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A B S T R A C T

Transparent exopolymer particles (TEP) are ubiquitous in marine and freshwaters, and have been
subject to intensive study by oceanographers and limnologists over the past 15 years. These
microscopic organic particles (visualized by Alcian Blue staining for acid polysaccharides) may be
considered a planktonic form of exopolymeric substances (EPS). Two aspects relating to the potential
involvement of TEP as important agents in organic fouling and biofilm formation on membranes in
desalination and wastewater treatment plants were investigated: the efficiency of pretreatment
processes in decreasing the amounts of TEP reaching the RO membranes at the Adom desalination
plant, Ashkelon; and the active involvement of TEP in the early stages of biofilm formation. This
study revealed that although pretreatment at the desalination plant lowered the levels of water
quality parameters such as chlorophyll and SDI by ~90% relative to input, TEP concentrations were
only decreased by ~30% upstream of the RO membranes. To follow TEP in the early stages of biofilm
formation, glass slides were suspended in seawater over several days. Slides were removed daily,
stained with Alcian Blue (for TEP) and DAPI (for bacteria) and examined under the microscope with
Nomarski light illumination and UV-epifluorescence. By 18 h, we observed many areas stained with
Alcian Blue as well as some individual bacteria on the surface. The Alcian Blue stained areas were
not due to EPS proliferated by bacteria attached to the surface but derived from TEP originally in the
feed water. After 18 h, there were increasing areas stained with Alcian Blue and greater numbers of
bacteria growing on stained and unstained areas of the substrate surface. Taken together, these
results imply that TEP in source waters are indeed likely to be key players in the establishment and
subsequent development of biofilm on membranes and that pretreatment technology does not
effectively remove these particles from reaching membranes. Recognition of the importance of TEP
in aquatic biofilm formation could lead to the use of TEP as an indicator of the efficacy of current
pretreatment methods as well as to the development of improved techniques to remove these
particles upstream of membranes in desalination and wastewater treatment plants.
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1. Introduction

Biofouling and biofilm growth on filtration mem-
branes and other surfaces is a major problem in desali-
nation and wastewater treatment plants [1–3]. To mini-
mize organic fouling and scaling, source waters pass
through various pretreatment stages such as flocculation,
sedimentation, filtration or UV irradiation prior to reach-
ing the membranes. 

Investigators of fouling in aquatic systems have long
inferred the involvement of organic colloidal material,
polysaccharides, proteins and other unknown compo-
nents of natural organic matter (NOM) in the precon-
ditioning of surfaces for biofilm development [4–7]. There
is an extensive literature in the membrane/desalination
field on fouling of membranes by biomacromolecules and
biofilm formation and many studies in the last 5–10 years
have elucidated the mechanisms of proliferation of
exopolymeric substances (EPS) and biofilm formation
[8–12]. These studies showed that within the first few
minutes of contact between natural waters on different
surfaces, an uncharacterized “molecular fouling”
appeared that was hypothesized to play a crucial role in
the initiation of biofilm development on those surfaces.
Recently Berman and Holenberg [13] and Berman and
Passow [14] proposed that transparent exopolymer
particles (TEP) which are found in large numbers in
marine and freshwaters, play a major role in aquatic
biofilm formation and development on membranes and
other surfaces.

The aims of this study were to investigate two aspects
of the potential involvement of TEP as important agents in
organic fouling and biofilm formation on membranes in
desalination plants. First, over a 7-month period, we
monitored the efficacy of various pretreatments in a
full-scale (300,000 m3 d!1 capacity) seawater reverse
osmosis plant to lower TEP as compared to other water
quality parameters such as silt density index (SDI) and
chlorophyll (Chl). Second, to determine the relative
importance of seawater TEP and bacteria in the early
stages of biofouling, a series of laboratory experiments
was carried out using a newly developed staining
procedure to follow details of the attachment of these
particles to surfaces.

