
ORIGINAL RESEARCH
published: 04 August 2016

doi: 10.3389/fmars.2016.00135

Frontiers in Marine Science | www.frontiersin.org 1 August 2016 | Volume 3 | Article 135

Edited by:

Tony Gutierrez,

Heriot-Watt University, Scotland

Reviewed by:

Gerhard J. Josef Herndl,

University of Vienna, Austria

Andrew Decker Steen,

University of Tennessee, USA

*Correspondence:

Daniel C. O. Thornton

dthornton@ocean.tamu.edu

†
Present Address:

Jie Chen,

South China Sea Marine Planning and

Environmental Research Institute,

SOA, Guangzhou, China

Specialty section:

This article was submitted to

Aquatic Microbiology,

a section of the journal

Frontiers in Marine Science

Received: 15 April 2016

Accepted: 21 July 2016

Published: 04 August 2016

Citation:

Thornton DCO, Brooks SD and

Chen J (2016) Protein and

Carbohydrate Exopolymer Particles in

the Sea Surface Microlayer (SML).

Front. Mar. Sci. 3:135.

doi: 10.3389/fmars.2016.00135

Protein and Carbohydrate
Exopolymer Particles in the Sea
Surface Microlayer (SML)
Daniel C. O. Thornton 1*, Sarah D. Brooks 2 and Jie Chen 1 †

1Department of Oceanography, Texas A & M University, College Station, TX, USA, 2Department of Atmospheric Sciences,

Texas A & M University, College Station, TX, USA

Exchanges of matter and energy between ocean and atmosphere occur through the

sea surface microlayer (SML). The SML is the thin surface layer of the ocean at

the ocean-atmosphere interface that has distinctive physical, chemical and biological

properties compared with the underlying water. We measured the concentration of two

types of exopolymer particles in the SML and underlying water in the Pacific Ocean off

the coast of Oregon (United States) during July 2011. Transparent exopolymer particles

(TEP) are defined by their acidic polysaccharide content, whereas Coomassie staining

particles (CSP) are composed of protein. TEP and CSP were ubiquitous in the SML.

TEP were not significantly enriched in the SML compared with the underlying water.

CSP were significantly enriched in the SML, with an enrichment factor (EF) of 1.4–2.4.

The distribution of exopolymer particles in the water and microscopic imaging indicated

that TEP and CSP are distinct populations of particles rather than different chemical

components of the same particles. Dissolved polysaccharides were not enriched in the

SML, whereas monosaccharides had an EF of 1.2–1.8. Sampling occurred during the

collapse of a diatom bloom, and diatoms were found both in the water column and SML.

While there were living diatoms in the samples, most of the diatoms were dead and there

were abundant empty frustules covered in layer of TEP. The collapsing diatom bloom

was probably the source of exopolymer particles to both the SML and underlying water.

Exopolymer particles are a component of the SML that may play a significant role in the

marine carbon and nitrogen cycles, and the exchange of material between ocean and

atmosphere.

Keywords: coomassie staining particles (CSP), diatom, dissolved organic matter (DOM), exopolymers, Pacific

Ocean, sea surface microlayer (SML), transparent exopolymer particles (TEP)

INTRODUCTION

The sea surface microlayer (SML) is the thin skin that covers the ocean, and therefore the majority
(71%) of the Earth’s surface. Hunter (1997) defined the SML as “that microscopic portion of the
surface ocean which is in contact with the atmosphere and which may have physical, chemical
or biological properties that are measurably different from those of adjacent sub-surface waters.”
It is operationally defined as being 1–1000 µm thick (Liss and Duce, 1997). Many constituents
of the SML occur at higher concentrations than in the underlying waters (Cunliffe et al., 2011).
Enrichment factors (EF) are used to express the relative concentration of an analyte in the SML
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relative to the underlying water and are simply the quotient
of the concentration in the SML and bulk water. For example,
the SML is frequently enriched (EF > 1) with dissolved organic
carbon (DOC) (Sieburth et al., 1976; Hunter, 1997; Reinthaler
et al., 2008). The SML is dynamic, and its composition and
the enrichment in particular chemicals or organisms varies
considerably in time and space (Karavoltsos et al., 2015).

Microorganisms are frequently more abundant in the SML
compared with the underlying water. Aller et al. (2005) found
that the EF for bacteria and virus abundances were 10 and 7,
respectively. Protistan community composition in the SML is
different from the underlying waters and is enriched in some
taxa (Joux et al., 2006; Cunliffe and Murrell, 2010; Taylor and
Cunliffe, 2014). Joux et al. (2006) proposed that buoyant particles
and bubbles play a role in the enrichment of the SMLwith specific
taxa. Research has shown differences in the bacterial community
composition of the SML compared with the underlying water
(Franklin et al., 2005; Cunliffe et al., 2009), whereas other
work has shown no significant difference (Agogué et al., 2005;
Obernosterer et al., 2008). While the SML is potentially enriched
in substrates to support microbial growth, it is also a harsh
environment due to exposure to high photon flux densities,
including ultraviolet light. The burden of photoprotection may
explain that while rates of bacterial respiration are high, growth
efficiency is lower than the underlying water (Reinthaler et al.,
2008).

