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Shazia N. Aslam, Tania Cresswell-Maynard

School of Biological Sciences, University of Essex, Wivenhoe Park, Colchester CO4 3SQ, UK

David N. Thomas

Ocean Sciences, College of Natural Science, Bangor University, Menai Bridge, Anglesey LL59 5AB, UK
Finnish Environment Institute (SYKE), Marine Research Centre, P.O. Box 140, Helsinki FI-00251, Finland

and Graham J. C. Underwood®
School of Biological Sciences, University of Essex, Wivenhoe Park, Colchester CO4 3SQ, UK

Diatoms and their associated extracellular polymeric
substances (EPS) are major constituents of the
microalgal assemblages present within sea ice. Yields and
chemical composition of soluble and cell-associated
polysaccharides produced by three sea-ice diatoms,
Synedropsis sp., Fragilariopsis curta, and F. cylindrus, were
compared. Colloidal carbohydrates (CC) contained
heteropolysaccharides rich in mannose, xylose,
galactose, and glucose. Synedropsis sp. CC consisted
mainly of carbohydrates <8 kDa size, with relatively
soluble EPS, compared to high proportions of less-
soluble EPS produced by both Fragilariopsis spp. F. curta
colloidal EPS contained high concentrations of amino
sugars (AS). Both Fragilariopsis species had high yields of
hot bicarbonate (HB) soluble EPS, rich in xylose,
mannose, galactose, and fucose (and AS in F. cylindrus).
All species had frustule-associated EPS rich in glucose—
mannose. Nutrient limitation resulted in declines in EPS
yields and in glucose content of all EPS fractions.
Significant similarities between EPS fractions from
cultures and different components of natural EPS from
Antarctic sea ice were found. Increased salinity (52)
reduced growth, but increased yields of EPS
in Fragilariopsis cylindrus. Ice formation was inhibited by
F. cylindrus, EPS, and by enhanced EPS content
(additional xanthan gum) down to —12°C, with growth
rate reduced in the presence of xanthan. Differences in
the production and composition of EPS between
Synedropsis sp. and Fragilariopsis spp., and the association
between EPS, freezing and cell survival, supports the
hypothesis that EPS production is a strategy to assist polar
ice diatoms to survive the cold and saline conditions
present in sea ice.
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Sea ice occupies up to 13% of the earth’s surface,
and plays a significant role in the ecology and
biogeochemistry of the polar and several subpolar
regions (Thomas and Dieckmann 2002). A diverse
group of microalgae grow to high standing stocks
within, and on the peripheral surfaces of, sea ice
(Arrigo et al. 2010). Algal growth can be rapid
during sea-ice formation in autumn, especially at
the porous ice—seawater interface, and then slows,
with cell metabolism altering in response to chang-
ing conditions within the developing ice matrix
(nutrient limitation, increasing salinity, and lower-
ing irradiance) during the onset of winter (Gleitz
and Thomas 1992, 1993, Krell et al. 2008). Algal
growth resumes when light levels increase in the
polar spring (Sggaard et al. 2010, Petrou and Ralph
2011).

Substantial concentrations of particulate and
dissolved extracellular polymeric substances (EPS)
have been measured in most types of sea ice
(Underwood et al. 2010, Juhl et al. 2011, Krembs
etal. 2011, Aslam et al. 2012). These polysaccha-
ride-rich mucilages form an organic network within
the ice, modifying the structure of brine channels
and influencing the development of the sea-ice
matrix (Krembs et al. 2002, 2011, Juhl et al. 2011).
The chemical composition of sea-ice EPS is largely
uncharacterized, although particulate EPS are pre-
dominantly acidic polysaccharides (McConville et al.
1985, 1999, Meiners et al. 2003, Mancuso Nichols
et al. 2005), whereas dissolved EPS comprise a range
of different heteropolymers with varying monosac-
charide, uronic acid, and solubility characteristics
(McConville et al. 1985, 1999, Underwood et al.
2010, Aslam et al. 2012). As physicochemical proper-
ties play a major role in determining the solubility
and binding potential of EPS (Suzuki and Tanaka
1990, Chen and Hoffman 1995, Krembs and De-
ming 2008, Verdugo 2012), characterizing the EPS
produced by sea-ice microflora is a necessary step to
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understanding the role of EPS in the biogeochemis-
try and ecology of sea ice.

Diatoms produce a diverse range of polysaccha-
ride-rich EPS containing uronic acids, sulfated sug-
ars, and protein (Hoagland et al. 1993, Chiovitti
et al. 2003, 2005, Underwood and Paterson 2003,
Abdullahi et al. 2006). Pennate diatoms and other
microorganisms alter the production rates and
chemical characteristics of their EPS in response
to inorganic nutrient limitation, salinity, and low
temperature stress (Smith and Underwood 2000,
Underwood et al. 2004, Abdullahi et al. 2006, Apo-
ya-Horton et al. 2006, Nevot etal. 2008, Marx
et al. 2009, Mishra and Jha 2009). Such physiologi-
cal flexibility may enable pennate diatoms to mod-
ify their surrounding microenvironment by altering
the properties of their EPS as cells are exposed to
changing conditions as sea ice consolidates (Tho-
mas et al. 2010). The only detailed study of EPS
production for a polar diatom found that Staur-
oneis amphyioxys produced charged and sulfated
heteropolysaccharides, which changed in composi-
tion between logarithmic growth and stationary
phase conditions (McConville et al. 1999).

This study quantified and characterized both sol-
uble and cell-associated polysaccharides produced
by three diatom species with global polar distribu-
tions: Synedropsis sp. (ccmp2745) (Grunow) Hasle,
Medlin & Syvertsen, Fragilariopsis curta (van Heur-
ck), Hustedt, and Fragilariopsis cylindrus (Grunow),
Kreiger (Round et al. 1990, Stickley et al. 2009). F.
oylindrus and F. curta are often dominant species
within pack sea ice and platelet layers (Gleitz et al.
1998, Gunther and Dieckmann 2001, Thomas et al.
2001) with F. cylindrus thriving equally well in the
water column and sea ice (Kang and Fryxell
1992), whereas Synedropsis species are mostly found
only at the ice—seawater interface on the lower sur-
faces of ice floes (Hasle et al. 1994). We hypothe-
sized that if EPS are involved in protecting cells
from conditions of low temperature and high
salinity, then Fragilariopsis spp. (that live within the
sea-ice matrix) should produce EPS that are larger,
more insoluble, and biochemically more complex
than EPS produced by Synedropsis spp. We investi-
gated the effect of salinity on carbohydrate
production and the potential of extracellular poly-
saccharides to protect cells from freezing, exposing
cultures of F. c¢ylindrus grown at salinity 34 and 52,
to incremental 4°C temperature reductions from
0°C down to —20°C over a 55 d period, and also
in the presence of additional EPS (the heteropoly-
saccharide xanthan gum). If EPS helps in cell sur-
vival in brines at low temperatures and high
salinities, Fragilariopsis in culture should produce
more EPS under such conditions, and that the
presence of high concentrations of additional EPS
should alter the freezing characteristics of the
media (Krembs et al. 2011) permitting continued
algal growth.

MATERIALS AND METHODS

Culture conditions. Synedropsis sp. (ccmp2745), F. curta (pro-
vided by G. S. Dieckmann, Alfred-Wegener-Institute, Bremer-
haven, Germany), and F. ¢ylindrus (provided by T. Mock,
UEA, Norwich, UK) were used for this study. Synedropsis sp.
cultures were maintained in LI medium (nitrate concentra-
tion 0.9 mmol - L’l) with additional silicate (Guillard and
Hargraves 1993), and Fragilariopsis spp. were grown in
enriched artificial seawater (EASW, Berges et al. 2001) with
1.1 mmol - L™ final nitrate concentrations. All cultures were
grown at a salinity of 34, at 0°C, under continuous illumina-
tion (71 umol photons - m™2.s7"). To obtain axenic
cultures, cell inocula were incubated in media containing
penicillin/streptomycin solution (100,000 units penicillin and
100 mg - L! streptomycin,  Sigma) and  gentamycin
(33 mg - Lfl) for 48 h, after which fresh sterile media was
added to each flask, and cells grown on at 0°C to provide
cells for experimentation. Regular examination of cultures by
light microscopy revealed no visible bacteria contamination.

