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Abstract The ubiquity and high productivity
associated with blooms of colonial Phaeocystis
makes it an important contributor to the global
carbon cycle. During blooms organic matter that
is rich in carbohydrates is produced. We distin-
guish five different pools of carbohydrates pro-
duced by Phaeocystis. Like all plants and algal
cells, both solitary and colonial cells produce (1)
structural carbohydrates, (hetero) polysaccha-
rides that are mainly part of the cell wall, (2)
mono- and oligosaccharides, which are present as
intermediates in the synthesis and catabolism of
cell components, and (3) intracellular storage
glucan. Colonial cells of Phaeocystis excrete (4)
mucopolysaccharides, heteropolysaccharides that
are the main constituent of the mucous colony
matrix and (5) dissolved organic matter (DOM)
rich in carbohydrates, which is mainly excreted by
colonial cells. In this review the characteristics of
these pools are discussed and quantitative data
are summarized. During the exponential growth
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phase, the ratio of carbohydrate-carbon (C) to
particulate organic carbon (POC) is approxi-
mately 0.1. When nutrients are limited, Phaeo-
cystis blooms reach a stationary growth phase,
during which excess energy is stored as carbohy-
drates. This so-called overflow metabolism in-
creases the ratio of carbohydrate-C to POC to
0.4-0.6 during the stationary phase, leading to an
increase in the C/N and C/P ratios of Phaeocystis
organic matter. Overflow metabolism can be
channeled towards both glucan and mucopoly-
saccharides. Summarizing the available data
reveals that during the stationary phase of a
bloom glucan contributes 0-51% to POC,
whereas mucopolysaccharides contribute 5-60%.
At the end of a bloom, lysis of Phaeocystis cells
and deterioration of colonies leads to a massive
release of DOM rich in glucan and mucopolysac-
charides. Laboratory studies have revealed that
this organic matter is potentially readily degrad-
able by heterotrophic bacteria. However, obser-
vations in the field of accumulation of DOM and
foam indicate that microbial degradation is ham-
pered. The high C/N and C/P ratios of Phaeocystis
organic matter may lead to nutrient limitation of
microbial degradation, thereby prolonging degra-
dation times. Over time polysaccharides tend to
self-assemble into hydrogels. This may have a
profound effect on carbon cycling, since hydro-
gels provide a vehicle to move DOM up the size
spectrum to sizes subject to sedimentation. In
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addition, it changes the physical nature and
microscale structure of the organic matter
encountered by bacteria which may affect the
degradation potential of the Phaeocystis organic
matter.

