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Unicellular dinitrogen (N2 ) ﬁxing cyanobacteria have only recently been identiﬁed in the
ocean and recognized as important contributors to global N2 ﬁxation. The only cultivated
representatives of the open ocean unicellular diazotrophs are multiple isolates of Crocosphaera watsonii. Although constituents of the genus are nearly genetically identical,
isolates have been described in two size classes, large ∼5 μm and small ∼3 μm cell diameters. We show here that the large size class constitutively produces substantial amounts
of extracellular polysaccharides (EPS) during exponential growth, up to 10 times more than
is seen in the small size class, and does so under both N2 ﬁxing and non-N2 ﬁxing conditions. The EPS production exceeds the amount produced by larger phytoplankton such as
diatoms and coccolithophores by one to two orders of magnitude, is ∼22% of the total particulate organic C in the culture, and is depleted in N compared to cellular material.The large
difference in observed EPS production may be accounted for by consistently higher photochemical efﬁciency of photosystem II in the large (0.5) vs. small (∼0.35) strains. While it is
known that Crocosphaera plays an important role in driving the biological carbon (C) pump
through the input of new nitrogen (N) to the open ocean, we hypothesize that this species
may also contribute directly to the C cycle through the constitutive production of EPS.
Indeed, at two stations in the North Paciﬁc Subtropical Gyre, ∼70% of large Crocosphaera
cells observed were embedded in EPS. The evolutionary advantage of releasing such large
amounts of ﬁxed C is still unknown, but in regions where Crocosphaera can be abundant
(i.e., the warm oligotrophic ocean) this material will likely have important biogeochemical
consequences.
Keywords: Crocosphaera, extracellular polysaccharides, diazotroph

INTRODUCTION
Dinitrogen (N2 ) ﬁxation is the process by which diazotrophs can
access the largest nitrogen (N) reservoir on earth, N2 gas, and
turn it into a biologically usable form. This process is exclusively
prokaryotic, carried out by relatively few organisms, and represents an important source of new N to the N-starved open ocean
(Capone et al., 2005). In the tropics and subtropics, the ﬁlamentous colony-forming cyanobacterium Trichodesmium is the most
well studied diazotroph; however, it is now known that unicellular
cyanobacteria also contribute signiﬁcantly to N2 ﬁxation in these
areas (Montoya et al., 2004). There are currently three groups of
unicellular, diazotrophic cyanobacteria deﬁned: UCYN-A, which
is most closely related to Cyanothece ATCC 51142 but appears to
be a photoheterotroph based on genomic research; group B, or
Crocosphaera watsonii; and UCYN-C, a sister taxa to UCYN-A
(Foster et al., 2007; Zehr et al., 2008; Tripp et al., 2010). Of these
three marine groups, only Crocosphaera is represented in culture
collections.
Crocosphaera appears to be widespread in the tropical and subtropical oceans; it has been identiﬁed by nifH abundance (a gene
encoding for a subunit of the enzyme responsible for N2 ﬁxation)
in large areas of the North Atlantic (Langlois et al., 2008), and
the North Paciﬁc (Church et al., 2008) and by ﬂow cytometry and
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direct counting in the South Paciﬁc (Campbell et al., 2005; Webb
et al., 2009). In the North Atlantic, Crocosphaera is not always
present; however, when it is, the abundance (determined as copies
of nifH ) can be quite high for an N2 -ﬁxer, in the range of 104 L−1
(Langlois et al., 2008). In the North Paciﬁc, Crocosphaera nifH
abundance appears to be closer to 103 L−1 , but concentrations up
to 104 L−1 have also been seen (Church et al., 2005, 2008), while in
the warm pool of the South Paciﬁc, concentrations up to 106 L−1
were recently shown (Moisander et al., 2010). Despite the potential biogeochemical importance of Crocosphaera, we are only just
beginning to understand the ecology and physiology of this genus.
The type strain of group B is C. watsonii WH8501 and the
laboratory isolates of this genus can be divided into two cell size
classes, <4 and >4 μm, that are essentially phylogenetically indistinguishable (Zehr et al., 2007; Webb et al., 2009). Nevertheless,
the bigger size class produces large amounts of extracellular material that becomes so abundant that it makes the media gel-like
(Webb et al., 2009). Herein this material is identiﬁed as extracellular polysaccharides (EPS) that is similar in composition to
transparent exopolymeric particles (TEP). The major difference
between TEP and EPS is that TEP is deﬁned as discrete particles of
EPS, while EPS remains as a matrix around cells (Passow, 2002b).
Past work suggests that the large Crocosphaera-like cells produce
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this material in the ﬁeld; cells of the large size class (∼5–6 μm) are
retained on an 8-μm pore size ﬁlter, and are seen in loose groupings (Webb et al., 2009). Presumably, these cells exist in a matrix
of EPS and can therefore be caught on a ﬁlter with pore size larger
than the cell diameter. Fitting with this hypothesis, similar groupings of Crocosphaera-like cells in a matrix were seen in a sample
from a coral lagoon in the southwest Paciﬁc Ocean (Biegala and
Raimbault, 2008). These observations suggest that Crocosphaera
produces this EPS in situ as well, however it is not known if this
production is constitutive, conﬁned to a speciﬁc growth phase or
impacted by nutrient limitation.
The purpose of EPS production in Crocosphaera is unknown;
however, in other phytoplankton, it appears that photosynthetically ﬁxed carbon (C) is channeled into exopolymers during
nutrient limited growth (Corzo et al., 2000). Many cyanobacteria have been reported to produce EPS, and some strains appear
to produce this material exclusively under N2 -ﬁxing conditions
(Otero and Vincenzini, 2003). While TEP is mainly recognized
as a diatom product, it is also produced by cyanobacteria, other
phytoplankton, and bacteria (Passow, 2002a; Berman-Frank et al.,
2007). These exopolymers are an important aspect of the global C
cycle, as they comprise the matrix of marine snow particles that
are a major contributor to C ﬂux to the deep sea (Passow et al.,
2001).
In this study we tracked exopolymer production in both large
and small strains of Crocosphaera in culture and compared the
values obtained with published data from other marine phytoplankton. Furthermore, we also investigated the controls of EPS
production (i.e., could it be increased, reduced, or eliminated)
by growing Crocosphaera in different nutrient and light regimes,
and documented EPS production by Crocosphaera-like cells in the
North Paciﬁc Ocean.