EXPERIMENT 1: EFFECT OF GROWTH PHASE ON
PHOTOPHYSIOLOGY, CARBOHYDRATE, AND EPS
PRODUCTION AND COMPOSITION

Cultures of each species were grown axenically in triplicate
5 L flasks, each containing 2 L of media and a starting inocu-
lum of 2 x 107 cells in 20 mL, taken from actively growing
axenic stock cultures. Cells were prevented from sticking to
the flask sides by gently rotating flasks once a day. Cultures
were grown for 24 d (Synedropsis sp.) and 28 d (Fragilariopsis
spp.), and sampled at the same time of day on seven occa-
sions (Fig. 1). During sampling cultures were resuspended,
and subsamples were taken for measurements of cell density
using a haemocytometer, cell photophysiology, carbohydrate
content, and biochemical composition (see below). Intrinsic
growth rate (p) was calculated from the logistic growth equa-
tion (Levasseur et al. 1993).

Changes in the characteristics of PSII photochemistry in
the three diatom species were determined at each sampling
occasion throughout Experiment 1. Cultures were dark
adapted for 30 min at 0°C, before 3 mL subsamples of
suspended cultures were taken and measured immediately
using a Satlantic FIRe fluorometer (Satlantic Inc., Halifax,
NS, Canada) at room temperature. Excitation was produced
from a high luminosity blue and green (450 and 500 nm
peak heights, respectively) light-emitting diode array. Each
acquisition consisted of a four step transient determining sin-
gle turnover (ST) excitation from a 100 ps pulse, ST relaxa-
tion over 500 ms, multiple turnover (MT) excitation from a
600 ms pulse, and MT relaxation over 1 s. Twenty sequential
measurements were averaged to increase the signal to noise
ratio (Suggett et al. 2008). Using FIREPRO software (Satlan-
tic Inc.), the maximum PSII photochemical efficiency
(K,/F,), the functional absorbance cross-section of PSII
(opsn), and the rate of reoxidation of the primary quinine
acceptor (Tga) were calculated (Kromkamp and Forster 2003,
Suggett et al. 2008).

EXPERIMENT 2: EFFECT OF SALINITY AND THE PRESENCE
OF EXTRACELLULAR POLYMERS (XANTHAN GUM) ON
FRAGILARIOPSIS CYLINDRUS GROWTH UNDER
INCREMENTAL COLD STRESS

Fragilariopsis  cylindrus cultures were acclimated
and grown at two salinities (EASW adjusted with
NaCl to give salinities of 34 and 52) for a 2-month
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FiG. 1. Cell density and maximum PSII photochemical effi-
ciency (F/F,) of (A) Synedropsis sp., (B) Fragilariopsis curta, and
(C) F. c¢ylindrus in cultures grown over 24 and 28 d Synedropsis
and Fragilariopsis species, respectively (mean + standard error,
n = 3 for each time point).

period prior to the experiment. Three treatments
(0 addition—control) and +1 and +5 g - L' of the
high molecular weight polysaccharide (xanthan
gum; Sigma-Aldrich Co., St. Louis, MO, USA) were
established in triplicate 250 mL flasks, containing
150 mL media each for each salinity condition, with
all flasks subjected to incremental —4°C decreases
in temperature from 0 to —20°C over a 56 d period.
To reduce the potential for nutrient limitation, a
semibatch culture approach was used: on d 10
(salinity 34 treatments) and d 23 (salinity 52 treat-
ments), all flasks were diluted (1:1) with fresh
media. Flasks were rotated to bring all cells into sus-
pension, and half of the volume was withdrawn and
replaced by the same volume of fresh media con-
taining the same xanthan concentration.

Experiments started at 0°C under continuous illu-
mination (71 pmol photons - m 2. s "), with the
first temperature reduction to —4°C being made 13
d after inoculation. Temperatures were further
decreased to —8°C on d 26, to —12°C on d 39, and
to —20°C on d 52. The experiment was terminated
on d 56 when all flasks had become frozen. The var-
iation in temperature conditions throughout the
experiment was +1°C. Subsamples for cell enumera-
tion were taken from each flask on d 13, 26, 39,
and 52 (before the decrease in temperature). No
cell counts were made on d b5 as cultures were
completely frozen at this stage. On d 56 the cultures
were defrosted and centrifuged; both cells and
supernatants were used for carbohydrate analysis
as described below.

Extraction of carbohydrate fractions. Using established
sequential extractions (Wustman et al. 1997, Smith
and Underwood 2000, Chiovitti et al. 2003, Abdullahi
et al. 2006) diatom EPS were fractionated into:

1. A soluble (colloidal) fraction containing both
polymeric (colloidal EPS) and nonpolymeric
(lower molecular weight) carbohydrates secreted
by cells into the culture media and that were no
longer cell associated.

2. A hot water (HW)-extracted carbohydrate fraction
containing predominantly intracellular storage
polysaccharides (mainly glucans), though there is
some extraction of external EPS coating the cells.

3. A hot bicarbonate (HB)-extracted fraction that sol-
ubilizes the relatively gelatinous and water-insoluble
extracellular polysaccharides, removing most of the
mucilage from the surface of the diatom frustule.

4. A hot alkali extraction that dissolves the silica cell
wall and liberates EPS intimately linked with the
silica frustule.

Each extraction required approximately 80—
200 mL of culture. These volumes were removed
from the main flasks on d 0, 3, 10, 14, 17, 24 for
Synedropsis and d 28 for the Fragilariopsis species and
taken through the following stepwise procedures:

Colloidal carbohydrate (CC) fraction: Samples were
centrifuged at 4000g for 15 min and the superna-
tant (the CC fraction) was removed.

HW fraction: Cell pellets from the CC extractions
were resuspended in 34 g - L' NaCl (at a concen-
tration of 107-10° cell - mL™"), and were incubated
at 100°C for 1 h. After cooling to room temperature
samples were centrifuged (3500g, 15 min). The
supernatant (HW fraction) was carefully removed.

HB fraction: Cell pellets remaining from the HW
extraction procedure were extracted with 0.5 M
NaHCOs5 by incubating at 100°C for 1 h.

Hot alkali (HA) fraction: The most insoluble poly-
mers were extracted with 1 M NaOH and 0.2 M
NaBH, at 100°Cfor 1 h.

An aliquot (1 mL) of each extracted fraction
(CC, HW, HB, and HA) was used to determine
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carbohydrate concentration (phenol sulfuric acid
assay). The remaining material was dialyzed over-
night (at 20°C) through 8 kDa dialysis tubing
against ultra pure water (18.2 M2 cm, MilliQ)
under moderate stirring, to reach a final salinity <I.
Desalted samples were freeze dried for EPS parti-
tioning (the colloidal fraction) and determination
of monosaccharide composition (CC, HW, HB, and
HA).

Dissolved EPS (dEPS) fractionation. Dialyzed and
freeze-dried CC fractions were redissolved in ultra
pure water (giving a concentration factor of 20 rela-
tive to the original volume). This fraction was
termed colloidal polysaccharides (CPs). Redissolved
CPs samples were divided into four aliquots of 1
—4 mL each. One aliquot was used to determine car-
bohydrate and amino-sugar concentrations, and
monosaccharide content (described later). The
remaining three aliquots were used to isolate EPS
components with different solubility by precipitation
with 30%, 50%, and 70% ethanol overnight at 4°C.
The precipitates from each ethanol treatment were
recovered by centrifugation (3500g, 15 min), air dried
and redissolved in ultra pure water (0.65 mL). These
precipitated EPS fractions were named as EPS-30,
EPS-50, and EPS-70 (based on the ethanol percentage
used for precipitation, Underwood et al. 2010, Aslam
et al. 2012). The terms % CHOy_ 3, (highly insoluble
EPS) % CHO 50-30 (soluble EPS) % CHO70 50 (hlghly
soluble EPS), and % CHO¢9_70 (non-EPS) refer to
the percentage contribution of dEPS and non-EPS
carbohydrate fractions relative to the total dissolved
carbohydrate (dCHO) concentration, and were calcu-
lated as described by Underwood et al. (2010).