Keywords Carbohydrates - Glucan - Hydrogels -
Mucilage - Phaeocystis - TEP

Introduction

Phaeocystis (Prymnesiophyceae) is a marine phy-
toplankton genus with a worldwide distribution.
It is present from tropical to polar regions and can
form blooms in areas with high nutrient concen-
trations, such as coastal or upwelling regions
(Baumann et al. 1994; Lancelot et al. 1998;
Schoemann et al. 2005). One of the characteris-
tics of Phaeocystis species is the complex poly-
morphic life cycle. It consists of different stages of
free-living cells 3-9 um in diameter, alternating
with colonial stages usually reaching several mm
in diameter (Kornmann 1955; Rousseau et al.
1994; Peperzak et al. 2000), sometimes up to 3 cm
(Chen et al. 2002). Although free-living Phaeo-
cystis cells are ubiquitous in the world’s oceans, it
is the colonial form that has attracted most
attention due to its massive blooms (Lancelot
et al. 1987; Schoemann et al. 2005). At present six
Phaeocystis species have been described (Zingone
et al. 1999) of which only three are reported to
form blooms; P. globosa in temperate regions
(English Channel, coastal North Sea, China),
P. pouchetii in temperate to polar waters of the
Northern hemisphere, and P. antarctica in
(sub)polar waters of the southern hemisphere
(Schoemann et al. 2005). During blooms Phaeo-
cystis may contribute over 90% to the total
phytoplankton abundance and can be responsible
for up to 65% of the local annual primary
production (Joiris et al. 1982; Veldhuis et al.
1986b; Lancelot and Mathot 1987; Arrigo et al.
1999). The high productivity associated with
blooms and its ubiquity make Phaeocystis an
important contributor to the global carbon cycle
(Smith et al. 1991; Arrigo et al. 1999; DiTullio
et al. 2000; Schoemann et al. 2005). A significant
part of the Phaeocystis carbon consists of
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carbohydrates (Lancelot and Mathot 1987; Rous-
seau et al. 1990; Fernandez et al. 1992; Mathot
et al. 2000). This vast carbohydrate injection
following Phaeocystis blooms has a significant
impact on the carbon cycling in the ecosystem and
the microbial food web. Carbohydrates are omni-
present in the marine ecosystem, as they are an
important constituent of marine DOM (Benner
et al. 1992) and particles and therefore play a key
role in the marine carbon cycle. Carbohydrates
display a remarkable structural diversity as a
consequence of the wide variety in aldoses and
the different glycosidic bonds between them.
These differences in structure and size influence
the behavior of polysaccharides in aqueous solu-
tion, i.e., solubility and aggregate formation, as
well as microbial degradation potential. To
understand the impact of the carbohydrate injec-
tion after a Phaeocystis bloom on the carbon
cycling in the ecosystem, it is important to
consider the different types of carbohydrates that
are produced. In the following sections we will
first discuss the current state of knowledge with
respect to the characteristics and quantities of
different pools of carbohydrates produced during
the various life cycle stages. Secondly, mecha-
nisms of DOM release during and following a
bloom will be discussed, and finally, the fate of
carbohydrates in the microbial food web.

Phaeocystis carbohydrates and their
characteristics

Carbohydrates in algae and plants are often
classified based on methodological discrimina-
tion. The structural carbohydrates are not water-
soluble, whereas the other types of carbohydrates
are water-soluble and typically extracted by hot
water. In Phaeocystis five different pools of
carbohydrates can be distinguished. Like all algal
and plant cells, both solitary and colonial cells
produce (1) structural carbohydrates, polysaccha-
rides that are mainly part of the cell wall, (2)
mono- and oligosaccharides, which are present as
intermediates in the synthesis and catabolism of
cell components, and (3) intracellular storage
glucan. Colonial cells of Phaeocystis excrete (4)
mucopolysaccharides, heteropolysaccharides that
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are the main constituent of the mucous colony
matrix and (5) dissolved organic matter (DOM)
rich in carbohydrates, which is excreted mainly by
colonial cells. A schematic on the procedure to
extract the different types of particulate carbohy-
drates is depicted in Fig. 1.

Structural polysaccharides

In most algae and plants, structural carbohydrates
are water-insoluble polysaccharides that are
mainly present as cell wall constituents. Although
Phaeocystis cells do not have a prominent cell
wall, flagellate Phaeocystis cells are covered with
body scales consisting of flat plates with a pattern
of radiating ridges (Parke et al. 1971; Moestrup
1979; Hallegraeff 1983; Baumann et al. 1994). In
two other haptophytes, Pleurochrysis scherfelii
and Chrysochromulina chiton, the scales contain
acidic, sulfated pectin-like polysaccharides,

cellulose and glycopeptides (reviewed by Lead-
beater 1994). Likely, Phaeocystis scales contain
similar polysaccharides.

In addition to cellular structural carbohydrates,
flagellate cells of Phaeocystis excrete filaments
composed of a-chitin, an N-acetyl-pD-glucosamine
polymer, forming star-like structures. In electron
microscopic studies, five-rayed filamentous stars
were observed around flagellate cells of P. pouch-
etii, P. antarctica, P. globosa, and P. cordata,
whereas nine-rayed stars were observed around
P. scrobiculata (Parke et al. 1971; Moestrup 1979;
Baumann et al. 1994; Chretiennot-Dinet et al.
1997; Zingone et al. 1999). The biological function
of the chitin filaments remains a mystery up to now
(Chretiennot-Dinet et al. 1997).