2. What are TEP?

In 1993 Alldredge et al. [15] reported a high abundance
of previously undetected, microscopic transparent parti-
cles in seawater that were visualized by staining with
Alcian Blue, a dye specific for acid mucopolysaccharides.
These were dubbed “transparent exopolymer particles”,
or TEP. It quickly became evident that TEP are ubiquitous
in freshwater and marine environments and play impor-

tant roles in these ecosystems [16]. In most natural waters,
TEP have been observed in high abundance, from ~105 to
~107 particles L!1. As described in the oceanographic and
limnological literature, TEP range in size from ~0.4 µm
(the nominal pore size of the filters on which these
particles are collected prior to staining) to ~100–200 µm.
Thornton et al. [17] have also reported the presence of
Alcian Blue staining, acid polysaccharide colloids (>30,000
Dalton <0.4 µm) in natural waters. TEP are deformable,
gel-like particles suspended in the water mass and appear
in many forms; amorphous blobs, clouds, sheets, filaments
or clumps. In some aquatic environments, TEP form
abiotically from dissolved organic exudation products by
processes of coagulation and gelation [18–20] or by
turbulence and bubble adsorption [21]. Considerable
amounts of TEP are also produced from the gelatinous
envelopes surrounding diatoms and other algae [22] and
from bacterial mucous [23]. TEP may also be formed
during senescence by algae and cyanobacteria [24,25]. 

TEP may be considered as “macro-colloids”, and have
also been termed “macrogels” [26]. The presence of highly
surface active polymers containing fucose and rhamnose
[16,20,26] in TEP explains the strong tendency of these
particles to form metal ion bridges and hydrogen bonds
[27]. As a result, TEP are about 2 to 4 orders of magnitude
more sticky than phytoplankton or mineral particles, have
a high probability of attachment upon collision (16,20,27,
28], and are likely to play an important role in particle
aggregation in open water and in coating natural surfaces
[26]. Many TEP provide a nutritious and sticky organic
substrate for colonization by bacteria and other micro-
organisms [29–31] and thus form an ideal platform to
transport planktonic bacteria to surfaces. Because TEP are
rich in surface active, acidic polysaccharides [20,21], many
other substances, including proteins, nucleic acids or trace
elements may be associated with these gel-like particles
[16]. In summary, TEP may be characterized as
microscopic (>0.4 µm) transparent particles, ubiquitous in
marine and freshwaters, that constitute a subgroup of
planktonic EPS. Although numerous studies have focused
on the polysaccharide-containing EPS matrix in biofilms
adhering to surfaces [11,12,32,33,], the potential involve-
ment in aquatic biofouling of TEP in source waters has yet
to be investigated [13,14].

It should be noted that TEP are not the only kind of
microscopic transparent organic particles present in both
marine and freshwaters. Another class of small particles
that stains yellow with the nucleic acid stain DAPI was
reported by Mostajir et al. [34]. Subsequently, Long and
Azam [35] described a class of protein-containing, trans-
parent particles in seawater observed upon staining with
Coomassie Blue. Because no multiple staining techniques
are presently available it is quite possible that some, if not
most, of these transparent organic particles may contain
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varying amounts of polysaccharide, protein and/or
nucleic acid constituents.

3. Methods

3.1. Monitoring TEP, chlorophyll (Chl) and Silt Density Index
(SDI) at the Adom Ashkelon desalination plant

To monitor the efficiency of pretreatment at the Adom
desalination plant, Ashkelon, Israel, water samples (5 L)
were collected at key locations in the streamflow from
source water input to the RO membranes: (1) on-shore
sampling point for coastal seawater (intake 1000 m off-
shore); (2) after addition of flocculation reagents, mainly
Fe2(SO4)3; (3) before sand filtration; (4) after sand filtration;
(5) before the micronic, cartridge filter; (6) after the
micronic, cartridge filter (Fig. 1).

The concentrations of TEP and Chl were determined at
each of the above sampling points on the following dates
in 2008: 29 April, 25 May, 1 June, 13 July, 4 September and
20 October. SDI levels were measured only at the intake
(1) and after the micronic filter (6).

3.2. Analysis of TEP and Chl concentrations and SDI

TEP concentrations in seawater were measured with
Alcian Blue using the spectrophotometric assay devel-
oped by Passow and Alldredge [36]. The TEP concen-
trations were calibrated with gum xanthan, GX (an acid
polysaccharide standard) and expressed as µg GX equi-
valents L–1. Chlorophyll was extracted into 90% acetone
and determined fluorometrically [37]. (Note, this assay
actually determines only chlorophyll a, by far the pre-
dominant form of this pigment in natural waters). SDI was
measured online at the Adom desalination plant. 

3.3. TEP and bacterial adhesion experiments

Coastal seawater was sampled from the intake of the
Adom desalination plant and, after ~1 h, 2-L portions
were placed in a series of sterilized and sealed glass flasks
in the laboratory at Bar Ilan University. Precleaned and
sterilized glass microscope slides were suspended from
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Fig. 1. Sampling locations at the Adom desalination plant.
1 coastal seawater “source water” on-shore sampling point;
2 after addition of flocculation reagents; 3 before sand filter;
4 after sand filtration; 5 before the micronic cartridge filter;
6 after the micronic cartridge filter.

the stopper of each flask in the water which was incubated
at room temperature (~22–24EC) and gently stirred
throughout the experiment. Slides from separate flasks
were sampled after 18, 48, 72, 96 and 168 h. At each
sampling time, slides were removed for staining to check
for TEP and bacterial adhesion. 