Carbohydrate (CHO) analysis. Carbohydrate con-
centrations were determined using a modified phe-
nol sulfuric acid assay (Dubois et al. 1956) as
described by Underwood et al. (2010). Carbohy-
drate concentrations obtained by this assay were
termed phenol sulfuric acid assay analyzed-carbohy-
drates (PSA-CHO). Glucose was used as a standard
with concentrations reported as mg glucose equiva-
lents. PSA-CHO were determined before (CC) and
after dialysis (CPs).

Concentrations of AS were determined (Ferrieres
et al. 2007) in the dialyzed carbohydrate extracts
(CPs). Samples were hydrolyzed overnight at 100°C
in 0.5 N HCIL. After hydrolysis, samples were freeze
dried to remove acid and were dissolved in ultra
pure water for analysis. Macetylglucosamine was
used as standard.

The detectlon limits were 5 pg - mL™' glucose
and 20 pg - mL~' Macetylglucosamine for the phe-
nol sulfuric acid assay and AS, respectively. The
coefficient of variation (CV, standard deviation/
mean) in all assays was <1%.

The phenol sulfuric acid assay is a general method
used for carbohydrate quantification, but it does not
detect AS, so the carbohydrate yields for each fraction
(CHO¢¢, CHOpw, CHOyp, and CHOypy; carbohy-

drate concentrations of CC, HW, HB, and HA frac-
tions, respectively) were calculated by adding together
PSA-CHO and AS (PSA-CHO + AS). Overall carbohy-
drate yields (sum of all fractions, ¥CHO) produced by
each diatom species were calculated by adding carbo-
hydrate vyields for each fraction, that is,
CHO¢¢ + CHOpw + CHOpp + CHOps  separately
for both active and stationary growth phases.

To relate xanthan gum concentrations to measures
of carbohydrates 1nterconver510n of xanthan
(ug - mL™ Y to glucose (ug - mL~ ! was conducted as
described by van der Merwe et al. (2009) Standards of
known concentrations (0-100 pg - mL™ ! of xanthan
and glucose were prepared, analyzed by phenol sulfu-
ric acid assay, and a model II regression was used to
determine the calibration relationship (+* = 0.993).
The intercalibration allowed the conversion of xan-
than (ug - mL™") to glucose (ug - mL™') using the
following equation:

xanthan(pg - mL™') = 0.676 x (glucose pg - mL™")
+0.0013

Monosaccharide composition of carbohydrate fractions.
Neutral monosaccharide composition was deter-
mined by gas chromatography linked with mass
spectroscopy (GC-MS). Polysaccharides and stan-
dards were hydrolyzed with 200 pL of 2 mol - L™
trifluoroacetic acid at 100°C for 3 h, dried under a
clean stream of nitrogen at 40°C, saponified with
1 mol - L™! ammonia (50 pL), and then reduced to
the corresponding alditols using 500 pL sodium
borohydrate-dimethyl sulfoxide. The reaction was
quenched with 50 pL. of glacial acetic acid for
10 min at room temperature. Alditols were acety-
lated with 1-methylimidazole (100 pL) and acetic
anhydride (1 mL) for 15 min at room temperature,
the reaction quenched with 500 uL. water, and
extracted with 500 uL. of HPLC grade dichlorome-
thane. These derivatized monosaccharide mixtures
were dried under clean nitrogen gas at 40°C and re-
dissolved in 50-250 uL. of HPLC grade dichlorome-
thane (depending upon concentration). Three
microliter of each sample was injected into a Finni-
gan Trace GC Ultra DSQ quadrupole GC-MS.
Monosaccharide separation was carried out using a
RT-2330 column with a temperature gradlent of 65°
C for 0 min, increasing by 8°C - min~ " to 240°C for
2 min, then increasing by 4°C - min~' to 250°C for
10 min. Inositol was used as the internal standard.
Response factors were calculated for each sugar with
respect to inositol, and monosaccharides were iden-
tified according to their retention time, response
factor, and mass spectra, and were quantified using
rhamnose (Rha), fuctose (Fuc), ribose (Rib), arabi-
nose (Arab), xylose (Xyl), mannose (Man), galac-
tose (Gal), glucose (Glc), and inositol as standards
that underwent the same hydrolyzation and acetyla-
tion procedure. The CV among replicate subsam-
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ples for the derivitization and measurement by GC-
MS was <5%.

Data and statistical analysis. To compare differ-
ences in carbohydrate and EPS production and
composition between species, and between cells in
different physiological states, we grouped data for
each species into two periods, that is, active growth
phase and stationary phase, on the basis of changes
in cell density, and patterns in photophysiology (f,/
Fy, Opsi, Toa), giving periods of active growth (d 3,
7, 10, 14, and 17 for Synedropsis, d 3, 7, 10, and 14
for F. curla, and d 7, 10, and 14 for F. ¢ylindrus) and
stationary phase (d 24 for Synedropsis, d 17 and 28
for F. curta, and d 17 and 28 for F. c¢ylindrus) for
each species.

Statistical analyses were conducted using SPSS®
18.0 (IBM Corporation, NY, USA). Significant differ-
ences were determined using #test and analysis of var-
iance (ANOVA, with Tukey’s post hoc tests).
Normality of the samples was checked, but the
assumption of normality could not be rejected in any
case. All statistically significant differences quoted are
at P < 0.05. Standard error (SE) is presented as a
measure of variability for all samples. PERMANOVA
Permutational Multivariate Analysis of Variance analy-
sis for EPS profiles were carried out in Primer 6,
whereas principal component and cluster analysis of
the relative monosaccharide composition were car-
ried out using MVSP v3.1 (Kovach Computing Ser-
vices, Anglesey, Wales).

RESULTS

Culture growth rates and changes in photophysiology. Cell
density (Fig. 1A-C) significantly increased over the
growth period for all three species (I%14 = 33.7 or
greater, all at P < 0.05). Maximum cell densities (at
P <0.01) were reached by Synedropsis (5.13 x 10°
cells - mL™"), with a maximum growth rate (u = SE)
of 0.28 d™' + 0.02 during d 0 to 3, and a minimum
growth rate of 0.01 d™! £ 0.002 between d 17 and 24
(Fig. 1A). Synedropsis showed no decline in I/,
until after d 10, after which FK/F, significantly
declined (in a linear fashion at approximately
2% d') until the end of the experiment at d 24
(Fig. 1A). I/ F, was negatively correlated with opspy
over the 24 d period (rng= —0.56, P<0.05), and
turnover time of QA (Tga) showed a significant
increase from ~1500 to ~2000 uS between d 7 and
10 (Fig. S1, see Supporting Information). Reductions
in growth rates and the significant drop in F/F, (to
50% of its starting value) by d 24 indicated the onset
of stationary phase.