MATERIALS AND METHODS
STRAINS AND CULTURE CONDITIONS

In this experiment, six strains of C. watsonii were tested for EPS
production under diazotrophic growth conditions: three strains
of the small size class (WH8501, WH0002, WH0401) and three
strains of the large size class (WH0003, WH0005, WH0402). These
cultures were isolated from diverse locations. These cultures are
not currently available axenic and thus were not axenic for the
experiments described here; however, EPS production was qualitatively observed when each strain was originally isolated and
rendered axenic by John Waterbury. WH8501 was isolated in the
South Atlantic, WH0002, WH0003, and WH0005 were isolated in
the North Paciﬁc and WH0401 and WH0402 were isolated in the
North Atlantic (Webb et al., 2009). Thus, the strains used originate
from many different areas, with both EPS and non-EPS producing
strains from the same basin. All cultures were grown in triplicate
batches on N free YBCII media (Chen et al., 1996), an artiﬁcial seawater media, in an incubator with a 14-h:10-h light:dark
cycle at 27˚C, and kept in constant motion on a shaker table
(∼100 RPM). With the exception of the light/N experiment (see
below) all cultures were grown at 75–80 μmol m−2 s−2 light intensity; the light/N experiment was carried out at 45 μmol m−2 s−1 .
All cultures were tested for EPS production over the growth cycle,
although only four strains (two large and two small) reached
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stationary phase before the termination of the experiments after
about 3 weeks (these are shown in Figure 2). A number of additional experiments were also carried out with a representative
of the large (WH0005) and small (WH0401) strains in order
to answer the following questions: (1) is EPS production in the
large strains controlled by light intensity or the presence of ﬁxed
N, as is seen in some other N2 -ﬁxing cyanobacteria (Otero and
Vincenzini, 2003), and (2) given previous work showing that nutrient limitation can induce EPS production in cyanobacteria (see
Berman-Frank et al., 2007), can the levels of production seen in
the large strains be induced in the small strains grown in nutrient deﬁcient conditions? The following experiments were carried
out to address these questions: (1) quantifying EPS production in
WH0005 during exponential growth at a light intensity of half that
used in the standard growth curves and on media with no N (−N)
and with 1 mM NO−
3 (+N) added (named the light/N experiment), (2) measuring EPS production in a small strain (WH0401)
grown on media with 1 mM NO−
3 for purposes of comparison to
the experiment with WH0005, and (3) monitoring EPS production in WH0401 under low Fe and PO3−
4 conditions (20 and 25
times less than standard YBCII, respectively).
Sampling of cultures was carried out at the beginning of the
light period. One sample for cell counts, chlorophyll (chl) a and
EPS concentration was taken from each replicate culture over the
exponential and stationary growth phase – values reported are
the average of the three samples from the biological replicates.
Cell numbers were counted with an epiﬂuorescent microscope
using a hemacytometer where replicate ﬁelds were counted until
whichever came ﬁrst: 10 ﬁelds or 200 cells. Chl a was determined
in a ﬂuorometer after samples were dissolved in acetone for 24 h
at −20˚C (Parsons et al., 1984). During early exponential growth,
cell counts were the more accurate (less variable) way to quantify biomass and growth in the large strain cultures; however, in
late log and stationary phase, the cells began to form large groupings (see Figures 1A,B) that could not be accurately counted with
microscopy, as the distribution of cells in the ﬁeld was not uniform. Therefore, growth of the large strain cultures was tracked
with Chl a concentration only in experiments extending into stationary phase while both cell density and Chl a was used with the
small size strains and in the light/N experiment where growth was
tracked in early exponential phase only.
EPS QUANTIFICATION

