 26%) are in agreement for both S. stellata 

and S. elongatus, respectively. Bergamaschi et al. (1999) reported that uronic acids, URA, 

contain galacturonic, glucuronic and mannuronic acids, with a range of 2 to 6% of total 

carbohydrates. Aluwihare et al (2002) also found that high molecular weight dissolved organic 

matter contains some URA, such as glucuronic acid and galacturonic acid. In comparison, our 

URA concentrations are higher than these previous reports because 1) an EPS sample extracted 

from pure phytoplankton or bacteria cultures should contain more high molecular weight 

polysaccharides and less monosaccharides using repeated alcohol precipitations and 2) the 

samples chosen in this study were isolated at specific pH and molecular weight values rather 

than from the bulk material. 

 

4. SUMMARY AND CONCLUSIONS 

 

The primary objective of our experiments was to test how the 234Th(IV) is bound to 

oceanic particles, which could be important to our understanding of the variability of POC/234Th 

ratios in the ocean.  This was accomplished through controlled laboratory experiments with 

exopolymers responsible for 234Th(IV) complexation and extracted from pure cultures of 

phytoplankton (S. elongatus, E. huxleyi), bacteria (R. gallaeciensis, S. stellata) as well as 

colloidal organic matter (COM) from the Gulf of Mexico. The microbial incubation experimental 

results indicate that most of the 234Th(IV) is taken up at the cell surface and is not easily removed 



   

 19 

from it, with 234Th found at ratios similar to the mass of cells to removable EPS in solution. 

Thus, while potential binding sites for 234Th(IV) near the cell surface were not assessed, an 

apparently small but representative Th-tagged EPS sample can still be extracted from the cells 

for further separation and characterization.  

The experiments described in this paper are representative for fresh phytoplankton bloom 

conditions that can produce rapidly sinking aggregates controlled by the excretion of EPS 

(Alldredge et al. 1993; Verdugo et al., 2004, and references therein). While it is possible that the 

isolation, purification and drying of isolated materials could have affected the subsequent Th 

binding experiments, there are valid reasons for believing that the results described in this paper 

are relevant to oceanic conditions. These reasons include: 1) Similarity between the results of 

Th(IV) binding experiments at ambient pH of Quigley et al. (2002) who used similar procedures, 

with those of Hirose (1996, 2004) and Hirose and Tanoue (1994, 1998, 2001), who conducted 

Th(IV) binding experiments to suspended particles, colloids, phytoplankton and bacteria at pH of 

1 (discussed in more detail in Santschi et al., 2005), suggests that the Th(IV) binding ligand 

groups are robust to different conditions and non-labile. 2) The fact that the Th(IV) binding 

ligand group can have different MWs and slightly different pHIEP values suggests that this ligand 

group can be found in different macromolecules of different preparation histories and conditions. 

For the primary characterization, results indicate that in all EPS and COM samples, the 

majority of 234Th(IV) (50-60 %) was concentrated near a pH of 2. As an A-type metal, Th(IV) 

prefers O-containing ligands, i.e,, could preferentially bind to carboxyl, phosphate and sulfate 

functional groups of EPS. Based on bivariate correlation analyses, the carboxylic acid functional 

group was significantly associated with 234Th(IV) for R. gallaeciensis, E. huxleyi, S. elongatus 

and Gulf of Mexico COM, the phosphate functional group was associated with 234Th(IV) for R. 

gallaeciensis, and S. elongatus sample, and the sulfate functional group was most closely related 

to 234Th(IV) for S. elongatus and the COM from the Gulf of  Mexico. 

Hence, 234Th(IV)-binding molecules co-occurred with carboxylic acid, phosphate and/or 

sulfate functional groups in the isoelectric focusing profiles of the different bacterial and 

phytoplankton EPS as well as COM samples.  The exact functional group responsible for 
234Th(IV) binding may be variable and species dependent.  Thus, the fact that different EPS with 

different functional group composition all strongly bind 234Th(IV) may support intramolecular 
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chelation through a clustered acid functional group environment.  The steric enhancement effect 

appears not to depend on the exact acid functional group that is associated with 234Th(IV).   

Marine bacteria R. gallaeciensis and S. stellata had Th-complexed EPS with a MW of 1 

kDa and 3.5 kDa, respectively.  Phytoplankton E. huxleyi and S. elongatus had EPS of MWs of 

14.3 kDa and 1-6.5 kDa, respectively, much lower that the typical EPS MW of 105 Da or higher 

(Decho, 1990; Leppard, 1995, 1997).  These MW estimates compare to the 12 kDa MW of 

marine colloidal Th-binding ligands of Quigley et al., (2002), and the 12 kDa MW carbohydrate-

rich macromolecule, as one of the 3 main fractions of EPS isolated from the marine diatom 

Cylindrotheca fusiformis (Magaletti et al., 2004). 

Approximately 8-14 % of the total carbon content of EPS from S. Stellata and S. 

elongatus, extracted with IEF at a pH close to 2, was composed of hydrophilic carbohydrates, 

and 26 % of hydrophobic proteins, while 15 and 32% of the total polysaccharide content was 

composed of hydrophilic uronic acids for S. stellata and S. elongatus, respectively. Thus, our 

Th(IV)-binding biomolecules are amphiphilic (or amphiphatic), which gives them surfactant 

properties. From the analysis of the organic carbon, sulfate and phosphate concentrations that 

were determined in the IEF experiments, EPS from S. stellata and S. elongatus had a carbon to 

phosphate-P ratio of 243 and 200, and carbon to sulfate-S ratio of 72 and 30, respectively. 