Both Fragilariopsis species showed similar growth
curve patterns, reachin§ maximum cell densities
(4 x 10° and 3.4 x 10° cells - mL™" for F curta
and F. cylindrus, respectively) after 17 d of growth
(Fig. 1B and C). F. curta showed the highest rates
of growth during the first 10 d (u = 0.27 d~' + 0.01
from d O to d 3), after which growth rates declined

to a minimum rate (0.001 d~' £ 0.001, stationary
phase) between d 17 and 28 (Fig. 1B). F/F,, gradu-
ally declined in F. curta cultures, correlated with a
significant rise (by d 10) in opgy values over the
28 d period (rng = —0.72, P<0.001, Fig. S1). The
reductions in growth rate, F,/f,, and increases in
opsnr indicate that F. curta was experiencing nutrient
limitation and was in stationary phase after 14 d of
growth. After a 3 d lag phase, F. c¢ylindrus growth
rate reached a maximum of 0.16 d '+ 0.01
between d 3 and 7 (Fig. 1C). There were no further
increases in cell density after d 17, a change coin-
ciding with significant declines in F/F,, and a rise
in opgy (correlation between F,/F, and Gpg,
rns = —0.68, P < 0.01; Fig. S1), indicating nutrient
limitation and cessation of growth.

Carbohydrate yields and monosaccharide profiles of solu-
ble and cell-associated carbohydrate fractions. Colloidal
extracellular carbohydrates: All three diatoms species
produced substantial amounts of extracellular CC,
with significantly higher yields (pg C - cell™!) of
CHO¢¢ than in the HW, HB, or HA fractions
(Eg’17 = 170, F:g’l(; = 481, and FE),’“; = 104, P S 0.001
in all cases, for Synedropsis sp., I. curta, and F. ¢cylindrus,
respectively). CC (PSA sugars and AS combined)
contributed over 50% to the sum of carbohydrate
(XCHO) produced by each species (Table 1). A con-
sistent pattern for all species was a significant decline
in yield per cell of CC (both PSA-CHO and AS compo-
nents) when cells entered stationary phase (Fig. 2A
and B; Table 1).

Synedropsis sp. produced significantly higher con-
centrations of colloidal PSA-CHO per cell compared
to both Fragilariopsis species, (Fo93 =4.1 and
F5=10.3, t P < 0.05, for growth and stationary
phases, respectively). The CC of Synedropsis had low
amino-sugar content, ~8% of the total carbohydrate
(Fig. 2B). A similar balance was present (8% amino
sugar) in the CC produced by F. c¢ylindrus. In con-
trast, I curta produced significantly higher yields of
AS compared to the other two species (Fy1; = 22.8
and Fyg = 26.7 in growth and stationary phases,
respectively, at P < 0.001) during active growth, and
when in stationary phase, with approximately equal
proportions of PSA-CHO and AS in its CC (Fig. 2A
and B; Table 1).

The proportion of polysaccharides (CPs, after
dialysis, Fig. 3A) in the colloidal fraction was highest
in F. ¢ylindrus (>67%, Table 1). In comparison, only
20% of the high yield of CC produced during active
growth by Synedropsis sp. consisted of polysaccha-
rides >8 kDa (Fig 3A). During active growth,
F. curta produced extracellular CC consisting of
35% polysaccharides, and 65% small molecular
weight carbohydrates <8 kDa. Despite these differ-
ences between species in the amount and propor-
tion of polysaccharides produced during active
growth, all three taxa showed increases in concen-
trations of polysaccharides > 8 kDa when in station-
ary phase, with the proportion of polysaccharide
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increasing to 61, 39, and 78% for Synedropsis sp., I
curta, and F. cylindrus, respectively (Fig. 3A).

Ethanol solubility-based EPS fractionation showed
significant differences between the diatom species
in the proportions of highly insoluble, less-soluble,
and non-EPS polysaccharides in their CPs (Fig. 3B).
The CPs of Synedropsis sp. consisted of up to 74%
non-EPS or highly soluble EPS (% CHO7 190 and
% CHOjy 7o components), significantly higher pro-
portions that for the comparable polysaccharides of
F. curta or F. cylindrus. In contrast, the CPs produced
by both Fragilariopsis species consisted of signifi-
cantly higher proportions of the most insoluble,
highly complex EPS (% CHO,_so; Fig. 3B), and the
majority (65% and greater) of their polysaccharides

consisting of EPS of varying solubility rather than
non-EPS polysaccharides.

When Synedropsis sp. entered stationary phase, the
proportion of % CHOg 50 significantly decreased
(7fold) with an increase in less complex (%
CHOsp 79) and non-EPS polysaccharides (%
CHO%y_100). Conversely, F. curta showed an
increase in the percentage contribution of highly
insoluble EPS (% CHO,_3y) in its CPs when in
stationary phase (Fig. 3B). Overall, F. cylindrus had
the highest contribution (up to 80%) of EPS (%
CHOy 39 + % CHOg30.50 + % CHOj5p 70) in its CP
fraction, followed by F. curta (up to 70%) and
then Synedropsis sp. (up to 63%). PERMANOVA
revealed significant differences between Synedropsis
and the two Fragilariopsis species in the percentage
contribution of the different colloidal EPS frac-
tions (fo99 = 23.11 at P < 0.001); the proportions
of % CHOg_3p (highly insoluble EPS) followed by
the % CHOsy 79 (most soluble EPS) fraction
being responsible for most of the dissimilarity
between Synedropsis and Fragilariopsis species (SIM-
PER analysis).

Generally, all three species produced extracellular
colloidal heteropolysaccharides with Glc, Man, Gal,
and Xyl as major contributing sugars (Fig. 4A). The
ratios of monosaccharides in the CC-CPs fraction
differed for each species, e.g., the relative contribu-
tion of Glc was up to 57% in the Synedropsis sp. CC
fraction but only 30% and 25% for F. curta and
F. cylindrus, respectively. The monosaccharide com-
position of the CC fraction also changed with cell
growth phase. In Synedropsis, the relative abundance
of Man (17%—6%) and Xyl (8.3%—4.1%) decreased
(#testgy = 2.9 and 2.7 at P < 0.05 for Xyl and Man,
respectively) with corresponding increases in Glc
and Gal from the growth to stationary phase. Simi-
larly, the relative abundance of Glc declined from
growth to stationary phase in the CC fractions
produced by both Fragilariopsis species, associated
with a 2-fold increase in Man for F. curta and Xyl in
F. c¢ylindrus (Fig. 4A; Table 1).

Cell-associated intra- and extracellular carbohydrates: Synedr-
opsis sp. produced significantly higher concentrations
of HW extractable carbohydrate (CHOpw) per cell,
when compared to both of the Fragilariopsis species
(Fo93 = 4.01 at P<0.05) during active growth
(Fig. 2C). There were significant declines (P < 0.05)
in HW PSA-CHO yields (pg C - cell ') in stationary
phases for all species, with the lowest yields
(Fo.8 = 4.01 at P < 0.01) produced by F. curta in com-
parison to Synedropsis and F. cylindrus (Fig. 2C). Associ-
ated with these changes were decreases in the relative
abundance of Glc in the stationary phase HW (64%-—
58%, 52%—-40%, and 60%-53% of total monosaccha-
rides from growth phase to stationary phase in
Synedropsis, F. curta, and F. cylindrus, respectively;
Fig. 4B). Amino-sugar content was up to 11-fold less
than PSA-CHOpwy for all species (Table 1). For cells
in stationary phase, AS decreased 3-fold in Synedropsis
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Fic. 8. (A) Concentrations of phenol sulfuric acid quantified carbohydrates (PSA-CHO, eq. to mg - L™! Glc) in colloidal carbohydrate
(CC) and colloidal polysaccharides (CPs) fractions produced by Synedropsis (Syn), Fragilariopsis curta (Fet), and F. cylindrus (Feyl) and (B)
solubility-based (ethanol-precipitated) EPS profiles from CPS produced by all diatom species during periods of either active growth or sta-
tionary phase (mean * standard error, n = 15, three for Synedropsis sp; nine and six for Fragilariopsis spp. for growth and stationary phase
periods, respectively). Significant decreases in carbohydrate concentration after dialysis at *P < 0.05, and ***P < 0.001, are indicated.

cultures (#testg) = 2.367, P < 0.05), whereas AS con-
centrations increased (ttestiz) = 2.8 at P < 0.05) by a
similar proportion in F. ¢ylindrus cultures (Fig. 2D).