To visualize and quantitatively measure the EPS, methods developed for staining and quantiﬁcation of TEP were used (Passow and
Alldredge, 1994, 1995b). Brieﬂy, samples for microscopic evaluation of the EPS were ﬁltered onto a 0.4-μm ﬁlter and stained for 2 s
with a 0.02% Alcian Blue solution in 0.06% acetic acid, followed
by rinsing with milli-Q water (Passow and Alldredge, 1994). The
ﬁlter was mounted onto a slide and examined at 40× magniﬁcation on a Zeiss Axiostar plus microscope using light microscopy
for the exopolymers and epiﬂuorescent microscopy to visualize
the location of the cells with relation to the EPS. Whole images
were minimally adjusted in Adobe Photoshop CS4 for contrast,
brightness, and hue in order to accentuate the borders of the cells
and stained EPS. Samples for quantitative measurement of EPS
were stained as above, placed dry into a glass test tube and stored
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(F v /F m ) of the six strains was tested with 3-(3,4-dichlorophenyl)1,1-dimethylurea (DCMU) as described in Samuelsson and Öquist
(1977). Brieﬂy, triplicate 30 mL cultures of each strain were grown
in 50 mL glass tubes in YBCII medium at ∼75 μmol m−2 s−2 and
the growth was followed with ﬂuorescence. During acclimated
exponential growth, the Chl a ﬂuorescence was measured in dark
adapted cells before (F o ) and after (F m ) the addition of DCMU to
a ﬁnal concentration of 10 μM using a Turner TD-700 ﬂuorometer. The quantum yield of photosystem II was then calculated as
(F m − F o )/F m .
FIELD SAMPLING

FIGURE 1 | Bright field microscopic images of EPS stained with Alcian
Blue (A,C) and epifluorescence images of Crocosphaera cells under the
DAPI longpass filter set (B,D). Stain and cell images show the same ﬁeld
of view of the large cell type WH0005 (A,B) and small cell type WH0401
(C,D) under 40× magniﬁcation.

Large Crocosphaera-like cells were investigated at two stations
(27˚19.19 N, 157˚46.65 W, and 23˚35.59 N, 157˚40.24 W) in the
North Paciﬁc Subtropical Gyre (NPSG) in July 2010 on the R/V
Kilo Moana, at depths of 5 and 25 m. About 100–150 mL samples were ﬁltered onto 8 μm ﬁlters, stained with Alcian Blue
as described above, and Crocosphaera-like cells and EPS were
observed under epiﬂuorescence and light microscopy, respectively.
For the second station, the number of large cells on the ﬁlter was
counted, noting the number that were embedded in stainable EPS.