The only quantitative data available on the
contribution of structural carbohydrates to Phae-
ocystis biomass are from a culture of Phaeocystis
sp. in the stationary phase, where structural

Quantification of total carbohydrates o Structural carbohydrates
containing: * Monosaccharides
e Glucan

* Mucopolysacchides

A

Phaeocystis cells on filter

A

Hot-water extraction of water-soluble carbohydrates

A4 A

A 4 A 4

Quantification of Quantification by
water-soluble TPTZ analysis
carbohydrates discriminates:
containing: ¢ Monosaccharides
¢ Monosaccharides And:

¢ Glucan ¢ Glucan

* Muco- © Muco-
polysaccharides polysaccharides

Aldose Ethanol precipitation of
composition mucopolysaccharides
analysis -
GC or HPLC

A 4

Quantification of each
fraction discriminates
¢ Muco-

Fig. 1 Schematic representation of procedures to obtain
different types of particulate carbohydrates from Phaeo-
cystis cells concentrated on a filter. Total carbohydrates
can directly be quantified colorimetrically. Water-soluble
carbohydrates are typically extracted in hot water. They
can be quantified colorimetrically. The 2.4,6-tripyridyl-s-
triazine (TPTZ)-analysis (Myklestad et al. 1997) discrim-
inates monosaccharides from larger carbohydrates. The

polysaccharides
and

¢ Monosaccharides
e Glucan

aldose composition of water-soluble carbohydrates can be
analyzed by gas chromatography (GC) or anion-exchange
high-pressure  liquid chromatography (AE-HPLC).
Mucopolysaccharides can be separated from glucan and
monosaccharides by ethanol precipitation (Alderkamp
et al. 2006a), followed by colorimetric quantification of
each fraction

@ Springer



102

Biogeochemistry (2007) 83:99-118

carbohydrates made up for 13% of the total
organic carbon (TOC) (Biersmith and Benner
1998).

Mono- and oligosaccharides

Monosaccharides are the first products of pho-
tosynthesis and form the precursors for biosyn-
thesis of all organic molecules, whereas
oligosaccharides are intermediates in polysac-
charide synthesis. During catabolism of storage
glucan, monosaccharides are formed as interme-
diates (Granum and Myklestad 1999). In addi-
tion to intermediates in metabolic processes,
monosaccharides serve a role in osmoregulation
(Craigie 1974; Dickson and Kirst 1987a, b). The
monosaccharide concentration in phytoplankton
cells is quite stable; for example in diatoms
monosaccharide concentration was hardly influ-
enced by light (Varum et al. 1986; Van Oijen
et al. 2003). During the growth phase of a bloom
of P. globosa in the Marsdiep, The Netherlands,
the monosaccharides made up for 28-60% of
water-extractable  particulate  carbohydrates
(Alderkamp, unpublished data). This ratio was
similar to an Antarctic community dominated by
diatoms (Van Oijen et al. 2003).