Hot water fractions in all species were enriched
with glucose, with Glc generally exceeding 50% of
total monosaccharides (Fig. 4B). In contrast to the
composition of the other carbohydrate fractions,
the relative abundance of Rib was significantly
(P <0.001) higher in the HW fraction extracted
from all three diatom species, particularly in the
HW fraction extracted from Fragilariopsis species
where Rib was the second most abundant monosac-
charide after Glc (18% and 15% in F. curta and
F. cylindrus, respectively; Fig. 4B).

Yields of cell-bound extracellular EPS isolated
using HB digestion were substantially lower than CC
or HW yields for all three species (Fig. 2E). F. ¢ylin-
drus produced significantly higher yields in compari-
son to Synedropsis sp. and F. curta, (Fs40 = 49.1 and
F05 =11.2 for PSA-CHO and AS, respectively,
P<0.001). Yields of PSA-CHO in HB frac-
tions decreased in stationary phase in all species
(P<0.01), but there were significant increases
(P<0.05) in AS in both Fragilariopsis species in
stationary phase (by 2- and 4-fold for F. curta and
F. cylindrus, respectively, Fig. 2F). This increase
resulted in the HB carbohydrate present surrounding
F. ¢ylindrus cells in stationary phase consisting of over
62% of AS (Table 1).

The monosaccharide composition of HB extracted
from Fragilariopsis species in active growth was signifi-
cantly different (P < 0.05) from that of Synedropsis due
to differences in Man, Gal, and Rha. The highest
abundance of Gal was present in Synedropsis HB frac-

tions (Fsge = 110.7, P < 0.001), whereas both Fragilar-
iopsis species had Man as the most abundant
monosaccharide in their HB carbohydrate
(Ig98 = 42.25 and 20.00 at P < 0.001, F. curta and
F. cylindrus, respectively; Fig. 4C). Both Synedropsis
sp. and F. curtashowed reductions in the relative abun-
dance of Man between active growth and stationary
phases. In Synedropsis HB, Man decreased (¢7) = 2.9 at
P <0.05) and Fuc increased in relative abundance
(ty = 2.5 at P<0.05). In F. curta HB, the relative
abundance of Man decreased (¢4, = 3.4 at P < 0.05)
with increase in Rha (¢4, = 5.6 at P < 0.01) and Fuc
(t) = 8.1 at P < 0.001, Fig. 4C; Table 1).

The yields of frustule-associated carbohydrate
extracted with HA were significantly higher in F. ¢yl
indrus compared to Synedropsis and F. curta (PSA-
CHO, F2’43 = 1796, P< 00001, AS, FQ’Q() = 132,
P <0.0001; Fig. 2G). Synedropsis produced a HA
fraction dominated by Xyl, Gal, Man, and Glc,
which was stable in terms of yield (both PSA-CHO
and AS) and monosaccharide content (Fig. 4D)
between growth and stationary phases. The HA frac-
tions of F. curta and F. cylindrus were dominated by
Man and Glc (Fig. 4D). Both Fragilariopsis species
showed a decline in PSA-CHO yields (P < 0.05) and
significant increases in AS yield per cell (P < 0.05;
Fig. 2G and H) between growth and stationary
phases, with the relative abundance of Glc signifi-
cantly increasing (P < 0.05) in the HA fraction of
both Fragilariopsis species (Fig. 4D; Table 1).

Comparison of monosaccharide composition EPS fraction
and field data. Principal component analysis of the
monosaccharide composition of the carbohydrate
fractions and of natural sea-ice samples from the
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FiG. 4. Relative abundance of neutral sugar monosaccharides
in dialyzed colloidal (CC), hot water (HW), hot bicarbonate
(HB), and hot alkali (HA) carbohydrates (CHO) extracted from
Synedropsis (Syn), Fragilariopsis curta (Fet), and F. cylindrus (Feyl)
during periods of active growth and stationary phases.

Weddell Sea, Antarctica (published in Underwood
etal. 2010), identified a number of groupings
(Fig. 5). Principal component 1 represented a gradi-
ent of decreasing relative abundance of Glc and
increasing Gal, Fuc, and Xyl. HW and HB samples
of all three diatom species were clustered at oppo-
site ends of this gradient. CPs (CC) from F. curta
and F. cylindrus were grouped with the HB samples
and with sea-ice brines. Whole melted ice cores,
algal-rich surface features (surface pools, slush, and
gaps, see Underwood et al. 2010) were grouped at
the glucoserich end of this gradient, along with
HW fractions from all three diatom species, and

Synedropsis sp. CC. Principal component 2 repre-
sented a gradient of decreasing Man and Xyl and
increasing Rib, Rha, and Gal, and separated the dia-
tom HA from the CC and HW fractions (Fig. 5).
Cluster Analysis (percent similarity) revealed two
major groups (A and B; Fig. S2 in Supporting Infor-
mation). Four subgroups of Cluster A contained
(A1) the HA fractions from diatom frustules, but no
field analogues; (A2) and (A3) were small groupings
containing alcoholfractionated sea-ice brines; and
(A4) the majority of the ice brine samples, CC from
both Fragilariopsis species and all HB fractions. Poly-
saccharides from melted Antarctic ice cores, HW
samples (all diatom species), and Synedropsis CC
were in cluster B and were characterized by high rel-
ative  abundance of glucose and ribose
(Fig. S2).

Effect of cold stress on growth and carbohydrate produc-
tion by F. cylindrus. The intrinsic growth rate of
F. ¢ylindrus growing at 0°C was significantly lower at
higher salinity (0.29 d™' + 0.01 and 0.15 d™' + 0.025
for 34 and 52 salinity cultures, respectively; Fig. 6).
When temperature reduced to —4°C (d 13-16),
growth rates declined further (0.10 d~' + 0.014 and
0.03d"'£0.01 for 34 and 52 salinity cultures,
respectively). Some further growth occurred at 34
salinity over the next 13 d. All 34 salinity flasks froze
when temperature was reduced to —8°C (Table Sl in
the Supporting Information). Flasks containing 34
salinity media (no diatoms) froze at —4°C (Table S1).
F. cylindrus grew slowly in 52 salinity media at —4°C,
and growth ceased at —8°C (Fig. 6). 52 salinity cul-
tures froze 1 d after temperatures were reduced to
—12°C (d 40, Table S1), but 52 salinity media blanks
froze at —8°C.

Yields of dissolved CC (pg C - cell ') in the 34
salinity cultures were comparable to yields in exper-
iment 1 (Figs. 7 and 2A), but were three times
higher for cells grown at 52 salinity (significant
salinity effect in experiment 2, P < 0.01). There
was no significant difference in HW carbohydrate
yield per cell in the two salinity regimes, although
values were lower than experiment 1. Yields of HB
carbohydrate were lower than in experiment 1, but
significantly more HB was produced by F. cylindrus
grown at a salinity of 52. HA yields were signifi-
cantly higher (at P < 0.001) in the 52 salinity
treatment (Fig. 7), and similar to those measured
in active growth in experiment 1, whereas 34 salin-
ity-grown cells had HA yields similar to stationary
phase F. c¢ylindrus in experiment 1 (Figs. 7 and
2H).

Influence of high molecular weight polysaccharides (xan-
than gum) on F. cylindrus growth under cold stress. Intrin-
sic growth rate of F. cylindrus was similar in controls
and xanthan treatments at a salinity of 34 (0.25
d™' £0.03 and 0.25 d' +0.01 for cultures with 1
and 5 g - L' xanthan, respectively) and 52 salinity
(0.13 d"' £ 0.01 and 0.133 d~' = 0.003 for cultures
with 1 and 5 g - L~ xanthan, respectively) at 0°C
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TasLE 1. Summary of key features of PSA carbohydrate [CHO] and amino-sugar [AS] yields cellfl, total carbohydrates, size
fractions, ratios of carbohydrates, and monosaccharide composition, changes between growth and stationary phases, and
differences between species for three ice diatom taxa, Synedropsis sp., Fragilariopsis curta and F. c¢ylindrus grown in batch cul-
ture at 0°C, salinity 34, at 71 pmol photons - m™

~ " 1rradiance.