RESULTS
CELL STAINING

in the dark for ∼3 weeks until processing. For quantiﬁcation, the
ﬁlters with stained samples were placed in 3 mL 80% H2 SO4 for
2 h to dissolve the EPS, and the absorbance was read on a BioRad SmartSpec 3000 spectrophotometer (Philadelphia, PA, USA)
at 787 nm (Passow and Alldredge, 1995b). Xanthan gum standards
were made in ethanol according to Claquin et al. (2008) and values
are reported in microgram Xanthan gum equivalents per milliliter
(abbreviated μg Xeq. mL−1 ). The volume ﬁltered was adjusted
throughout the growth curve to account for the increase in EPS,
3–5 mL in the early stages of growth, down to 0.2–0.5 mL by the
time late log or stationary phase were reached. Chl a and cell normalized EPS values for each strain are reported as the average of
these values taken over the exponential growth period, as this is
the period of active production.

Alcian Blue is a stain speciﬁc to acid mucopolysaccharides (Passow
and Alldredge, 1995b). The large strains produced material that
was stainable with Alcian Blue (Figure 1), therefore we conclude
that it is chieﬂy composed of polysaccharides and is similar to the
Alcian Blue stainable exopolymers released by other phytoplankton (EPS and TEP; Passow, 2002b). Microscopic observations
showed that large strains (e.g., WH0005) do not appear to be
releasing particles of exopolymers (or TEP) into the media, but
rather a matrix loosely bound to the cells (or EPS; Figures 1A,B).
To be consistent with the literature, the previously designated
ECM of Crocosphaera (Webb et al., 2009) will be referred to as
EPS. Images of a small strain representative (WH0401) show little to no stainable material under microscopic observation during
stationary phase (Figures 1C,D).

ELEMENTAL ANALYSES

EPS PRODUCTION

To assess the C and N content of the EPS, 30 mL of log phase
WH0005 was centrifuged at 4000 × g for 10–15 min to separate
the cells from the EPS. This strain was chosen, as it appears to be
easier to separate from the EPS than the other isolates. The cell
pellet and the supernatant containing the EPS were ﬁltered separately onto pre-combusted GF/F ﬁlters and dried. These ﬁlters
were then pressed into a pellet and analyzed on a Carlo Erba elemental CHN analyzer (Currently – CE Elantech, Lakewood, NJ,
USA). The number of cells that did not separate from the EPS was
determined by microscopy (as described above) using a subsample of the supernatant, and the ﬁnal C and N values of the EPS
reported were corrected for the C and N present as cells. The total
particulate organic C or N (POC and PON) is deﬁned as the C or
N in EPS plus cells, as all this material is caught on a GF/F ﬁlter.

To determine the timing and magnitude of EPS production in
Crocosphaera, three strains each of the large and small size class
were grown under N2 -ﬁxing conditions (no N added) and EPS
production was quantiﬁed. Two of the large strains, WH0005 and
WH0402, grew at the same rate based on the increase in Chl a,
0.29 day−1 , while WH0003 grew somewhat slower in the same
conditions, at a rate of 0.17 day−1 . Regardless of the difference in
growth rate, all three large strains showed EPS production during
exponential growth that increased exponentially at a rate similar
to its growth rate: EPS increased in large cell cultures at a rate of
0.31, 0.26, and 0.20 day−1 in WH0005, WH0402, WH0003, respectively. The amount of EPS produced by the cells during exponential
growth, normalized to Chl a content, averaged 374 ± 33 μg Xanthan gum equivalents (μg chl a)−1 for WH0005, 209 ± 92 μg Xanthan gum equivalents (μg chl a)−1 for WH0402, and 392 ± 116 μg
Xanthan gum equivalents (μg chl a)−1 for WH0003 (Table 1), and
in the cultures of WH0005 and WH0003, plateaued just after cultures reached stationary phase (Figure 2). This pattern was also

PHOTOSYNTHETIC EFFICIENCY

To test for intrinsic photosynthetic differences between the two
size classes of Crocosphaera, the quantum yield of photosystem II
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FIGURE 2 | Quantity of Chl a or cells (closed symbols, solid
line) and EPS (open symbols, dashed line) from late log phase
into stationary phase of large (top) and small (bottom)
strains of Crocosphaera. Note that y -axis scales are

seen in two of the small strains, WH0401 and WH0002 (Figure 2).
This shows that EPS production occurs mainly in exponential
phase in both large and small strains and stationary phase production is not a large contributor to EPS production in Crocosphaera.
While visual observations indicated that the small size class strains
were not producing EPS, when measured spectrophotometrically,
all three small strains tested (WH8501, WH0002, and WH0401)
did produced small amounts of EPS, ∼10 times less than is produced by the large size class. Accumulation rates were very similar
to their growth rates of 0.1 (WH0401) and 0.28 day−1 (WH0002;
Table 1; Figure 2).
While it is possible that differential cell lysis between large and
small size classes could contribute to the order of magnitude difference in EPS production between the two classes, microscopic
investigation of large and small strains determined that small, but
similar, numbers of lysing cells were identiﬁable in cultures of both
(data not shown). This is consistent with EPS being produced by
living Crocosphaera cells.
NUTRIENT AND LIGHT EFFECTS ON EPS PRODUCTION