The presence of Th-binding amphiphilic ligands of MWs of 1-15 kDa in the extracted 

EPS of much higher MW agrees with the observations of Santschi et al. (1998), which showed 

that polysaccharide-rich fibrils were usually covered with much smaller and more spherical 

molecules, like pearls on a necklace. Since coagulation and flocculation are controlled by charge 

neutralization as well as hydrophobic forces (Wilkinson and Reinhardt, 2004; Reinhardt, 2004), 

bridging flocculation and attachment to surfaces might be regulated by the presence of 

hydrophobic moieties of the EPS (Sternström, 1989; Ahimou et al., 2001). Thus, it is likely that 

these relatively small Th-binding ligand biomolecules are tightly attached to EPS, but were 

liberated by the solvents and detergents used in IEF and PAGE.  

Based on our results, different acidic functional groups might, at times, contribute to the 

binding of Th(IV) to the surface-active EPS ligand. This implies that the binding environment 

for Th(IV) likely consists of strong polydentate chelate complexes involving acid groups, i.e., 

requiring the presence of clustered structures of acid functional groups of  carboxylate, sulfates 

and/or phosphates/phosphonates in macromolecules of MWs between 1-10 kDa. Thus, the steric 
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environment, and not necessarily a single functional group, is most important for thorium-234 

complexation to “sticky” macromolecular organic matter compounds.  The physical and 

chemical properties of these biomolecular chelate compounds (type and quantity of acid 

functional groups present) found in EPS might therefore affect the extent of 234Th(IV) particle 

sorption, and thus, the POC/234Th(IV) ratio.   
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Table 1. Composition of exopolymeric substances (EPS) produced by S. stellata and S. elongatus 

in IEF fraction at an isoelectric point (pHIEP) of about 2. 

 

(A)        

Type pHIEP OC TCHO Protein* URA SO4
-2 PO4

-3 

   (mmole-C/g) (mmole-C/g) (mmole-C/g) (mmole-C/g) (mmole/g) (mmole/g)

S. stellata 1.90 15.4 2.2 0.4 0.34 0.213 0.064 

S. elongatus 1.85 15.2 1.2 n.d. 0.28 0.508 0.076 

        

(B)        

Type pHIEP TCHO/OC Protein/OC URA/OC C/SO4
-2 C/PO4

-3 

    (%) (%) (%) mole ratio mole ratio 

S.stellata 1.90 14.3 2.6 2.2 72 243 

S.elongatus  1.85 7.9 n.d. 1.8 30 200 
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Table 2. Neutral monosaccharide and acid polysaccharide content from GC-MS of isolated EPS 
after methanolysis (Table 1)  

Type S. stellata S. elongatus 

 % of total % of total 

Allose 6.7 6.1 

Glucose 14.9 13.4 

Galactose 6.0 4.1 

Mannose 3.9 5.6 

Galacturonic acid and 

Mannuronic acid 
18.8 24.8 

Glucuronic acid 0.2 1.5 

Unknown sugars 51.7 55.6 

Total 100 100 
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Fig. 1. Extraction procedure of microbial cultures and natural organic matter samples 
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Fig. 2. Example of isoelectric focusing profile of a) 234Th(IV)-labeled EPS from Emiliania 
huxleyi , as compared to that of b) 14C-labeled carboxylic acid, c) phosphate ion and d) sulfate 
ion. 
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Fig.3.  Isoelectric focusing profile of a) 234Th(IV)-labeled COM from the Gulf of México 

(Station 4, 72m depth, at chlorophyll A maximum; Hung et al., 2003a,b), as compared to b) 14C-

labeled carboxylic acid, c) phosphate ion and d) sulfate ion. 
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Fig. 4. Plot of 15% 2D SDS-PAGE of 234Th(IV) for polysaccharide enriched fraction extracted 
from marine bacteria R. gallaeciensis. 
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Fig. 5. Plot of 15% 2D SDS-PAGE of 234Th(IV) for polysaccharide enriched fraction extracted 
from marine bacteria S. stellata. 
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Fig. 6. Plot of 15% 2D SDS-PAGE of 234Th(IV) for polysaccharide enriched fraction extracted 
from phytoplankton E. huxleyi. 
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Fig. 7. Plot of 15% 2D SDS-PAGE of 234Th(IV) for polysaccharide enriched fraction extracted 
from phytoplankton S. elongatus. 
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Fig. 8. Plot of 15% 2D SDS-PAGE of 14C-methylamine labeling of COOH functional groups of 
the polysaccharide enriched fraction extracted from marine bacteria R. gallaeciensis. a) with the 
unreacted 14CH3NH2 peak and b) without the 14CH3NH2 peak. 
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Fig. 9. Gas Chromatogram of derivatized EPS from S. stellata (a) and S. elongatus (b) with the 
following peaks: alditol (1), allose (2), glucose (8), mannose (10), galactose (11, 14), 
galacturonic/mannuronic acids (12), glucuronic acid (13) and other sugars (3, 4, 5, 6, 7, 9 and 
other peaks without labels). 

 
 

 

 

 

 
 

 