Growth phases Parameters

Extracellular CHO
colloidal and EPS

Intracellular CHO hot
water extract

Extracellular cell-bound
CHO hot bicarb extract

Frustule-associated
CHO hot alkali
extract

Synedropsis
Growth phase
% to Y CHO
[CHO]*" yield

CHO:AS
Monosaccharide
(major sugars)
% CHO > 8 kDa
Stationary phase
% to YCHO
CHO yield
CHO:AS
Monosaccharide
(changes)
% CHO > 8 kDa
F. curta
Growth phase
% to Y CHO
CHO yield

CHO:AS
Monosaccharide
(major sugars)
% CHO > 8 kDa
Stationary phase
% to YCHO
CHO yield
CHO:AS
Stationary phase
% CHO > 8 kDa
F. cylindrus
Growth phase
% to Y CHO
CHO yield

CHO:AS
Monosaccharide
% CHO > 8 kDa
Stationary phase
% to YCHO
CHO yield
CHO:AS
Monosaccharide
% CHO > 8 kDa

67%
>F. curta and F. cylindrus

14:1
Glc

20%

62%

l[CHO]Ce“, l[AS]ceI]
13:1

1Glc, 1Gal, |Man

61%

75%

[AS]! > Synedropsis,
F. cylindrus

1:1

Man, Gal, Glc

35%

79%

L[CHO]CCU, l [As]cell

1:1

|Glc, [Man, 1Gal,

39%

53%

14:1
67%
40%
11:1

1Glec, tMan
78%

24%

>F. curta and
F. cylindrus

4:1

Glc

n.d.

23%

l [CHo](‘E”’ l [AS] cell
4:1

1Glc

n.d.
16%

11:1
Glc and Rib

n.d.

10%

l [CHO]cell
3:1

|Glc

n.d.

21%

11:1
Glc and Rib rich
n.d.

22%

l [CHo]CE”, T [AS] cell
7:2

1Glc

n.d.

3%

3:2
Gal Xyl, Man, Glc

n.d.

5%

i [AS] cell
5:3

[Man, 1Fuc

n.d.
6%

9:1
Glc, Gal, Xyl Man

n.d.

5%

i[CHO]ce“, T[AS] cell
8:3

|Man, TRha, 1Fuc
n.d.

14%
[CHOI“" > Synedropsis
F. curta [AS]*" >
Synedropsis F. curta
4:1
Glc, Gal, Xyl rich
n.d.

23
i [CHO]cell, T [AS] cell
1:2

n.d.

6%

2:1
Glc, Man, Gal, Xyl

n.d.
10%

7:4
|Man, 1Gal

n.d.
3%

13:2
Man, Glc, Xyl, Man

n.d.

6%

l[CHO]CCU, T[As]cell
1:1

1Glc, tRha, 1Gal
n.d.
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[CHOI“" > Synedropsis
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Synedropsis F. curta
2:1
Man and Glc rich
n.d.

15
4:5

1Glc
n.d.

(from d 0 to 13, Fig. 8). Reduction in temperature in
34 salinity treatments to —4°C caused a significant
reduction in growth rates (P < 0.001, controls 0.10
d'+0.014; 5g-L"' xanthan treatment 0.03
d™' £0.016), with growth virtually ceasing in
1g-L ' xanthan cultures. Both control and
1 g - L™ xanthan 34 salinity treatments froze at —8°C
(though 1 g - L' xanthan delayed freezing by 4 d,
Table S1). Cell densities declined in the 5 g - L™
xanthan treatment as temperatures were reduced to
—8°C and —12°C, and cultures froze after 10 d at
—12°C (Table S1).

The reduction in temperature to —4°C reduced
intrinsic growth rates in 52 salinity cultures in both
control (0.033 d~' + 0.015) and treatments (0.074
d™'+0.05 and 0.05 ' £0.01 for 1 and 5g - L™
xanthan treatments between d 13 and 16, respec-
tively). Cell densities continued to increase at very slow
rates at —8°C until approximately d 33 (Fig. 8). Con-
trol cultures at salinity of 52 froze after 1 d at —12°C,
with 1 g - L' xanthan cultures remaining liquid at
—12°C for a further 10 d. Cultures at 52 salinity with
5 g - L' xanthan treatments froze 2 d after tempera-
tures were reduced to —20°C (Table S1).
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Fic. 5. Scatter plot of components 1 and 2 from principal
components analysis of monosaccharide composition of different
carbohydrate fractions from cultures of the polar diatoms Synedr-
opsis (Syn), Fragilariopsis curta (Fct), and F. cylindrus (Feyl) during
active growth and during stationary phase (S), and from carbohy-
drate or EPS fractions measured in surface pools and features, in
sea-ice cores and sea-ice brine samples from Antarctic sea ice dur-
ing the 2004 ISPOL and 2006 WWOS cruises (data from Under-
wood et al. 2010). Vectors (inset) show the direction of
increasing relative abundance of glucose (Glc), ribose (Rib),
arabinose (Ara), rhamnose (Rha), galactose (Gal), fucose (Fuc),
xylose (Xyl), and mannose (Man).
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Fic. 6. Cell density of Fragilariopsis cylindrus under cold stress
treatments in media of salinity 34 and 52 (mean + standard
error, n= 3 at each time point). Flasks were diluted (1:1) with
fresh media after sampling on d 10 and 23 for salinity 34 and 52
treatments, respectively. Initial temperature was 0°C; temperature
was lowered to —4°C on d 13, and further decreased to —8°C and
—12°C on d 26 and 39, respectively. Cell enumeration ceased
once cultures were frozen (mean + standard error, n = 3 at each
time point).

DISCUSSION

The intrinsic growth rates for the three diatom
taxa at 0°C were similar to those for Nitzschia frigida
and Thalassiosira antarctica at —4°C (Aletsee and Jah-
nke 1992), although slightly lower than those for
F. cylindrus at 0°C (Krell et al. 2007). Growth rates
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Fic. 7. Average yield (pg C - cell™') of phenol sulfuric acid
quantified carbohydrates (PSA-CHO) in colloidal (CC), hot water
(HW), hot bicarbonate (HB), and hot alkali (HA) fractions of
Fragilariopsis cylindrus after 56 d, with temperatures reduced to
—20°C at final sampling point (mean * standard error, n =3 at
each time point for cell count, and n = 6 for carbohydrate analy-
sis). *, ** and *** indicate significant differences between salinity
treatments at P < 0.05, 0.01, and 0.001, respectively.
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Fic. 8. Effect of additional polysaccharide in growth media (0
to control, 0.1% and 0.5% w/v xanthan) on F. cylindrus growth
under cold stress (subzero levels) in media of salinity 34 and 52;
Initial temperature 0°C; lowered to —4°C on d 13, further
decreased to —8°C, —12°C, and finally to —20°C on d 26, 39, and
52, respectively. Cell counting for each culture was stopped after
it was frozen (mean =+ standard error, » = 3 at each time point).

are temperature dependant and the decreases in
rate we observed at lower temperatures agree with
previously reported responses (Mock and Valentin
2004, Krell et al. 2007). Cultures had been accli-
mated previously to the irradiance used (71 pmol
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photons - m~? - s'; similar to low levels found in

many sea-ice habitats; Sggaard et al. 2010, Petrou
and Ralph 2011) and the fluorescence parameters
provided no evidence of photoinhibition. All three
taxa showed declines in F,/F, and increases in the
effective cross-sectional area of PSII (opgyp) with
time, indicative of decreasing nitrogen availability
(Kolber et al. 1988, Bibby et al. 2008, Suggett et al.
2008), and corresponding slower growth, and
changes in carbohydrate yields. Sea-ice diatoms can
experience nutrient limitation within brine chan-
nels, associated with other physical and chemical
changes, which induce a suite of physiological
responses (Arrigo et al. 2010, Sggaard et al. 2010,
Thomas et al. 2010). The growth experiments pro-
vide the evidence that there are differences in the
characteristics of EPS secreted by ice diatoms when
in active growth and when cells become nutrient
limited.