The current model of the SML (Wurl and Holmes, 2008;
Cunliffe and Murrell, 2009; Wurl et al., 2011) stems from
the work of Sieburth (1983) who first proposed that the SML
was a loose, hydrated gel of macromolecules and colloids.
This “gelatinous film” is enriched with transparent exopolymer
particles (TEP) compared with underlying waters (Wurl and
Holmes, 2008; Cunliffe et al., 2011). TEP are rich in acid
polysaccharides (Alldredge et al., 1993). Work over the last
20 years has shown that TEP are ubiquitous and play an
important role in particle dynamics and carbon cycling in the
ocean (see reviews by Passow, 2002a; Burd and Jackson, 2009;
Verdugo, 2012). Ultraviolet light enhances TEP production by
microorganisms (Ortega-Retuerta et al., 2009), indicating that
the high concentrations of microorganisms in the SML may be a
significant source of TEP. However, the effects of ultraviolet light
are complex as it also causes TEP photolysis (Ortega-Retuerta
et al., 2009). Another source of exopolymers to the SML is
the accumulation of surface-active material on bubbles rising
through the water column (Wurl and Holmes, 2008). TEP can be
buoyant and rise up toward the ocean surface, particularly if there
are relatively few solid particles embedded in it (Azetsu-Scott and
Passow, 2004; Mari, 2008). Coomassie staining particles (CSP)
are exopolymer particles that are detected based on their protein
content (Long and Azam, 1996). Relatively few measurements of
CSP have beenmade in the ocean. CSP deserve more attention, as
they may be a significant pool of bioavailable nitrogen in aquatic
systems, including in the SML.

The SML is biogeochemically important as all exchanges of
material between ocean and atmosphere must occur through it.
Several studies, using a variety ofmethods, have identified gel-like
particles and exopolymers in aerosols collected over the Arctic

Ocean (Bigg and Leck, 2008; Leck and Bigg, 2008; Orellana et al.,
2011). Kuznetsova et al. (2005) measured both TEP and CSP
in aerosols generated using Atlantic waters. There is a growing
interest in the role of marine biogenic aerosol in atmospheric
processes, including cloud formation and climate forcing (Russell
et al., 2010; Orellana et al., 2011; Quinn et al., 2014; Wang et al.,
2015; Wilson et al., 2015).

The primary objectives of this work were: (1) to determine
if CSP and TEP are concentrated in the SML compared with
underlying waters, and (2), to determine if there was a direct
relationship between TEP and CSP concentrations in the SML
and underlying waters. Our approach differs from recent work
(Wurl and Holmes, 2008; Cunliffe et al., 2009; Wurl et al., 2009,
2011) as we measured TEP concentrations using microscopy and
image analysis rather than the colorimetric technique. Because
image analysis was used to enumerate both TEP and CSP
particles, the data collected on these two types of exopolymer
particle were directly comparable. CSP have been overlooked in
the SML and have only been measured in two previous studies
(Kuznetsova et al., 2005; Engel andGalgani, 2016). Image analysis
also allowed us to qualitatively determine what other visible
particles were associated with TEP and CSP in the SML and
underlying water and thereby determine the associations between
exopolymers (TEP and CSP) and other particles.

METHODS

Study Stations and Sampling
Samples were collected during a cruise onboard the R/VWecoma
in coastal waters of the Pacific Ocean off the state of Oregon
(United States) during July 2011. The vessel left Newport (OR)
on the 8 July 2011 and returned on 14 July 2011. Samples were
collected along a seaward transect out from the mouth of the
Columbia River (stations A, B, and C) and at two stations further
south in deeper waters beyond the shelf break (stations D and
E). Figure 1 and Table 1 shows the location of the stations at
which exopolymer (TEP and CSP) and carbohydrate samples
were taken. Prior to sampling, glassware was acid washed (5%
HCl) overnight, rinsed at least three times in reverse osmosis
water and a further two times using ultra high purity (UHP)
water. Items were then individually wrapped in aluminum foil
and combusted for 2 h at 150◦C followed by 4 h at 500◦C. GF/F
filters (Whatman, nominal pore size of 0.7 µm) were used to
filter sea water for dissolved carbohydrate analysis. Each filter was
individually wrapped in aluminum foil and combusted at 150◦C
for 2 h followed by 500◦C for 7 h.

It is challenging to collect samples of the SML in the ocean
as the platform from which the samples are taken disrupts the
SML during the sampling process (Wurl, 2009). To reduce these
effects, samples of the SML and underlying water were collected
from a rigid hulled inflatable boat (RHIB) launched from the
R/V Wecoma. Samples were taken by going ahead of the R/V
Wecoma in the RHIB to reduce the effects of the ship’s wake
on sample integrity. The wake of the RHIB will also disturb
the SML, therefore samples were collected when the RHIB was
drifting through the water rather than under power. The SML
was sampled by repeatedly dipping a glass plate vertically into the
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water over the side of the RHIB (Harvey and Burzell, 1972; Wurl,
2009). The glass plates were made from 0.2 cm thick window
glass. An insulation foam handle was mounted onto the glass and
the sampling area was 25 × 26 cm in size, which was a total area
of 1300 cm2 (0.13 m2), including both sides of the plate. While
larger plates would collect a larger sample of water with one dip,
safety considerations limit the size of the plate to a size that can
easily be handled at sea in the RHIB.

The plate was dipped into the water vertically and withdrawn
at a rate of approximately 5 cm s−1. Excess water was allowed
to drain off the plate for a few seconds and the SML was
scraped into a polyethylene funnel placed in a 500 ml glass bottle
(medium bottle, VWR Scientific). The scrapers were 8′ (203mm)
polystyrene taping knives (Wal-Board Tools, Home Depot).
Plasticware was soaked in 5% HCl for 48 h and rinsed multiple
times in UHP water before the cruise. To get sufficient sample
for analysis, two operators dipped plates simultaneously, one on
each side of the bow of the RHIB, while a third person ensured
that splashes and other extraneous water did not enter the
sample bottle. The dips were pooled into one bottle and each dip
recovered 3–5 ml. The process was continued until 350–500 ml
of sample was collected. The R/VWecoma was stationary during
RHIB operations and CTD casts were made during this time.
The CTD rosette included instruments to measure temperature,

FIGURE 1 | Location of the five sampling sites in the eastern Pacific

Ocean. Sampling stations (red stars) were located off Oregon (United States).

Station A was located closest to the mouth of the Columbia River.

salinity, oxygen concentrations, and chlorophyll fluorescence.
The position of the RHIB relative to the R/V Wecoma was
generally within 500m.