Each slide was transferred to a glass Petri dish, stained
with 0.02% Alcian blue for 7 min and gently rinsed twice
by dipping in deionized, distilled water. Following this,
the slide was stained by covering the surface with 10 µl of
4',6-diamidino-2-phenylindole (DAPI, concentration
3 µg ml!1) for 7 min in the dark and rinsed twice as
described above. The slides were then viewed first under
brightfield illumination to reveal Alcian Blue stained areas
probably deriving from adhesion of TEP to the surface,
and then under UV epifluorescence to observe DAPI
stained bacteria [38].

TEP and Chl concentrations were also assayed in the
water of the flasks, initially and at each of the sampling
times.

4. Results and discussion

4.1. Pretreatment impact on TEP levels in an operational
desalination facility

In order to check the efficiency of existing pretreatment
technology in removing TEP from the flow stream at a
full-scale seawater reverse osmosis plant, we monitored
TEP levels at various pretreatment stages at the Adom
desalination plant that has been operational since 2005
(Fig. 1). Concomitantly, in the same water samples, we
measured Chl concentrations (a proxy for the presence of
algal cells that may also cause biofouling) and SDI as
additional indicators of pretreatment efficiency. 

Over the course of our study, the concentrations of TEP
and Chl in the source water varied seven-fold and
seventeen-fold, respectively (Table 1). In order to compare
the results from different sampling dates, each of the
parameters was normalized to its value in the source

Table 1
TEP and chlorophyll in source water at the Adom desalination
plant

Date TEP Chl 

µg GX eq.L!1 µg L!1

25 May 08 542 0.18
1 Jun 08 140 0.14
13 Jul08 254 0.53
4 Sep 08 176 0.20
21 Sep 08 76 0.03
15 Dec 08 98 Not determined
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Fig. 2. Effect of pretreatment stages on concentrations of TEP,
Chl and SDI (normalized to input concentrations as 100%) at
the Adom desalination plant. Mean and standard deviation of
six sampling dates from May through September 2008. See
Fig. 1 for sampling locations.

water input, taken as 100%. In Fig. 2 we show the overall
mean and standard deviation of TEP, Chl and SDI levels
as percentages relative to the seawater input (100%),
measured at six locations in the streamflow at the Adom
plant on six sampling dates from May through October
2008. On average, TEP concentrations in the input
seawater were diminished by 27% (±19) after passing the
stage of the sand/ mixed-bed filter (Fig. 2). By com-
parison, Chl and SDI dropped by 90% (±8) and 90% (±2),
respectively. 

Based on the above results, we conclude that although
the sand filter functioned very effectively to lower the
levels of Chl and SDI, it was considerably less efficient in
removing TEP from the streamflow reaching the RO
membranes. We observed that when the concentrations of
TEP in the source water were low (e.g. Sept. 2008), the
sand filter was least effective, reducing TEP levels by only
a few percent. At present, we do not know whether the
TEP observed after sand filtration was derived solely from
the source water or whether some of these particles were
released from the sand filter medium.

Subsequent to the sand filtration step, TEP concen-
trations did not decrease further and, in fact, tended to rise
after passing through the cartridge filter prior to reaching
the RO membranes (Fig. 2). Although the reason for this
consistent increase is unclear, we suspect that it may have
been caused by TEP formation due to turbulence in the
water stream passing through the cartridge filters [21]. In
contrast to TEP, Chl levels remained constant after the
sand filter until the RO membranes. 

4.2. TEP: Adhesion to surfaces

We ran five experiments in which we suspended
precleaned, sterilized glass microscope slides in untreated

Mediterranean coastal seawater over several days and
followed the extent of TEP and bacterial cell adhesion to
the slides. Here we show the slides from an experiment
begun on 13 July 2008, similar results were obtained in all
the other experiments. 