EPS production by Synedropsis sp. F. curta and
F. cylindrus. All three species produced colloidal
extracellular heteropolysaccharides containing AS
and with a complex monosaccharide composition.
The constituent monosaccharides found were con-
sistent with those of extracellular polysaccharides of
other sea-ice (McConville et al. 1985, 1999) and
benthic diatom species (e.g., Chiovitti et al. 2003,
Underwood et al. 2004, Abdullahi et al. 2006). All
three species had higher PSA-CHO yields in their
growth phase compared with stationary phase, with
significant differences in allocation between species,
for example Synedropsis sp. produced higher concen-
trations of HW carbohydrates (both PSA-CHO and
AS) whereas F. cylindrus produced higher levels of
HB and HA carbohydrates. F. curta produced CC
with a high proportion of AS. Amino sugars (con-
stituents of the chitin spines of many centric dia-
toms) have rarely been detected in the soluble EPS
from pennate diatom species (Chiovitti et al. 2003).
Although the role that AS may play in EPS struc-
tural properties remains unclear, AS have been
detected in soluble polysaccharides produced by
bacteria (Mirelman et al. 1973, Orgambide et al.
1991) and fungi (Sandford et al. 1978). Synedropsis
sp. produced high yields of extracellular dCHO
compared to the Fragilariopsis species, but only 20%
of this was polysaccharide >8 kDa in size. The CPs
of Synedropsis sp. were mainly highly soluble EPS (%
CHO530 79) and non-EPS polysaccharides (% CHO~,
_100). This contrasts to the high proportion of high
molecular weight and insoluble EPS produced by
the two Fragilariopsis species.

Hot water fractions were enriched with Glc in all
three species, in accordance with other studies
(McConville et al. 1986, Bhosle et al. 1995, Wustman
et al. 1997, Staats et al. 1999, de Brouwer and Stal
2002, Chiovitti et al. 2003). Glc in HW extracts is
mainly present as 8-1,3 linked glucan (chrysolamina-
rin), a major storage carbohydrate for many
sea-ice diatom species (McConville 1985, McConville

et al. 1986), and we assume that chrysolaminarin is
the major polysaccharide in the HW extracts from
Synedropsis sp. and Fragilariopsis spp. Ribose was also
abundant in the HW extracts indicating some con-
tamination with nucleic acid (Chiovitti et al. 2003).
Other monosaccharides mainly Gal, Man, Xyl, and
Rha were also detected in HW fraction. These mono-
saccharides could have an extracellular origin (Chio-
vitti et al. 2004, Abdullahi et al. 2006), as there are
no reports of large quantities of any intracellular car-
bohydrate polymers other than chrysolaminarin in
diatoms (Bellinger et al. 2005). Declines in yield and
in Glc content of HW carbohydrate fractions are asso-
ciated with lower rates of photosynthesis (de Brouwer
and Stal 2002, Hanlon et al. 2006, Bellinger et al.
2009), and occurred when the cells entered stationary
phase. Declines in glucan concentrations have also
been found in natural Antarctic sea-ice assemblages
during nutrient limitation (McConville et al. 1985).
There were no significant differences in the
monosaccharide profiles of the CC and HB fractions
for both Fragilariopsis species, though Synedropsis sp.
HB did have a different composition compared to
its CC fraction. The monosaccharide profiles of
HB-extracted mucilages were heterogeneous, and
dominated by Xyl, Man, and Gal, similar to the HB
fractions of other diatom species (Chiovitti et al.
2005, Abdullahi et al. 2006). HB-EPS can form
mucilage pads, stalks, and gels that stain strongly
with alcian blue in culture (Abdullahi et al. 2006),
and probably represent much of the particulate
EPS, transparent exopolymer particles, and “muci-
lage sheets” observed in other culture and field
studies (e.g., Aletsee and Jahnke 1992, McConville
et al. 1999, Juhl et al. 2011, Krembs et al. 2011).
Both Fragilariopsis species produced high concen-
trations of AS in both HB and HA fractions,
which increased during stationary phase (and in
CC from F. curta). AS are also present in diatom
cell wall-associated polysaccharides (McConville
1985, Durkin et al. 2009) and chitin is a main car-
bohydrate component within the silica cell walls
of Thalassiosira pseudonana (Tesson et al. 2008).
The AS-rich carbohydrate polymer produced by
both Fragilariopsis species may be chitin, although
this does require further characterization. The
lack of ribose in the HB and HA extracts indi-
cates that most soluble intracellular contaminants
had been removed at this stage in the extraction
series. Both Fragilariopsis species (but not Synedrop-
sis sp.) produced a Man and Glcrich HA fraction,
indicating the possible presence of glucurono-
mannans. Substituted mannans with high concen-
trations of uronic acids are the most abundant
polysaccharides extracted with hot alkali (Wustman
et al. 1997, McConville et al. 1999, Chiovitti et al.
2005, Abdullahi et al. 2006), and are present in
the thin organic casing attached to the siliceous
wall (Volcani 1981). Although closely frustule asso-
ciated, the HA fraction did exhibit changes in
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composition during the shift into stationary phase,
including substantial increases in AS. The HA
fraction of Phaceodactylum tricornutum also changes
(with more sulfate and wuronic acid content)
during both phosphorus limitation and salinity
stress (Abdullahi et al. 2006).

The monosaccharide composition of EPS pro-
duced during growth phase differed to that in nutri-
ent-limited stationary phase (McConville et al. 1999,
Smith and Underwood 2000, Underwood et al. 2004,
Abdullahi et al. 2006). Yields of CC declined in both
Fragilariopsis taxa, with reduced Glc content in
stationary phase, and more structural monosaccha-
rides (xylose, mannose). Rheological properties of
polysaccharides (gel formation) are dependent on
physicochemical, structural (chain length, branching
patterns) and environmental conditions (Suzuki and
Tanaka 1990, Decho 1994, Chen and Hoffman 1995,
Verdugo 2012). In Synedropsis sp., stationary phase
CPs increased in Glc and Gal (low in gelling potential
(Zhou et al. 1998, Giroldo et al. 2003), and
decreased in Man (high gel potential), whereas for
both Fragilariopsis species, structural monosaccha-
rides such as xylose and mannose increased, changes
that could contribute to increasing the gelling prop-
erties of Fragilariopsis polysaccharides in brine chan-
nels (Krembs et al. 2002).

We hypothesized that differences in the ecologi-
cal niche of Fragilariopsis spp. and Synedropsis sp.
would be reflected in differences in their EPS.
This hypothesis was supported by the culture
experiments, and by comparison of EPS monosac-
charide profiles of cultures and carbohydrate frac-
tions from natural sea ice (Fig. 5). It is possible
that these are strain-specific differences, as we
have worked with single strains of each diatom
species and natural populations contain a range
of genetic variability (Evans et al. 2005). However,
both species within the genus Fragilariopsis showed
greater similarity to each other than to Synedropsis
sp., while Smith and Underwood (2000), using
multiple fresh field isolates of five diatom species,
found that EPS production and composition pat-
terns were highly consistent within isolates of spe-
cies.