In addition to sampling the SML, water was collected
using a portable peristaltic pump (Alexis pump, Pegasus Pump
Company, Bradenton, Florida) at depths of 1, 5, and 10m
from the RHIB (Table 1). The peristaltic pump was set up
for collecting water samples for trace metal analysis (Aaron
Beck, personal communication). The tubing running through the
pump was Masterflex C-flex tubing (Cole-Parmer) connected to
the fluorinated ethylene propylene (FEP) tubing that was lowered
into the ocean. Prior to the cruise, the tubing was soaked in 6
M HCl for 6 months and rinsed in UHP water. The tubing was
lowered over the side of the boat using a weighted line, ensuring
that it descended vertically to ensure that the correct depth was
sampled. The pump was flushed for 5 min to push five times the
volume of the tubing through the pump before the water was
collected. Samples were collected into 500 ml medium bottles,
which were rinsed 3 times with site water from the correct depth
before the sample was collected. One bottle was filled per sample
depth. All water samples were placed in a cooler and returned to
the R/VWecoma, where they were processed immediately.

Preparation of TEP and CSP Samples
Both TEP and CSP were separated from the water sample by
filtration onto 25mm diameter 0.4 µm pore size polycarbonate
filters (Nuclepore, Whatman). Low vacuum (<150 mm Hg)
was used to ensure that the delicate exopolymer particles were
retained on the filters (Alldredge et al., 1993; Passow and
Alldredge, 1995). A glass fiber filter (GF/C,Whatman) was placed
onto a drop of UHP water on top of the sintered glass filter bed.
Another drop of UHP water was placed on top of the GF/C filter
and the polycarbonate filter was floated on top of this drop and
an extremely low vacuum was used to draw it down onto the
GF/C filter, ensuring that no air bubbles were trapped between
the filters. These steps were taken to ensure an even distribution
of sample across the polycarbonate filter. The volume of water
sampled was varied between sites (20–50ml) with the objective
of obtaining enough material to analyze without overloading the
filter with sample. Once all the sample was drawn through the
filter, then it was either stained for TEP using Alcian blue, or with
Coomassie Brilliant Blue for CSP. Due to the similar blue color of
the dyes it was not possible to stain for both TEP and CSP on the
same filter.

TABLE 1 | Stations sampled in the eastern Pacific Ocean off the coast of Oregon (United States) in July 2011.

Station Location Date Depths sampled (m) Deepest CTD cast (m)

A 46◦10′48.00′′ N 124◦15′54.00′′ W 9 July 2011 SML, 1, 5, 10 88

B 46◦11′21.30′′ N 124◦26′41.16′′ W 9 July 2011 SML, 1 123

C 46◦14′21.12′′ N 124◦54′11.40′′ W 9 July 2011 SML, 1 781

D 45◦25′34.92′′ N 125◦16′58.14′′ W 10 July 2011 SML, 1, 5, 10 1657

E 44◦36′58.74′′ N 125◦21′2.94′′ W 12 July 2011 SML, 1 2863

The depths sampled indicate the depths at which exopolymer particles were collected. SML is the sea surface microlayer. The relative depths of the stations are indicated by the depth

of the deepest CTD cast while on station.
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TEP were stained with 1 ml of Alcian blue 8GX (Sigma-
Aldrich) solution at pH 2.5 (0.02% (w/v) in 0.06% acetic acid
(v/v); Passow and Alldredge, 1995). The dye was allowed to stain
the TEP retained on the filter for 5 s and then it was drawn
through the filter at low vacuum. Excess dye was rinsed through
the filter with two 1 ml rinses of UHP water. The filter was placed
in a drop of immersion oil on a Cyto-clear microscope slide (GE
Water and Process Technologies; Logan et al., 1994). A second
drop of oil was placed on top of the filter and it was covered
with a glass coverslip. Prepared slides were stored frozen (−20◦C)
in the dark until analysis. CSP slides were prepared using the
same protocol, except that the filters were stained with a solution
of Coomassie Brilliant Blue G-250 (Sigma-Aldrich) (Long and
Azam, 1996), a stain commonly used to quantify proteins in
solutions (Bradford, 1976). Working Coomassie Brilliant Blue G-
250 solutions were prepared each day by making a 1/25 dilution
of the stock solution (1 g Coomassie Brilliant Blue G-250 in 100
ml of UHP water) with 0.2 µm filtered artificial seawater salts
(Berges et al., 2001). This resulted in a 0.04 % (w/v) working
solution with a pH of 7.4. Three TEP slides and three CSP slides
were prepared per sample bottle.

Image Analysis of TEP and CSP
Microscope slides were photographed and analyzed on return
to the laboratory at Texas A&M University. Images were
captured using a AxioCam ERc 5 s color camera (Carl Zeiss
MicroImaging) mounted on a Axioplan 2 microscope (Carl
Zeiss MicroImaging) run from Axiovision 4.8 software
(Carl Zeiss MicroImaging). To ensure that the images could
be quantitatively analyzed it was important to standardize the
imaging and therefore the setup of the microscope. Ten images
were taken working across the diameter of the filtered area.
Medium sized (1280× 960 pixels) rather than large images (2560
× 1920) were taken to reduce vignetting.

Images were processed quantitatively in ImageJ (National
Institutes of Health; Schneider et al., 2012) using a protocol based
on Engel (2009). Images were analyzed from the JPEG format
using a calibrated LCD monitor (MultiSync PA241W, NEC).
Particles that did not stain blue were removed from the image
for analysis. This was done using the brush and pencil tools in
ImageJ to cover up the particles with the background color of
that specific image. The image was then split into three color
channels corresponding to the primary colors that make up the
original color image (red, blue, and green). The blue and green
images were discarded and further analysis was carried out on
the grayscale representation of the red channel as this channel
accentuated the exopolymer particles against the background.
Quantitative analysis required a binary (black and white) image
and therefore a threshold was selected along the 256 point
grayscale to determine what were exopolymer particles (black
pixels) and what was background (white). A constant threshold
value could not be used as the filter itself absorbs dye and there is
variation between filters. The triangle method (Zack et al., 1977)
was used to determine the threshold within ImageJ and produce
the final binary image.