The addition and depletion of different nutrients in the media
and growth on low light levels appeared to have little effect on
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different. Culture growth in the large strains is represented here
with Chl a content, as it is difﬁcult to accurately count cells in late
log/stationary phase due to the growth of cells in large clusters. Error
bars show SD.

the amount of EPS produced by representatives of the large and
small strains. A comparison of EPS production in cultures of
Crocosphaera WH0005 grown at low light (half the intensity of
the growth curves described above) and with and without ﬁxed
N shows that lower light reduces the growth rates of the culture (from 0.29 to 0.20 day−1 ) but the accumulation of EPS
still occurs at a similar rate to growth (0.23 day−1 ). The total
amount of EPS produced per unit Chl a was somewhat reduced
compared to cells grown on higher light (Table 1), but still an
order of magnitude greater than produced by small cells. This
may be due to higher Chl a production in cells grown under
lower light conditions, rather than reduced EPS production; however, because cell counts were not possible through the entirety
of the growth curve in standard conditions, these data are not
available.
The addition of ﬁxed N did not reduce the rate of EPS accumulation compared to the culture grown without ﬁxed N (0.20
vs. 0.21 day−1 , respectively, p = 0.80). EPS was also produced
in similar amounts in the +N and −N treatments (Figure 3,
Table 1). WH0401, a small strain, also did not alter its EPS production when grown with ﬁxed N, or when grown under Fe or
PO3−
4 deﬁcient conditions (Table 1). Chl a and cell normalized
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Table 1 | Exopolymer production by batch cultures of Crocosphaera in log phase compared to other marine phytoplankton, normalized to both
cellular volume and chl a content.
Species

Exopolymer production

Study

Cell volume normalized

Chl a-normalized

(10−9 μg Xeq. μm−3 )

(μg Xeq. [μg chl a]−1 )

Chaetoceros afﬁnis, CCMP 159

22

–

Nitzchia angularis

0.9

–

Passow (2002a)

Pseudo-nitzschia fraudulenta

–

57a

Claquin et al. (2008)

Thalassiosira weissﬂogii

3

–

Passow (2002a)

Emiliana huxleyi (non-calcifying)

1

–

Passow (2002a)

Gonyaulax polyedra

20

–

Passow (2002a)

Anabaena ﬂos-aquae

<1b

<1

Surosz et al. (2006)

Isochrysis galbana

–

13a

Claquin et al. (2008)

Phaeocystis antarctica

∼800c

148d , 2720c

Hong et al. (1997)

Crocosphaera watsonii WH0005e

–

374 ± 33

This study

Crocosphaera watsonii WH0402e

–

209 ± 92

This study

Crocosphaera watsonii WH0003e

–

392 ± 116

This study

Crocosphaera watsonii WH8501f

Up to 17

–

This study

Crocosphaera watsonii WH0002f

12 ± 5

23 ± 2

This study

Crocosphaera watsonii WH0401f

11 ± 5

45 ± 14

This study

Passow (2002a)

DIAZOTROPHIC GROWTH

NUTRIENT EFFECTS ON SMALL STRAINS
Crocosphaera watsonii WH0401 +N

13 ± 4

38 ± 13

This study

Crocosphaera watsonii WH0401 low P

17 ± 3

53 ± 16

This study

Crocosphaera watsonii WH0401 low Fe

13 ± 3

44 ± 1

This study

LIGHT/N EXPERIMENT
Crocosphaera watsonii WH0005 −N

169 ± 48

233 ± 73

This study

Crocosphaera watsonii WH0005 +N

263 ± 70

213 ± 75

This study

a

At maximal growth in semi-continuous culture.

b

Assuming a cell diameter of 5 μm and chl a content of 0.3 pg cell−1 .

c

During stationary phase, 15–100 μmol m−2 s−1 light intensity. Assuming a cell diameter of 4 μm.

d

Average during log phase.

e

Large >4 μm cell type.

f

Small <4 μm cell type.