A 2-day sequence of early biofilm formation on glass
slides is illustrated in Fig. 3. Within 18 h, when viewed
with Nomarski light illumination, Alcian Blue staining
revealed many prominent blue areas on the slide surface
that could only have come from the initial adherence of
TEP in the seawater (Fig. 3, top left). Additionally, some
scattered, individual bacteria, not associated with TEP,
could be seen sticking to the slide surface. A few isolated
bacteria were also visible on the Alcian Blue stained areas.
These bacteria may have been original “residents” of the
TEP particles prior to adhesion, or may have grown “in
situ” subsequently. We also observed occasional algal cells
attached to the surface (not shown in Fig.3). 

Bacteria stained with DAPI were more clearly seen
under UV epifluorescent illumination (Fig. 3, top right);
under these conditions, Alcian Blue stained areas should
have been invisible. Here again, we could discern indi-
vidual bacteria adhering to the surface in areas not seen to
be covered by TEP under light illumination (Fig. 3, top
left), with only a very few bacteria on the Alcian Blue
stained areas. Under UV epifluorescence, some, but not
all, of the areas seen with blue stain in visible illumination
also showed a definite, relatively faint, DAPI coloration
(Fig. 3, top right). This observation suggests the possibility
that nucleic acid molecules (DNA or RNA) were adsorbed
or otherwise associated with TEP in these samples. 

The surface area covered by Alcian Blue stain was
considerably greater than that by individual bacterial cells
(Fig 3, top left and right). Clearly the Alcian Blue stained
areas observed on the slides could not have been EPS
proliferated by surface attached bacteria within a brief
18 h, but must have been “planktonic” TEP in origin. We
observed that few, if any, of the single, attached bacteria
were surrounded by any Alcian Blue staining EPS on
slides sampled at 18 h. 

Slides examined after 18 h showed increasing and
larger Alcian Blue stained areas with more associated
bacteria as well as greater numbers of bacteria adhering to
unstained surfaces (Figs. 3, bottom left and right). When
examined under high magnification some of the single
bacterial cells were seen to be surrounded by a thin layer
of Alcian Blue stained material, presumably mucila-
geanous, capsular EPS.

With increasing time of incubation, the Alcian Blue
stained areas became larger and more heavily coated with
bacteria (images not shown). We also observed increasing
amounts of algal cells (mainly diatoms such as Chaetoceros
sp., Rhizosolenia sp. and Nitzschia sp.) adhering to the
slides. In untreated seawater, algae can certainly be a
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Fig. 3. TEP and bacterial involvement in early stages of bio-
film formation on glass surface in coastal seawater. T, TEP;
B, bacterial cells. Scale bar = 10 µm. Top left: TEP (Alcian Blue
stain), viewed with Nomarski illumination, at 18 h. Note the
isolated bacteria also adhering to the surface. Top right:
Bacterial cells viewed with DAPI stain, under epifluorescence
at 18 h. Bottom left: TEP viewed Alcian Blue stain, Nomarski
illumination, at 48 h. Bottom right: DAPI stain, viewed under
epifluorescence at 48 h. Note the amorphous DAPI staining of
the TEP particle, indicating that nucleic acids may also be
constituents of this particle.

major cause of biofouling [39]. However, as we have
shown above, pretreatment at the Adom plant very
drastically reduced the levels of Chl reaching the RO
membranes and therefore, given adequate pretreatment,
algal cells should not be a factor in biofilm development
on membranes. 

Chl and TEP concentrations in the seawater used in
this experiment were initially 0.53 µg Chl L!1 and 254 µg
GX equivalents L!1 respectively. Chl steadily decreased
over the 7 days of the experiment, in contrast to TEP levels
(Table 2). Clearly there were adequate pools of TEP and
algal cells to stick to the slides, given the large volume of
water relative to slide surface area. 

Our observation that some of the TEP areas, identified
under Nomarski illumination by their staining with
Alcian Blue, were also visible under epifluoresence as
DAPI stained areas, is perhaps the first direct evidence
that nucleic acids may be associated with TEP in addition
to polysaccharides. The diffuse nature of the DAPI stain-
ing might indicate that the nucleic acid signal was derived
from molecules of DNA or RNA adsorbed to these par-
ticles rather than from discrete “packages” of nucleic acid
in the form of virus or bacteria. Recent studies have
indicated that, in addition to a major polysaccharide
component, nucleic acids and proteins are also present in

Table 2
TEP and chlorophyll in time course flasks

Day TEP Chl

µg GX eq.L!1 µg L!1

 0 254 (2) 0.53 (0.07)
 1 330 (34) 0.42 (0.01)
 2 Not determined 0.39 (0.01)
 3 303 (28) 0.20 (0.17)
 4 247 (21) Not determined
 7 232 (26) 0.09 (0.07)

SD given in parentheses.

biofilm EPS [40]. We suspect that many of the TEP found
in natural waters may also have some protein or peptide
components. As noted, transparent organic particles
similar to TEP, but stained with the protein stain
Coomassie Blue have been found in both marine [35] and
freshwater [24]. 