Effect of cold stress and xanthan gum on growth kinetics
and EPS production rates. Fragilariopsis — cylindrus
growth declined at both higher salinity and with
decreasing temperatures. In broad agreement with
other studies (cf. Aletsee and Jahnke 1992, Krell
et al. 2007) growth did occur at —4°C but ceased at
—8°C, in all treatments. Strategies employed by
polar diatoms to remain physiologically active under
lower temperatures and increasing salinity include
altered protein expression, production of compati-
ble solutes, and the production of antifreeze pro-
teins (Mock 2002, Plettner 2002, Janech et al. 2006,
Krell et al. 2007, Arrigo et al. 2010). F. cylindrus pro-
duced similar yields of the various carbohydrate
fractions in the 34 salinity treatments in experi-

ments 1 and 2, despite the temperature reductions
in experiment 2. However, there were significantly
higher yields in the CC, HB, and HB fractions at
salinity 52. The diatoms Phaeodactylum tricornutum
and Cylindrotheca closterium show similar plasticity in
carbohydrate and EPS physiology, producing more
carbohydrate (especially in HB and in EDTA-
extracted fraction) under altered salinity conditions,
and show altered motility, increased aggregation,
and altered polymer chemistry (Abdullahi et al.
2006, Apoya-Horton et al. 2006).

Increased production rate of carbohydrates at low
temperatures and higher salinity conditions, and
altered EPS chemical composition when cell growth
becomes limited (either by temperature, nutrients,
or light) may be adaptations to resist freezing in
brine channels (Krembs and Deming 2008).
Increased carbohydrate production could increase
habitable space in brine channels, as solutes are
retained in sea ice by gelatinous EPS plugs, increas-
ing the liquid brine fraction in sea ice (Krembs
et al. 2002, 2011). The concentrations of dCHO
reached in experiment 2 (243 and 247 pmol
C-L") were equivalent to 4.9 and 5.1 mg
Xan - L™' (in 34 and 52 salinity cultures, respec-
tively). These values match concentrations of dis-
solved and total carbohydrate reported for natural
sea ice in both the Arctic and Antarctic (Dumont
et al. 2009, Underwood etal. 2010, Juhl et al
2011), although lower than total carbohydrate con-
centrations reported for bottom ice sections (up to
12 mg Xan - L' Krembs et al. 2011).

Addition of complex polysaccharides (xanthan
gum) resulted in a further lowering of freezing tem-
perature, in addition to the impact of the diatoms
and their own secretions (including ice-binding pro-
teins and other antifreeze components as well as
polysaccharides, Janech et al. 2006, Arrigo et al.
2010). Addition of high molecular weight polysaccha-
ride (xanthan) expanded the temperature “window”
where media remained liquid from —8 to —12°C and
from —12 to —20°C in 34 and 52 salinity cultures,
respectively. Algal EPS, bacterial EPS, and xanthan
gum all alter sea-ice formation, with natural EPS from
the filamentous diatom Melosira arctica having the
greatest influence on salt retention and increased
brine-channel tortuosity (Krembs et al. 2011). The
physics of ice formation in the presence of EPS (and
its associated antifreeze proteins) is not well under-
stood (Wettlaufer 2010), but an EPS matrix can
reduce ice nucleation and crystal growth, creating a
sphere on nonfreezing water bound up in a polysac-
charide-electrolyte system surrounding cells (Krembs
and Deming 2008), while potentially limiting algal
growth due to restricted diffusion of nutrients (F. ¢yl
indrus had significantly lower growth rates, particu-
larly once temperatures were reduced to —4°C, when
in a matrix of xanthan gum). The more complex and
insoluble EPS (in the CC, HB, and HA fractions) pro-
duced by F. curta and F. cylindrus, particularly when
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cell growth is restricted, and enhanced at higher
salinity would appear to fulfill the requirements of a
protective gel.

Diatom EPS and sea-ice EPS. Polysaccharides can
undergo reversible phase transitions from soluble
forms into hydrated and then to condensed gels, in
response to changes in the ionic, pH, and tempera-
ture conditions of the environment (Suzuki and
Tanaka 1990, Decho 1994), and changes induced
by the environment of the brine channel may lead
to the formation of structures (e.g., physical gels)
that provide protection for diatoms (Krembs and
Deming 2008, Thomas et al. 2010, Verdugo 2012).
Secretion of highly complex EPS in a dissolved
form by diatoms (as seen in our experiments) may
be a first response in their adaptation to the condi-
tions of elevated salinity and freezing temperatures
in sea-ice brines. Such extensive extracellular pro-
duction would contribute to the observed strands
and plugs of particulate gels seen in natural sea ice
(Juhl et al. 2011, Krembs et al. 2011).

Similarity in monosaccharide composition of the
Fragilariopsis HB and CC fractions (but not of the
Synedropsis sp. CC) with that of brine samples from
Antarctic sea ice (Underwood et al. 2010), suggests
a relationship between these culture-derived diatom
EPS and natural sea-ice material. HW fractions from
all three diatoms were clustered with glucose-rich
melted ice core samples and surface ice features
(Fig. 5), both of which were associated with higher
Chl a and/or lowermost ice layers in natural sea ice
(Underwood et al. 2010). The carbohydrate content
of melted ice cores was enriched in the more solu-
ble EPS components, with high glucose content,
particularly when algal biomass was high. Melted ice
core samples may contain intracellular chrysolamin-
arin released by brine-channel diatoms, possibly due
to nonfatal osmotic shocks during melting (Arrigo
et al. 2010, Mikkelsen and Witkowski 2010). How-
ever, monosaccharide composition only provides
basic information about the polysaccharides and
more detailed structural analysis of these fractions
is required to determine the structural similarities
and differences in polysaccharides produced during
different growth phases and present in natural sea
ice.

CONCLUSION

This is the first study to characterize and compare
the carbohydrates and EPS produced by three dia-
tom species commonly associated with sea ice
during different growth stages of growth. All three
species produced chemically different heteropoly-
saccharides in both colloidal and cell-associated
fractions; (highly complex EPS to non-EPS) with
changes in the chemical composition of these poly-
saccharides produced by cells entering stationary
phase in all cases. The sugar monosaccharide pro-
files of these different fractions had close similarity

to EPS characterized in Antarctic sea ice. Both Fragi-
lariopsis species produced highly complex EPS in
comparison to Synedropsis sp., properties that would
enhance survival of these taxa within sea-ice brine
channels. Increased production of extracellular car-
bohydrates by diatom species appears to be a valid
strategy to acclimate to cold stress under saline con-
ditions. This hypothesis is further confirmed by the
action of high molecular weight polysaccharides
(xanthan) in resisting freezing and contributing to
cell survival compared to cultures grown without
xanthan. The actual mechanisms by which EPS
enhance cell survival, and how these particular phys-
iological responses are integrated with other known
survival strategies of polar diatoms remain to be
resolved, but our results support the hypothesis that
diatom EPS plays an important protective role in
the ecology of autotrophic biofilms growing on and
within polar sea ice.
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Supporting Information

Additional Supporting Information may be
found in the online version of this article at the
publisher’s web site:

Figure S1. Functional absorbance cross-section
of PSII (opgr) and the rate of reoxidation of the
primary quinine acceptor QA) of Synedropsis sp., I.
curta, and F. cylindrus cultures grown over 24 d
(Synedropsis sp.) and 28 d (Fragilariopsis species)
(mean =+ standard error, n =3 for each time
point).

Figure S2. Scatter plot of components 1 and 2
from Principal Components Analysis of monosac-
charide composition of different carbohydrate
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fractions from cultures of the polar diatoms
Synedropsis sp., I. curta, and F. cylindrus and from
Antarctic sea-ice samples, coded by % similarity
cluster analysis into groupings. Major groups
(A and B) have a dissimilarity of 42% and inter-
nal similarity of 60% or greater. Cluster A con-
tained four subgroups: Al (36% dissimilar to the
rest of cluster A, 70% similarity within group),

clusters A2 and A3, and A4 (all > 80% similar
within subgroups).

Table S1. Freezing temperatures for blanks and
F. c¢ylindrus cultures grown in different salinities
(34S and 52S) without (control) and with xan-
than treatments (1 and 5 g. LY.