Error is shown as SD.

EPS concentrations in WH0401 were not signiﬁcantly different
between the three nutrient treatments and the control (p > 0.05).

Table 2 | Average carbon and nitrogen content of Crocosphaera

ELEMENTAL ANALYSES

C:N ratio of cellular material and EPS.

To determine the elemental composition of large Crocosphaera
cells and the EPS they produce, a total of six separate culture replicates of WH0005 grown on YBCII with no ﬁxed N added were
analyzed for the C and N content. Cellular content of WH0005
averaged 6.4 ± 1.5 pg C cell−1 and 1.3 ± 0.4 pg N cell−1 while the
EPS averaged 1.8 ± 0.3 pg EPS-C cell−1 and 0.12 ± 0.03 pg EPS-N
cell−1 (Table 2). The contribution of EPS to total POC (EPS-C
plus cellular C) was 22% during exponential growth. The contribution of EPS to total PON is much less than the contribution to
POC (8.5%), as evidenced by an EPS C:N ratio of 25 compared
to a cellular ratio of 7.2 (Table 2). Despite the possibility that heterotrophic bacteria are contributing N to the EPS value, the EPS
C:N ratios determined show that the material is depleted in N
relative to the cellular fraction and thus is an incomplete nutrient
source.

www.frontiersin.org

WH0005 cells and EPS (normalized to cell number) and the average

Cellular material

EPS

Carbon (pg/cell)

6.4 ± 1.5

1.8 ± 0.3

Nitrogen (pg/cell)

1.3 ± 0.4

0.12 ± 0.03

C:Na

7.2 ± 1.1

25 ± 7

a

Note that the C:N ratio is the average of the C:N of each sample, rather than the

C:N of the average C and N content.
Values are shown with SD.

PHOTOSYNTHETIC EFFICIENCY

The photochemical efﬁciency of photosystem II was determined
for all six strains of Crocosphaera and it was found that the F v /F m
of the large strains was ∼0.5, whereas the small strains were

November 2011 | Volume 2 | Article 229 | 5

Sohm et al.

EPS production in Crocosphaera watsonii

FIGURE 4 | Quantum yield of photosystem II (Fv /Fm ) in replicate
cultures of six Crocosphaera strains. All large strain samples were
statistically signiﬁcantly different than all small strain samples (p < 0.05),
while among each size class, values were statistically indistinguishable.
Error bars show SD.

FIGURE 3 | Cell abundance (closed symbols, solid line) and EPS
production (open symbols, dashed line) during exponential growth of
the large cell class Crocosphaera strain WH0005 without N (top) and
−
with 1 mM NO3 added (bottom). Error bars show SD.

∼0.35 (Figure 4). Comparisons among the large and small strains
showed that F v /F m within each group was statistically indistinguishable (p > 0.3 and 0.1, respectively). Additionally, pairwise
t -tests between all large and small strains showed that F v /F m was
statistically signiﬁcantly different between these two phenotypes
(p < 0.05). Hence the large strains show a greater quantum yield
of photosystem II than the small strains.
CROCOSPHAERA AND EPS IN THE FIELD

Extracellular polysaccharides production by ﬁeld populations of
large size class Crocosphaera was investigated using Alcian Blue
staining and microscopy. Groupings of large Crocosphaera-like
cells were observed at two stations in the North Paciﬁc (Figure 5).
Quantiﬁcation at the second station showed that 74 and 65% of
large Crocosphaera-like cells observed were embedded in stainable EPS at depths of 5 and 25 m, respectively. These observations
support previous evidence that the large phenotype not only produces EPS in cultures, but in the ﬁeld as well. These particles of
Crocosphaera-like cells and EPS were also found in high abundance
in a ﬂoating sediment trap deployed at 75 m for 24 h.