4.3. TEP and biofilm development

Although it has been suggested that TEP could be
important in the process of biofilm formation in
desalination and wastewater treatment plants [13,14], to
the best of our knowledge the present study provides the
first experimental and observational evidence to sub-
stantiate this claim. In this study we have shown that,
together with isolated, individual bacterial cells, TEP in
coastal seawater adhered to surfaces within several hours
of exposure. Over the next 1 to 5 days we observed that
these TEP derived areas became increasingly colonized by
bacteria. We also noted that by 48 h some of the single
bacteria began to proliferate EPS (as visualized with
Alcian Blue), but that this covered only a very small area
of the surface compared to that originating from TEP. 

At present, we have no way of discriminating between
a “classical” EPS matrix, generated by growing biofilm
bacteria [11], and EPS derived from planktonic TEP in the
overlying water. However, because we observed rela-
tively large Alcian Blue stained areas on the glass surface
after 18 h with only a few isolated bacteria (Fig. 3), it
seems reasonable to conclude that, at this early stage of
biofilm development, most of the EPS areas visualized by
this dye originated from TEP in the water flowing over the
surface. These observations strongly indicate the direct
participation of TEP in the initial stages of biofouling and
biofilm formation. Moreover, planktonic TEP in natural
waters are often colonized by bacteria [28–31] and, as
noted, we also observed some bacteria growing on the
Alcian Blue stained surfaces. Whether the indigenous
TEP bacteria take part in subsequent development of the
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biofilm after the particles adhere to surfaces is unknown.
Although experimental evidence is lacking as yet, we
suggest that as biofilm develops, “planktonic” TEP will
continue to adhere and accumulate on the growing
biofilm surface. 

The physical and chemical processes involved in
organic fouling of membranes have been studied in con-
siderable detail [6–10]. These studies have consistently
indicated that adhesion of acidic polysaccharides and
other organic macromolecules and colloids in the feed
water is a major factor in conditioning membrane surfaces
in the initial phase of fouling. Macromolecular and
colloidal forms of polysaccharides and proteins have been
identified as the most problematic foulants in many feed
waters [7] and compounds such as alginate (an acid
polysaccharide) have been used as model organic foulants
in several of these studies [9,10]. We suggest that in the
subsequent phases of aquatic biofouling on membranes
and other surfaces, the relatively large particles (> 0.4 µm
<100 µm) of TEP in the overlying water play a significant
role. It is important to note that the involvement of TEP in
the early stages of biofilm formation does not exclude, but
rather supplements, other known mechanisms of biofilm
development that undoubtedly occur, such as attachment
of individual bacterial cells, EPS proliferation, quorum
sensing [41], gene transfer [42], cell death and lysis. 

5. Conclusions and recommendations

The important conclusion from our monitoring study
of TEP at the Adom desalination plant is that despite
pretreatment, which effectively removed considerable
loads of particulate matter from the input source water,
high levels of TEP that could be important in biofilm
formation were still present in the streamflow reaching
the RO membranes. A similar situation probably occurs in
many other desalination and wastewater treatment
facilities. Additionally, our results, showing the direct
involvement of TEP in the early stages of biofilm develop-
ment, indicate that any effective means of decreasing the
amounts of TEP in the water reaching membranes
should mitigate the severity of biofouling and biofilm
accumulation. 

We also suggest that routine monitoring of TEP con-
centrations subsequent to various stages of pre-treatment
could be an effective management tool in wastewater
treatment and desalination plants. Determining the effi-
ciency of any given pre-treatment technology (filtration,
sedimentation, UV-irradiation, etc) in lowering TEP
concentrations can give manufacturers valuable insight
into the performance of their products. Also, using TEP
levels as an additional criterion for pre-treatment effi-
ciency may prove cost-effective at the design and pilot

plant stages of new desalination or water treatment
facilities.

Clearly there is a need for more focused, applied
research on the characteristics of TEP and other kinds of
aquatic transparent organic particles in view of their
potential roles in biofouling and biofilm development.
Because these characteristics vary seasonally and in dif-
ferent aquatic environments, it will be important to define
the physicochemical properties of TEP specific to each
input source in order to develop optimal pretreatment
technologies to minimize the amounts of these particles
reaching membranes and other sensitive surfaces. 
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