The binary images were analyzed using protocols to determine
the total area of exopolymer particles and the particle size

distribution (PSD). Particles with an area <10 µm2 were not
included in the analysis as many of these were noise caused
by the uneven adsorption of dye to the filter giving it a
slightly grainy appearance. The total area of exopolymer was
determined automatically in ImageJ and included all particles
≥10 µm2. Other data extracted from the images were the total
number of particles and the sizes of individual particles. Particles
overlapping the edges of the image were included in the measure
of total TEP area per image and in the particle counts. The final
data were total exopolymer particle area per unit volume, particle
number per unit volume, and particle size distributions.

In addition to TEP and CSP, the samples contained numerous
other microscopic particles and amorphous aggregates of organic
matter. Qualitative notes were kept as a description of these
particles and their relative abundance in the different samples.
Separate images of representative non-exopolymer particles were
captured. These images were not used in the quantitative analysis
as they were set up to capture the best quality image of the objects
in question (for example, objects of interest were centered in
the field of view) rather than using the standardized protocols
described above.

Measurement of Dissolved Carbohydrates
Three aliquots from each bottle were filtered under low vacuum
through combusted GF/F filters and the filtrate was placed in
glass vials with Teflon lined caps and frozen in the dark at−20◦C
until analysis. Samples were analyzed for carbohydrates from
the SML and 1m water depths. Samples for carbohydrate were
analyzed using the 2,4,6-tripyridyl-s-triazine (TPTZ) method of
Myklestad et al. (1997) calibrated with D-glucose as a standard
over the range 0–2mg l−1 (0–66.7 µmol l−1 C). Results are
expressed as glucose carbon equivalents. Measurements were
made by absorbance (595 nm) in a 1 cm path cuvette against
an UHP water blank using a spectrophotometer (UV-mini 1240,
Shimadzu). Dissolved monosaccharides were measured directly
using 1 ml of thawed sample. Total dissolved carbohydrate was
measured after hydrolysis into monosaccharides. Hydrolysis was
carried out in 10 ml glass ampoules (Wheaton, Milleville, New
Jersey) into which 4ml of sample was placed with 0.4ml of 1M
HCl. The ampoules were sealed in a flame and heated to 85◦C for
24 h in a drying oven. After acid hydrolysis, the vials were opened
and the contents was neutralized with 1M NaOH and analyzed
as before using the TPTZ method. Preliminary experiments were
conducted to optimize hydrolysis conditions (Chen, 2014). The
mean recovery rate of starch hydrolyzed for 24 h at 85◦C with
0.09 M HCl was 79%.

Data Analysis
Data were plotted and analyzed using SigmaPlot 12.0 (Systat
Software Inc.). Analysis of variance (ANOVA) was conducted
on data that met the assumptions of normality and equality
of variance. Data that did not meet these assumptions were
transformed before analysis. If the transformed data did not
meet these assumptions, then a non-parametric statistical test
was used. One-tailed t-tests to determine whether the SML was
significantly enriched compared with the underlying water were
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calculated using a spreadsheet in Excel (Microsoft Corporation)
following methods in Zar (1996).

RESULTS

Hydrographic Profiles and Distribution of
Exopolymers (TEP and CSP)
Table 1 shows the location of the five sampling stations off
the coast of Oregon, including the depths of the deepest
hydrographic casts at each station. Station D and E were
south of the Columbia River mouth and west of the shelf
break over deeper waters (Figure 1). As we were interested
in the SML, the depth profiles presented in this paper are
to a relatively shallow depth of 25m (Figures 2, 3). Detailed
depth profiles are presented for stations A and D, as these
were the stations at which samples for exopolymer particles
were taken at several depths (Table 1). Station A, which was
over the continental shelf and closest to the mouth of the
Columbia River (Figure 1), shows riverine influence (Figure 2).
Surface waters were relatively warm, decreasing from 14.3◦C
at 1m to 8.3◦C at 25m (Figure 2A). There was a distinct
shallow halocline, with a salinity of 18.2 at 1m and 30.8 at

5m (Figure 2A). TEP and CSP concentrations were relatively
constant with depth from 1 to 10 m, with TEP concentration
higher than CSP concentration (Figure 2B). In the SML, CSP
concentration was greater than TEP (Figure 2B). The chlorophyll
maximum was located just below the halocline, with a peak
chlorophyll concentration of 2.82mg m−3 at 7m (Figure 2C).
Oxygen concentration peaked just below the chlorophyll
maximum, with a concentration of 263 µmol O2 kg−1 at 11m
(Figure 2D).

Figure 3 shows that there was a clear riverine influence
further off shore and south of the Columbia River mouth at
station D (Figure 1). Comparing the two stations, the surface
waters at Station D (Figure 3A) were approximately 2◦C warmer
than those of station A (Figure 2A). The halocline was distinct
between 5 and 10m at station D, with a salinity of approximately
24 from the surface to 5 m, and a salinity of >31 below 10m
(Figure 3A). Although, there was a large change in salinity
between 5 and 10 m, there was no change in TEP or CSP
concentrations between these depths (Figure 3B). TEP and CSP
concentrations were generally lower than at station A, though
they followed the same general pattern, TEP concentrations were
greater than CSP, except in the SML. Chlorophyll concentrations
were lower at station D (<0.5mg m−3; Figure 3C) than at

FIGURE 2 | Depth profiles of water properties and exopolymer particles at station A. (A) Temperature and salinity. (B) Transparent exopolymer particles (TEP)

and Coomassie staining particles (CSP); data points show mean ± standard deviation (n = 3). (C) Chlorophyll concentration. (D) Oxygen concentration.
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FIGURE 3 | Depth profiles of water properties and exopolymer particles at station D. (A) Temperature and salinity. (B) Transparent exopolymer particles (TEP)

and Coomassie staining particles (CSP); data points show mean ± standard deviation (n = 3). (C) Chlorophyll concentration. (D) Oxygen concentration.