Storage glucan

The principle food reserve in plants and algae is
an intracellular food reserve in the form of a
glucan, whereas some energy can be stored in
lipids. Storage glucans may be o-1,4-glucans like
starch or glycogen, or f-1,3-glucans like lami-
narin. The actual type of glucan is an important
taxonomic characteristic. The class of Prymnesi-
ophyceae contains f-1,3-glucan (Van den Hoek
et al. 1993). f-1,3-glucans have an essentially
linear f-p-1,3-glucan backbone with some branch-
ing at position 6 or 2 (Percival 1970; Craigie 1974;
Myklestad 1978; Paulsen and Myklestad 1978).
They can be classified as laminarin (also spelled
laminaran), paramylon, or chrysolaminaran, dis-
tinguished mainly on the basis of chain length and
presence of mannitol end groups. Laminarin has a
degree of polymerization (DP-number of aldoses
in the molecule) of approximately 20, contains
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mannitol-end groups, and is water-soluble. It is
found in brown algae. Paramylon has a DP of
more then 50, and does not contain mannitol end-
groups or side chains. It is water-insoluble, and is
found in euglenophytes (Manners et al. 1966).
Chrysolaminaran (also called leucosin) has a DP
of 16-38, contains no mannitol end-groups and is
water-soluble. It is found in chrysophytes, hapto-
phytes and diatoms (Myklestad and Haug 1972;
Craigie 1974; Paulsen et al. 1978; Myklestad 1978,
1988). A different glucan structure has been
found in the prymnesiophycean Emiliania hux-
leyi, that consists of a f-p-(1,6)-glucan backbone
with branching at position 3 (Varum et al. 1986).
Phaeocystis cells contain chrysolaminaran as a
storage glucan (Janse et al. 1996b). Chrysolamin-
aran is located in vacuoles, as was observed
microscopically in Phaeocystis (Kornmann 1955;
Parke et al. 1971; Chang 1984) and using immu-
nolocalization of -1,3-p-glucan in cell sections of
the diatoms Phaeodactylum tricornutum, Cilind-
rotheca fusiformis and Thalassiosira pseudonana
(Chiovitti et al. 2004). Due to its presence in
ubiquitous bloom-forming phytoplankton chry-
solaminaran it is considered to be one of the most
abundant types of carbohydrate in the marine
environment (Painter 1983).

Chrysolaminaran was characterized as princi-
pal storage glucan in a non-colony-forming strain
of P. globosa that contained mainly non-flagel-
lated cells (Janse et al. 1996b). In this strain, 95%
of the water-extractable carbohydrates consisted
of glucose and all glucose polymers were digested
by the enzyme laminarinase (E.C. 3.2.1.6 from
Trichoderma sp.). This enzyme preparation con-
tained endo-f-1-3 glucanase activity and some
chitinase, cellulase and az-amylase activity. Lam-
inarin from the brown seaweed Laminaria digita-
ta was digested to monosaccharides by this
enzyme preparation. In colony-forming strains
of P. globosa, however, no more than 40-70% of
glucose polymers were digested (Van Rijssel
et al. 2000; Alderkamp et al. 2006a). The reason
for this partial digestion may be differences in the
type of chrysolaminaran produced by single cells
and colonial cells, e.g., with respect to polymer
size or number of branches. Therefore, chrysol-
aminaran from colonial cells may not be fully
degraded by the enzyme laminarinase. Alterna-
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tively, there may be a different type of glucan
produced by colonial Phaeocystis cells.

In all plants photosynthetic rates exceed met-
abolic demands when irradiance is optimal. The
excess energy thus harvested is stored mainly as
glucan. This glucan can be used as a respiratory
substrate to maintain growth when irradiance is
suboptimal, for example during the night. Chry-
solaminaran is produced in the light and its
production is dependent on light intensity. Noc-
turnal respiration of chrysolaminaran provides
energy to maintain cell metabolism and its carbon
skeletons can be used for protein synthesis (Cuhel
et al. 1984; Lancelot and Mathot 1985; Janse et al.
1996b; Granum et al. 1999; Granum and Mykles-
tad 2001; Van Oijen et al. 2004b; Alderkamp
et al. 2006a). Diel rhythms in storage carbohy-
drate concentrations have been well documented
in laboratory cultures of diatoms (Hitchcock
1980; Varum et al. 1986; Van Oijen et al.
2004b), field populations of pelagic marine phy-
toplankton dominated by diatoms (Barlow 1982;
Hama and Handa 1992, Van Oijen et al. 2004b)
and mesocosms dominated by P. pouchetii (Al-
derkamp et al. 2006a). Notably the diel variations
in carbohydrate concentrations are a direct result
of the wvariations in light intensity, but diel
carbohydrate dynamics may also be the result of
an intrinsic circadian clock (Post et al. 198S5;
Falkowski and Raven 1997). This was shown by
Loogman (1982), who found that the diel dynam-
ics in carbohydrate concentrations introduced by
a diel light cycle, continued for several days after
the light was switched to a continuous regime.