DISCUSSION
This study shows that Crocosphaera strains with cells >4 μm
produce large amounts of EPS in exponential growth, which is
consistent with the qualitative observation previously reported by
Webb et al. (2009). However, small amounts of EPS were also
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FIGURE 5 | Bright field microscopic images of EPS (A) and
epifluorescence images of Crocosphaera-like cells under the DAPI
longpass filter set (B) at 27˚19.19 N, 157˚46.65 W in the NPSG. Both
images show the same ﬁeld of view, at 63× magniﬁcation.

measured in the three small strains tested. Therefore, the previous
conclusion based on visual observations that the small strains produce no EPS, does not appear to be the case. Rather, the phenotypic
difference between large and small strains is an order of magnitude
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difference in EPS production, along with a previously described
difference in chl a-normalized N2 ﬁxation rates (Webb et al., 2009).
This result is remarkable considering that laboratory strains of
Crocosphaera are nearly identical based on sequence divergence
(Zehr et al., 2007; Webb et al., 2009) and that large metagenomic
fragments isolated from the subtropical North Paciﬁc showed 97–
99% similarity to the WH8501 genome (Zehr et al., 2007). Thus,
despite low apparent genomic diversity, there are two distinct phenotypic groups identiﬁed with different potential biogeochemical
consequences, and this should be considered when quantifying
Crocosphaera in the ﬁeld by microscopy, ﬂow cytometry, or nifH
sequence abundance.
Early work on dissolved organic C (DOC) production by phytoplankton suggested that it is released in much greater quantities
in stationary phase, compared to exponentially growing cultures
(Berman and Holmhansen, 1974). However, like Crocosphaera,
many phytoplankton have since been shown to produce EPS
and TEP during the exponential growth phase, for example, the
diatoms Chaetoceros afﬁnis, Thalassiosira weissﬂogii, and Nitzchia
angularis, the dinoﬂagellate Gonyaulax polyedra (Passow, 2002a)
and the N2 -ﬁxing cyanobacterium Anabaena ﬂos-aquae (Surosz
et al., 2006). Furthermore, Claquin et al. (2008) found that TEP
was produced in semi-continuous cultures kept in log phase, and
that maximal TEP production occurred at the optimal growth
temperature in ﬁve out of seven marine phytoplankton species
tested, indicating that for some species, TEP production is greatest when growth is optimal, rather than the more commonly held
view that it is maximal in unbalanced growth (Nagata, 2000). The
production of EPS in Crocosphaera ﬁts with this model of extracellular release under optimal conditions and exponential growth.
The timing of exopolymer release and response to environmental
factors could depend on the function of exopolymers in different
species (Passow, 2002a). In most cases, the purpose of these materials are not well understood, but some of the proposed functions of
exopolymers are the absorption of nutrients (Sutherland, 1988),
creation of a protective microenvironment (Reddy et al., 1996),
and a sink of excess ﬁxed C during growth imbalance (Otero and
Vincenzini, 2004).
While Crocosphaera is not atypical in producing EPS during
exponential growth, the amount that the large strains WH0005,
WH0402, and WH0003 produce, compared to other tested species,
is quite large. Conversely, the small strains (WH0002, WH8501,
and WH0401) produced EPS quantities comparable to other phytoplankton (Table 1). Furthermore, the quantity of EPS produced
by WH0005 by the end of the light/N experiment, normalized to
cell volume, was 1–2 orders of magnitude greater than Passow
(2002a) measured (as TEP) in nine species of marine phytoplankton from four phyla during both exponential and stationary
growth (Table 1). Chl a-normalized EPS production varied somewhat among the three large strains; however WH0003, WH0005,
and WH0402 all produced an order of magnitude more than
other phytoplankton (Table 1). Phaeocystis antarctica is the only
phytoplankton we found that produces an amount of exopolymeric material equal to or greater than that measured in the
three large strains, but it does so in stationary and death phase
(Hong et al., 1997), while Crocosphaera produces EPS mainly
in exponential phase (Figure 2). However, the contribution of
mucopolysaccharides to total POC of Phaeocystis is 2–11% in
www.frontiersin.org
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exponential phase (Alderkamp et al., 2007), compared to 22%
that we found during exponential growth in WH0005. Thus, EPS
production appears fundamentally different between these two
species with high production values of exopolymers.
A number of strains of Nostoc, a freshwater, diazotrophic
cyanobacterium, have been shown to produce EPS under N2 -ﬁxing
conditions, only to reduce or eliminate production when grown on
an exogenous N source (Otero and Vincenzini, 2003). It is hypothesized that N2 -ﬁxing Nostoc are N limited, leading to the ﬁxation