station A. Oxygen concentrations were relatively low above the
pycnocline (Figure 3D) and increased to a maximum at the
pycnocline of 224 µmol O2 kg

−1 at 5 m.
Figure 4 shows the concentrations of both TEP and CSP in

the SML and at 1m at the remaining stations (Figures 4A,C,E).
At all stations, the influence of the Columbia River was apparent
by the low salinity water in the upper 5m (Figures 4B,D,F).
This was most pronounced at Station B (Figure 4B) and least
pronounced at station at Station E (Figure 4F), reflecting the
relative distance of the two stations from the mouth of the
river. Pooling the data from all stations to compare exopolymer
particle concentrations in the SML and at 1m depth, there was
a significant difference in CSP concentration (Mann-Whitney;
U = 26.0, n= 30, P < 0.001), but no significant difference in TEP
concentration.

There was a significant difference between the concentration
of TEP and CSP when the data for all stations and depths were
pooled (Mann-Whitney; U = 648, n = 42, P < 0.05), indicating
that the two dyes used to distinguish CSP and TEP were not
staining the same material. This is further illustrated by Figure 5,
in which CSP was plotted against TEP concentration and there
was no linear relationship between the two. In addition, Figure 5
shows that the SMLwas generally enriched in CSP relative to TEP,

compared with the underlying water. There was no significant
difference in particle concentrations of TEP and CSP, either in
the SML or at 1m depth.

Distribution of Dissolved Carbohydrates
Table 2 shows the distribution of dissolved carbohydrates
in the SML and 1m below the surface. In both the SML
and at 1 m, the concentration of dissolved polysaccharides
was generally higher than dissolved monosaccharides.
Exceptions to this generalization were the two stations
closest to the mouth of the Columbia River, where the
monosaccharide concentration was approximately the same
as polysaccharides. Two-way ANOVA showed that there
was a significant difference in dissolved polysaccharides with
depth [F(1, 20) = 8.173, p = 0.01] and station [F(4, 20) =

38.997, p < 0.001], and no significant interaction between
depth and station [F(1, 20) = 2.734, p = 0.058]. There
was a significant difference in dissolved polysaccharide
concentrations between all stations (Holm-Sidak method, p
< 0.05), with the exceptions of between A and B, and Stations
E and C. Two-way ANOVA indicated significant differences
between monosaccharide and total carbohydrates with both
station and depth. However, in both analyses there was a
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FIGURE 4 | Depth distribution of exopolymer particles at three stations. Concentrations of transparent exopolymer particles (TEP) and Coomassie staining

particles (CSP) in the sea surface microlayer (SML) and at 1m depth in the water column (A,C,E). Bars show mean + standard deviation (n = 3). Profiles of salinity in

the upper 25m of the water column at each station are shown for reference (B,D,F).

significant interaction (p < 0.05) between the fixed factors,
precluding a simple interpretation of the effects of depth and
station.

Enrichment Factors (EF)
There was no significant enrichment of TEP in the SML
(Table 3). CSP were significantly enriched in the SML, with
EF > 1 at each station. While there was significant enrichment

of monosaccharides, there was no significant enrichment of
polysaccharides in the SML (Table 3).

Description of Non-exopolymer Particles in
the SML and Underlying Waters
An advantage of the imaging method for the measurement of
exopolymer particles is that the association of exopolymers with
other particles can be observed. Representative material from

Frontiers in Marine Science | www.frontiersin.org 7 August 2016 | Volume 3 | Article 135

http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive


Thornton et al. Exopolymer Particles in the Sea Surface Microlayer

the SML at Station A are shown in Figures 6A,B. In addition
to the large amount of exopolymers (blue color in the images),
there was evidence of biological and non-biological material in
the SML. Figure 6A shows green material toward the upper left
of the image, this was probably a fragment of terrestrial plant

FIGURE 5 | Comparing exopolymer particle concentrations in the sea

surface microlayer (SML) and underlying water. Pooled data for all

stations showing the relationship between transparent exopolymer particle

(TEP) and Coomassie staining particle (CSP) concentrations in the SML and

underlying water. The reference lines shows where TEP and CSP

concentrations would be equal. Data points show mean ± standard deviation

(n = 3).

or green macroalga. In addition, Figure 6A shows a number of
green algal cells which appear to be embedded in a matrix that
has not stained with the Commassie brilliant blue dye (indicating
that the matrix was not formed from protein). The abundant
CSP (Figure 6A) are generally <50 µm across and are in the
form of thin sheets of material, in contrast to TEP (Figure 6B),
which appears more three-dimensional. Samples from the SML
contained large numbers of small (<10 µm across) particles,
which were black, brown, or red in color (Figures 6A,B). It is
likely that these particles were from a range of origins (terrestrial,
marine, and anthropogenic) and compositions such as mineral
grains, biological particles, andmicroplastics. Figures 6C,D show
examples of aggregates that occurred at all depths. Aggregates
stained with alcian blue indicating that the components of the
aggregates were embedded in a matrix of TEP (Figure 6C). CSP
was less significant in the matrix of aggregates stained with
Coomassie brilliant blue (Figure 6D).

The large numbers of predominantly dead diatoms in the
water column indicate that the samples were collected during
the collapse of a diatom bloom (Figure 7). While empty diatom
frustules are almost invisible under transmitted light, staining
with alcian blue caused the dead diatoms to become visible as
the exterior of the frustules were coated in TEP (Figures 7A–C).
This may indicate that diatoms were directly producing TEP.
However, cells that contained pigments, indicating that they
were alive, were less stained, suggesting that a lot of the TEP
material was sticking to frustules after death (Figure 7C). Diatom
frustules coated in TEP and live diatoms were found in the SML
(Figure 7C), as well as in the underlying water (Figures 7A,B).