Under normal bloom conditions, Phaeocystis
will experience varying light conditions during the
day. On top of the diel light cycle, vertical mixing
in the water column may mix colonies down to
suboptimal light conditions, or even below the
euphotic zone (Joint and Pomroy 1993; Arrigo
et al. 1999; Wassmann et al. 2000). A capability to
utilize stored energy is therefore likely to be
important during the day as well as during the
night. This may be relevant for Phaeocystis, since
P. antarctica blooms occur in regions with deep
wind-mixing (Arrigo et al. 1999), and P. globosa
blooms often occur in turbid waters with high
mixing rates, such as the coastal North Sea and
estuaries. During sudden transitions from high to

low light levels, carbohydrates can provide energy
until cells are acclimatized to the new situation, as
was shown in the diatom Thalassiosira weisflogii
(Post et al. 1985). This was, however, not con-
firmed during a mesocosm study of P. pouchetii.
Carbohydrate concentrations were unaffected by
placing cells at low irradiances or in the dark
during the day (Alderkamp et al. 2006a).

Upon nutrient limitation excess energy and
carbon tend to accumulate as storage glucan,
because the Calvin cycle and the tricarboxylic
acid (TCA) cycle are uncoupled. Carbohydrate
accumulation has been observed during the sta-
tionary growth phase of a single cell culture
(Janse et al. 1996b), colonial cultures (Van Rijssel
et al. 2000), and a bloom of P. globosa (Veldhuis
et al. 1986a), and at the end of P. pouchetii
blooms in mesocosms (Alderkamp et al. 2006a).
This so-called overflow metabolism under nutri-
ent limitation is common in phytoplankton
(Myklestad 1974, 1988). It leads to an increased
contribution of carbohydrates to the organic
matter produced during bloom and an increased
C/N ratio. Whereas the C/N ratio of exponentially
growing free-living Phaeocystis cells and colonies
is 4-7 (reviewed by Schoemann et al. 2005), C/N
ratios as high as 20.5 were reported in nutrient
limited mesocosms of P. pouchetii (Verity et al.
1988), 17.5 during blooms of P. pouchetii, and 30
during blooms of P. globosa at low ambient
inorganic nitrogen concentrations (Baumann
et al. 1994). Energy and carbon produced during
overflow metabolism in Phaeocystis can be chan-
neled towards both glucan and mucopolysaccha-
rides. During the stationary phase of a
P. pouchetii bloom in mesocosms the ratio
glucan/mucopolysaccharides increased (Alder-
kamp et al. 2006a), whereas it decreased during
the stationary phase of cultures of colonial
P. globosa (Van Rijssel et al. 2000).

Blooms of P. antarctica occur in regions where
trace metals, notably iron, are limiting phyto-
plankton growth (Martin et al. 1990; Coale et al.
2003, Schoemann et al. 2005). The effect of iron
limitation on the overflow production by
P. antarctica is largely unknown. Since iron
limitation directly affects the photosynthetic pro-
cess (Geider and La Roche 1994) the production
of carbohydrates is likely to be hampered,
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thereby decreasing the overflow metabolism.
Indeed, the diurnal production of water-extract-
able carbohydrates was reduced under iron lim-
itation in the Antarctic diatom Chaetoceros brevis
(Van Oijen et al. 2004a) and in an iron-limited
phytoplankton community in the Southern
Ocean, dominated by diatoms (Van Oijen et al.
2005). In accordance with these findings, only a
minor increase in C/N ratio of P. antarctica was
reported upon nutrient limitation in enclosures in
the Ross Sea, where iron limitation is likely to
occur (Smith et al. 1998). Therefore, it is unlikely
that the overflow production under iron limitation
will be as dramatic as under nitrogen or phos-
phorus limitation.