of extra CO2 that is shunted to EPS, while growth on ﬁxed N causes
CO2 limitation and cessation of EPS production (Otero and Vincenzini, 2004). In contrast, both the large (WH0005) and small
(WH0401) strains produced similar amounts of EPS when grown
with or without ﬁxed N. This disparity between Crocosphaera and
Nostoc suggests that neither WH0005 nor WH0401 are producing
EPS as a sink of overﬂow production, and instead are producing
it constitutively. Furthermore, nutrient depletion for P and Fe did
not cause EPS production to increase in a small strain representative (WH0401, Table 1), data that stands in contrast to increases
in exopolymer production under Fe stress observed in the diazotrophic cyanobacterium Trichodesmium (Berman-Frank et al.,
2007). It remains to be seen if there are other conditions where EPS
production in large or small strain Crocosphaera can be altered.
One potential explanation for the difference in EPS produced
between the two size classes may be that large strains of Crocosphaera have more efﬁcient CO2 ﬁxation mechanisms than small
strains, leading them to ﬁx more CO2 than the small strains and
release the excess as EPS. While it is not a direct measure of the
efﬁciency of CO2 ﬁxation, the difference in the quantum yield of
photosystem II (F v /F m ) between the large and small strains (0.5
vs. 0.35 respectively) shows that the large strains are more efﬁcient
at using available photons for photochemistry (Falkowski and
Raven, 2007). It is important to note, however, that the connection
between quantum yield and EPS is shown here to be correlative,
not causative. In fact, recent genomic study has revealed the presence of polysaccharide production genes in the genome of a large
strain, but not a small strain (Bench et al., in press). The F v /F m
values determined for the large strains were similar to those seen
in other phycoerythrin-containing cyanobacterial cultures; Trichodesmium IMS101 and three Synechococcus strains have F v /F m
values ∼0.55 (Berman-Frank et al., 2007; Six et al., 2007). Considering these data, the large Crocosphaera appear to have a “typical”
efﬁciency for phycoerythrin-containing cyanobacteria, while the
small strains have a low efﬁciency by comparison. It remains to
be seen, however, why the smaller Crocosphaera isolates are less
photochemically efﬁcient.
The fact that EPS production has an associated energy cost
suggests that it provides some beneﬁt to the large cells. The lower
surface area to volume ratio of the large size class could make them
more susceptible to nutrient limitation than the small size class.
There is evidence that these acidic polysaccharide exudates could
act as metal chelators (Geesey et al., 1988), making micronutrients that are scarce in the open ocean more available to the large
Crocosphaera. Another possibility is that the EPS production by
large cells serves as a grazing deterrent to protistan grazers (Liu
and Buskey, 2000).
Regardless, this EPS excretion has a number of hypothetical biogeochemical consequences in the ﬁeld, as we have shown
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that a majority of large cells produce EPS there. EPS could
feed into the microbial loop by providing a C source for heterotrophic bacteria. Additionally, Crocosphaera EPS might have
some nutritional value as appears to contain some N, but this
amount would not likely provide complete N nutrition to organisms feeding on it. Alternatively, particles of EPS with Crocosphaera embedded could be grazed directly by larger zooplankton, short-circuiting the microbial loop. This would be a
direct input of C and newly ﬁxed N into the classical food
chain and up into higher trophic levels. Calanoid copepods collected off coastal California were able to feed on TEP (Ling
and Alldredge, 2003), and the cladoceran Ceriodaphnia cornuta
showed better growth and reproductive performance when feeding on EPS of the freshwater N2 -ﬁxing cyanobacterium Anabaena
spiroides compared to feeding on seston (Choueri et al., 2007),
suggesting particles of EPS containing Crocosphaera cells could
be eaten successfully by larger zooplankton and sustain their
growth.
The most well known characteristic of exopolymers is their
role in the aggregation of phytoplankton into marine snow
(Passow and Alldredge, 1995a). Since the sinking of marine snow

is a major pathway of C ﬂux to the deep sea (Passow et al.,
2001), Crocosphaera produced EPS may provide a substrate for
aggregation of smaller particles that could then sink out of the
euphotic zone. We have observed large Crocosphaera-like cells
in EPS in shallow sediment traps in the NPSG, providing evidence for the direct sinking of these particles, and showing that
EPS production could have a biogeochemical impact in this way.
However, more work on the in situ fate of the Crocosphaera
produced EPS is needed to resolve its absolute biogeochemical
impact.
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