TABLE 2 | Dissolved carbohydrate concentrations in the sea surface microlayer (SML) and underlying water (1m depth).

Station Monosaccharides Polysaccharides Total

SML 1 m SML 1 m SML 1 m

A 17.9 ± 3.0 9.7 ± 3.0 16.4 ± 2.9 17.7 ± 2.0 34.3 ± 0.4 27.4 ± 3.7

B 15.1 ± 2.5 10.2 ± 1.6 16.0 ± 3.1 11.2 ± 3.5 31.1 ± 0.7 21.4 ± 5.1

C 5.4 ± 1.4 3.0 ± 0.9 14.1 ± 5.3 14.9 ± 1.3 19.5 ± 4.0 17.9 ± 1.9

D 8.8 ± 1.9 7.6 ± 0.8 12.9 ± 3.5 14.3 ± 2.1 21.7 ± 5.2 21.9 ± 2.0

E 5.9 ± 1.8 3.9 ± 0.7 17.7 ± 2.6 11.9 ± 1.6 23.5 ± 2.7 15.8 ± 0.8

Data are expressed as glucose equivalents (µmol C L−1). Values are the mean ± standard deviation (n = 3).

TABLE 3 | Enrichment factors (EF) in the sea surface microlayer (SML).

Station TEP CSP Monosaccharides Polysaccharides Total carbohydrate

A 0.7 2.3 1.8 0.9 1.3

B 1.5 1.4 1.5 1.4 1.5

C 0.9 1.6 1.8 1.0 1.1

D 0.7 2.1 1.2 0.9 1.0

E 0.5 2.4 1.5 1.5 1.5

EF > 1? No Yes Yes No Yes

EF for two classes of exopolymer particles: transparent exopolymer particles (TEP) and Coomassie staining particles (CSP). EF for three fractions of the dissolved carbohydrate pool

(monosaccharides, polysaccharides and total). EFs were calculated based on concentrations in the SML and underlying water (1m depth). Samples were collected at five stations in

the eastern Pacific Ocean off the coast of Oregon (United States) in July 2011. A one-tailed t-test was used to determine whether the SML was enriched relative to the underlying water,

which was occurred when the EF was significantly (p < 0.05) greater than 1. Results are shown in the final row of the table; a significant enrichment is indicated by “yes.”
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FIGURE 6 | Images of representative particles in the samples. (A) Coomassie staining particles (CSP) dyed blue and associated particles from the sea surface

microlayer (SML) at station A. (B) Transparent exopolymer particles (TEP) dyed blue and associated particles from the sea surface microlayer (SML) at station A. (C)

Amorphous aggregate stuck together with TEP from the SML at station B. (D) CSP and an amorphous aggregate from 5m depth at station A. Scale bars are 100 µm

(images A,B,D) and 50 µm long (image C).

Figure 7D shows two live Pseudo-nitzschia sp. diatoms stained
with Commassie brilliant blue, indicating that the surface
of the cells were coated in proteins. Other diatom genera
which were abundant in the samples included Rhizosolenia spp.
(Figures 7A,B), Chaetoceros spp. (Figures 7A,B), Coscinodiscus
sp., and Nitzschia spp. At stations close to the Columbia River
mouth there was evidence of freshwater phytoplankton as can be
seen by the green algal cells in Figure 6A. Identifiable freshwater
taxa at stations A and B were the green colonial alga Pediastrum
sp. and the diatom Asterionella sp.

DISCUSSION

There are no standard methods for sampling the SML (Cunliffe
et al., 2013). This presents a challenge in comparing data as the
differences between studies may be as dependent on sampling
methods as environmental factors. Zhang et al. (2003) found
that properties of the SML (such as pH, nutrient concentrations,
density, particle counts, and chlorophyll concentrations) change
rapidly between 40 and 60 µm depth, leading them to conclude

that the SML is 50 ± 10 µm deep. However, in practice the
SML is operationally defined as between 1 and 1000 µm (Liss
and Duce, 1997). We used the glass plate method (Harvey
and Burzell, 1972), which is considered to sample the upper
20–150 µm (Cunliffe et al., 2013) and therefore captured the SML
as defined by Zhang et al. (2003), without substantial dilution
with underlying water that occurs with some methods, such as
mesh screens. Based on the number of dips, area of the glass plate,
and volume of sample recovered (Wurl, 2009), we estimated that
our application of the glass plate method sampled a depth of
30–80µm.

Wurl et al. (2011) found that 10 ± 4% of the TEP in bulk
seawater stuck to the inside of the inside of glass bottles. Similarly,
Ortega-Retuerta et al. (2009) found that 11 ± 3% of TEP model
compounds (using (alginic acid and gum xanthan) stuck to the
inside of borosilicate glass bottles. Wurl et al. (2011) noted that
TEP also sticks to the glass plates used to collect SML samples, but
that the plates became “conditioned” once they have been dipped
in the water a few times and did not take up any more TEP. It is
unknown if CSP concentrations were effected by sticking to glass.
These observations indicate that TEP concentrations may have
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FIGURE 7 | TEP and CSP associated with diatoms. (A) Empty diatom frustules coated with transparent exopolymer particles (TEP) from 5m at station D. (B)

Empty diatom frustules coated with TEP and live diatoms from 10m at station D. (C) Empty diatom frustules coated with TEP, live diatoms, and unidentified particles

from the SML at station D. (D) Live diatoms and associated Coomassie staining particles (CSP) from station C at 1m. Scale bars are 100 µm (images A–C) and 50

µm long (image D).

been underestimated in the SML and underlying water. However,
as we rinsed both the plates and bottles in sample water prior to
taking the samples, it is likely that this effect was negligible due to
the conditioning effect.