From the above it is clear that the concentra-
tion of storage glucan in phytoplankton is highly
variable; it is dependent on the time of the day,
light intensity and nutrient status of the cell. To
evaluate the contribution of glucan to Phaeocystis
carbon, quantitative data were compiled on the
contribution of glucose to the aldose composition
of particulate water-extractable carbohydrates
(Fig. 1; Table 1a). Assuming that mucopolysac-
charides consist of 10% glucose (Janse et al.
1999), the remaining glucose can be attributed to
glucan. This leads to a highly variable contribu-
tion of glucan to the particulate water-extractable
carbohydrate fraction of Phaeocystis colonies.
During the exponential growth phase glucan
contributes 14-85% and during the stationary
phase 0-85%, both in culture and field samples.
Alternatively, glucan and mucopolysaccharides
were separated based on polymer size differences
by ethanol precipitation (Fig. 1). During the
growth phase of a P. pouchetii bloom in a
mesocosm, glucan contributed 46-78% to partic-
ulate water-extractable carbohydrates, depending
on the time of the day. This increased to 82%
during the stationary phase of the bloom (Al-
derkamp et al. 2006a). To compute the contribu-
tion of glucan to colonial Phaeocystis POC, the
carbohydrate-C/POC ratio of Alderkamp et al.
(2006a) was used (Table 2). This leads to a
contribution of glucan-C to POC of 2-11% during
exponential growth, dependent on the time of the
day. During the stationary phase the contribution
ranges between 0% and 51%. The results are
summarized in Table 3. In a non-colony-forming,
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non-flagellate strain of P. globosa, chrysolamina-
ran contributed 40% to TOC during the station-
ary phase (Janse et al. 1996b).

Mucopolysaccharides

The mucus matrix of Phaeocystis colonies consists
predominantly of hetero-polysaccharides (Guil-
lard and Hellebust 1971; Painter 1983; Lancelot
and Mathot 1985; Eberlein et al. 1985; Van
Boekel 1992). The mucopolysaccharides consist
of at least nine different aldoses, are water-
soluble, and polymers are larger than 1,000 kDa
(Janse et al. 1999). Qualitative staining of the
colony matrix indicated the absence of lipophilic
compounds and chitin, but the presence of amino
groups (Hamm et al. 1999). Matrix-assisted laser
desorption/ionization (MALDI) analysis showed
that N was not proteineous, but probably present
in aminosugars (Solomon et al. 2003). The pres-
ence of the aminosugar sialic acid was confirmed
by aminolabeling (Orellana et al. 2003). The
presence of aminosugars may affect the C/N ratio
of mucopolysaccharides, leading to a small dif-
ference between C/N ratios of single cells and
colonial cells (Verity et al. 1988). Verity et al.
(1991) concluded that the C/N ratio of the mucus
constituents is lower than 9, whereas Biersmith
and Benner (1998) measured a C/N ratio of 15.6
in the fraction containing mucopolysaccharides.
The aldose composition of P. globosa and P.
pouchetii carbohydrates has been studied in
bloom samples and in strains from different
origins (Table 1a). The main non-glucose aldoses
are arabinose, galactose, mannose and xylose. In
addition, a minor contribution of rhamnose was
detected in all samples, whereas fucose, ribose, O-
methylated hexoses, O-methylated pentoses and
glucuronic acid were detected in some samples
only. The glucosamine detected by two groups
may have been derived from copepod chitin
contamination in the samples. The aldoses de-
tected in Phaeocystis material are the same as
those detected in other phytoplankton extracel-
lular carbohydrates (Hoagland et al. 1993; Bier-
smith and Benner 1998), however, the ratio of
constituents seems specific for Phaeocystis. There
were no major differences in the presence or ratio
of non-glucose aldoses between a bloom sample



105

Biogeochemistry (2007) 83:99-118

) Ym uonen(y Aq poureqo

QIom suomoeIll INO( St sepueydoesAjodoonu WOIj POAIIOpP S9)BIPAYOQILD dPNOUT SIAIPNIS 3saY) ‘INO( Se POYISSE[d YSnoyiy

ainssaixd jo uoneordde

e

BT 9[qBL UI S SUONEBIAJIQQY :9JON

surens om}

(1L6T) ¥snqa[[OH pue pre[ino SSv €S1T 091 8¢ ¥9-LC 9°¢< TS0 0cSt  ‘seamynd mayonod g