Using image analysis, the amount of TEP and CSP can
be presented as either concentrations (mm2 L−1) or particle
abundance (particles L−1). We presented the amount of TEP
and CSP in terms of concentration (mm2 L−1) as concentrations
can be compared between the SML and underlying water, and
concentration does not imply anything about the number and
size of individual exopolymer particles. Exopolymer particles
retained on 0.4 µm pore size polycarbonate filters from water
underlying the SML are likely to be discreet particles, which
is unlikely to be the case for the SML. Sampling methods for
collecting the SML will fragment a gelatinous biofilm. It is these
fragments that are collected and stained on 0.4 µm filters for
exopolymer particle analysis and therefore the size, and size
distribution, of exopolymer particles in the SML using these
methods is of little value. Ideally, concentrations of exopolymer
particles would be expressed in terms of carbon (or nitrogen),
as this would allow direct comparison of exopolymer particle
concentrations with other pools of organic matter in the ocean,

and the incorporation of exoplymer particles in the SML into
biogeochemical models. Estimation of the carbon concentration
associated with TEP can be obtained from the size of TEP
particles (Mari, 1999; Engel, 2009). However, the carbon content
of TEP varies considerably depending on the source of the TEP
precursors (Mari, 1999; Engel and Passow, 2001; Engel et al.,
2005). We did not convert TEP particle concentration and size
to a carbon concentration as there was no way of determining
whether the conversion was representative.

Sieburth (1983) proposed the formation of organic matter
aggregates in the SML and their subsequent sinking as
“snow flakes.” The CSP in many of the samples appeared
to be in the form of thin sheets, which suggests that these
exopolymer particles formed on a surface or at an interface.
A hypothetical mechanism for their formation is the transport
and concentration of surface-active CSP precursors at the air-
sea interface by rising bubbles (Wurl and Holmes, 2008).
Aggregation of the concentrated CSP precursors at the air-
sea interface would result in thin sheets of CSP forming.
The hydrophobic properties of amino acids with aliphatic and
aromatic side chains (Cunliffe et al., 2013) probably plays an
important role in both the concentration of CSP precursors in
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the SML by rising bubbles and their subsequent aggregation into
CSP. Subsequent sinking of the thin sheets of CSP would explain
their observation in the underlying water column during our
research and in other studies (Long and Azam, 1996).

TEP was a component of the SML, but unlike previous work
(Wurl and Holmes, 2008; Cunliffe et al., 2009; Wurl et al., 2009,
2011), we did not find significant enrichment of the SML with
TEP. The relatively low EF observed in our work could be
explained if the stations sampled off the Oregon coast represent
a different environment from those sampled previously. The
Columbia River was a dominant feature as a thin layer of
relatively low salinity water was found throughout the region.
However, TEP (Wetz et al., 2009) and TEP precursors (Thornton,
2009) have been measured in estuaries. Wurl and Holmes (2008)
found that TEP were enriched in the surface microlayer of
the estuarine Johar Strait (Singapore). Therefore, the lack of
TEP enhancement in the SML was unlikely to be a feature
associated with relatively low salinity waters. Previous work used
the spectrophotometric method to quantify TEP, contrasting to
the image analysis method used in this work. There is generally a
linear relationship between data from the two methods (Passow,
2002a). However, the microscopic method does not account for
the smallest TEP particles, which are too small to be resolved
by light microscopy (Passow, 2002a). This could also lead to an
underestimation of TEP concentration in the SML. Engel and
Galgani (2016) measured TEP concentrations in the SML off
the coast of Peru, a location similar to waters off the coast of
Oregon as both areas are upwelling regimes associated with an
eastern boundary current in the Pacific Ocean. Engel and Galgani
(2016) also used imaging to determine the concentration of TEP,
therefore their results are directly comparable. They found that
the EF for TEP ranged between 0.2 and 12, depending on wind
speed and location. TEP concentrations in the SML off Peru were
100 ± 106 mm2 L−1 (mean ± SD), which were similar to our
values of 265± 261 mm2 L−1 off Oregon.

We found CSP in the SML and all other depths surveyed.
CSP were found in higher concentrations in the SML than TEP
and their concentration was enriched (Table 3) relative to the
underlying water. CSP have been under-sampled compared with
TEP, and data for their distribution in the SML is limited to
measurements in the Atlantic (Kuznetsova et al., 2005) and the
Pacific Ocean (Engel and Galgani, 2016). Engel and Galgani
(2016) found that CSP was enriched in the SML by a factor
of 0.4–4.8, which is comparable to our EFs of 1.4–2.4. CSP
concentrations in the SMLwere generally higher in coastal waters
off Peru (1024 ± 728 mm2 L−1, Engel and Galgani, 2016)
compared with our measurements off the coast of Oregon (286
± 115 mm2 L−1; mean ± SD). Research in the Atlantic Ocean
and Mediterranean Sea has shown that dissolved organic matter
(DOM) in the SML is enriched with nitrogen; Reinthaler et al.
(2008) found a mean C:N ratio of 8.9± 6.2 in the SML compared
with 18.2 ± 9.3 for the underlying water. The enrichment of the
SML with nitrogen fits with our observation of enrichment of the
SMLwith CSP. However, other factors could account for nitrogen
enrichment in the SML; Several studies have shown that the SML
is highly enriched with dissolved amino acids (Kuznetsova et al.,
2004; Reinthaler et al., 2008; van Pinxteren et al., 2012; Engel

and Galgani, 2016), which would pass through the filters used
for CSP analysis. The concentration of dissolved free amino acids
in the SML is generally an order of magnitude greater than the
underlying water (Kuznetsova et al., 2004; Reinthaler et al., 2008).
Higher rates of peptide hydrolysis in the SML, compared with
the underlying water, indicate that the proteins and amino acids
are rapidly turning over (Kuznetsova and Lee, 2001). Kuznetsova
et al. (2005) conducted experiments in which natural seawater
from the coastal North Atlantic was bubbled to induce aerosol
formation. CSP were found in the underlying water, SML, and
aerosol during these experiments. Estimates of CSP EF relative
to the underlying water were 5.3 ± 2.7 and 57 ± 29 for the
SML and aerosol, respectively. These EF were based on crude
estimates of particle volume, and therefore were considered to
be approximations (Kuznetsova et al., 2005). Nonetheless, they
illustrate the potential significance of proteins both in the SML
and the potential of the SML to supply the atmosphere with
proteins of marine origin.

TEP and CSP may be separate populations of particles or they
may be the same particles that are composed from a mixture
of acid polysaccharides and protein. Based on the data and
qualitative observations of the exopolymer particles in this study,
TEP and CSP are different particles. Qualitative evidence for
the difference between TEP and CSP was evident in the visual
images. Firstly, CSP was often found in thin sheets of material,
whereas TEP was more amorphous in shape. While it is hard
to predict three dimensional shape from particles retained on a
two-dimensional surface, the sheet-like nature of much of the
CSP is apparent from its apparent thinness and in places where
it has been folded back on itself. Secondly, TEP was associated
with other types of particle more than CSP, indicating that it
is more sticky than CSP. This is apparent from aggregates in
which TEP appeared to be the glue holding the aggregate together
(Figure 6C) and from acid polysaccharides adhered to the surface
of empty diatom frustules (Figure 7A). Finally, quantitative data
indicates that TEP and CSP are not the same; Figure 5 shows
no relationship between the concentration of CSP and TEP. The
selective concentration of CSP relative to TEP in the SML is
further evidence that these two types of exopolymer particles
are not the same. Cisternas-Novoa et al. (2015) also concluded
that TEP and CSP are different populations of particles. They
conductedmesocosm experiments and found that phytoplankton
produced both TEP and CSP, but that the peak concentrations
of TEP and CSP occurred at different stages of the bloom. In
agreement with our results, they also found that TEP were more
likely to be associated with other particles, such as diatoms
(Cisternas-Novoa et al., 2015).

Our data show enrichment of dissolved monosaccharides and
no significant enrichment of dissolved polysaccharides in the
SML. The enrichment of monosaccharides may indicate high
degradation rates of polysaccharides through processes such as
photolysis and hydrolysis. Total dissolved carbohydrates had an
EF of 1.0–1.5, mainly due to the enrichment of monosaccharides.
van Pinxteren et al. (2012) found a similar EF for dissolved
carbohydrates, ranging from 0.7 to 1.2 in the Baltic Sea. Relatively
high EF values of 3.5–12.1 have been measured for dissolved
polysaccharides in the SML of the Arctic, with bubble scavenging
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from the underlying water proposed as the mechanism of
enrichment from water containing extracellular carbohydrates
produced by both phytoplankton and sea ice algae (Gao et al.,
2012).

All the stations were sampled during a diatom bloom. The
bloom was in the process of collapsing as most of the diatom
frustules were empty (Figure 7A). There were also live diatoms
in the samples, such as the pigmented Pseudo-nitzschia sp.
cells in Figure 7D. Pseudo-nitzschia is significant as it is a
harmful algal bloom species that is known to bloom along
the Oregon coast (McKibben et al., 2015). Phytoplankton, and
to a lesser extent bacteria, are considered to be the source of
TEP and the polysaccharide precursors that form TEP (Passow,
2002a,b; Thornton, 2014). It is likely that the collapsing diatom
bloom was the major source of exopolymers that produced
the TEP and CSP found in both water column and SML.
Diatoms release a significant proportion of the carbon that they
fix through photosynthesis as exudates, including as TEP and
CSP, or their precursors (Engel et al., 2002; Passow, 2002b;
Thornton, 2014; Chen and Thornton, 2015). TEP accumulate
in cultures of diatoms (Corzo et al., 2000; Claquin et al.,
2008; Fukao et al., 2010; Chen and Thornton, 2015) and
in diatom-dominated blooms within mesocosm experiments
using natural waters (Engel et al., 2002). Less work has
been done on CSP production by diatoms; Thornton (2014)
found that CSP are generally abundant in batch cultures of
several different diatom species. Galgani and Engel (2013)
showed that both TEP and CSP accumulated in the water
column and SML in cultures of Thalassiosira weissflogii. The
accumulation of diatom frustules and organic matter in the SML
(Figure 7C) indicates that diatoms may make a contribution
to marine aerosols. Recent work has shown that diatoms
may play an important role in generating atmospheric ice
nuclei (IN) and potentially affecting the formation of mixed
phase and ice clouds over remote regions of the ocean
(Knopf et al., 2011; Wilson et al., 2015).

The coloration and shape of many of the relatively
small (<10 µm across) particles indicated that they were not
exopolymer particles and were probably non-biological in origin.
This was particularly apparent in samples from the SML (e.g.
dark red particles in Figures 7A,B). Many of these particles
may have been mineral grains blown onto the SML from the
terrestrial environment or buoyant particles carried into the
ocean by the Columbia River. Anthropogenic particles may have
been a significant contributor as many were brightly colored,
which suggests that they were composed of plastics or paints.
Microplastics composed of a variety of polymers have been
sampled from the SML in coastal waters off South Korea (Song
et al., 2014, 2015).

These data confirm previous work showing that TEP are
found in the SML. In addition, we showed that CSP are enriched
in the SML compared with the underlying water. TEP and CSP
are not components of the same exopolymer particles as the
two pools of exopolymers behaved differently. Our samples were
collected during the collapse of a diatom bloom, suggesting
that diatoms were the source of the organic matter in the
water column and SML. Diatom blooms vary in time and space

depending on the season (Alvain et al., 2008), but are a regular
occurrence in many areas of the ocean, such as in the eastern
boundary current upwelling system observed in this study, the
spring bloom in the North Atlantic, and the Southern Ocean
during austral summer. The accumulation of diatom-derived
material (TEP, CSP, empty frustules etc.) in the SML indicates that
diatoms may be major contributors to the SML and on a regional
scale during bloom periods.
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