(8661) Touuag pue yiwsIAIg €l 9 1 St € 8¢ 14 €l L1 2mymd -ds susooavyq

(6661) v12doy pue areyuniy 9 1c S 0€ 91 [4 LT v emymod ds susdooavyg
QQuaIdey NoIB  vou dwp yuwo 1A% eyl qu  uew XA VO[3 €8 ong eie o3

S91BIPAYOQIED [810} %,

soroodg

JNOQ Teruojodenxs susdooavyg jo uonsodwos re3ng qr dqel,

sisA[eue ur papnjoul pue juasaid jou :gN ‘Juasaid :d ‘Quruesoon[3 :N[S ‘Pl JIUOINXAY :BIH ‘SISOXAY pRje[AyIow-) ) ‘sosojuad paje[Ayiow-
:dw ‘oururesoon|3 :No[38 ‘proe o1uoINoN[3 :B[3 ‘9SO[AX :[AX ‘9SOQLI :qLI ‘OSOUWRYI :BYI ‘OSOUUBW :UBW ‘OSOXA] ‘XA ‘9500n[3 :0[3 ‘0s0joe[es :[es ‘9soonj ‘onj ‘osouliqele :ele

[ouuey) ysySug

(¢861) 103uIRg d d d d d d ‘woolq “ds susdo0avy
BaS IION
(e9661) e 30 osuef  dN S0 v 0TIl 8¢ 0c—¢l 8C SCLI ev—Ce SL0C ‘woo[q vs0qo}s g
(8661) Touuag pue yyuwsIaIg 0¢ 11 ¢¢ 48 C ge 9 €l LT Pmymo “ds susdooavyq
pIofjsieq
(6661) "Te 12 asuef 9 C LT 8 (4 ST S 0t ge Sy ‘woo[q mayonod
BOS YHON 21 WoIJ
sureI}s Inoj ‘saInjno
(0007) Te 30 oSS ueA AN €0 T0 Tl TL [gadt €0 STl ST S$L [BIUO[0D 1S0qO]S
WISOO0SAW PIJRUTWOP
(€007) "Te 10 solexXedIN 9 8¢-¢1 019 1€-01 0c-€1  0¢6 81 0¥—9¢ mayonod g
Quardey NoI8 vou dwgp ywo A eyr qu  uew XA VO[3 s  onj ele o138
sIegns osoon[3-uou ¢, [€J0) 9, soradg

sojeIpAyoqIed susdo0avyg jo uonisodwos re3ng ey dqe],

pringer

Qs



106

Biogeochemistry (2007) 83:99-118

Table 2 Contribution of carbohydrates to POC of Phaeocystis

Carbohydrate to POC

Reference

Species Growth stage
P. pouchetii mesocosm Exponential
P. pouchetii mesocosm Stationary

P. globosa culture Exponential
P. globosa bloom No info
Phaeocystis sp. culture Stationary

Phaeocystis sp. culture All
P. globosa single cell culture Stationary

13% Alderkamp et al. (2006a)
60% Alderkamp et al. (2006a)
10% Van Rijssel et al. (2000)
19-35% Van Rijssel et al. (1997)
38% Biersmith and Benner (1998)
20-30% Biddanda and Benner (1997)
40% Janse et al. (1996b)

Table 3 Contribution of glucan-C to POC of Phaeocystis colonies

Method Phaeocystis species Growth phase  Glucan-C to POC  Reference

Aldose composition P. pouchetii and P. globosa ~ Exponential 2-11% Compiled in this study
Stationary 0-51%

Ethanol precipitation  P. pouchetii Exponential 6-10% Alderkamp et al. (2006a)
Stationary 49-60%

from Balsfjord, Norway, dominated by P. pouch-
etii and a sample from the North Sea dominated
by P. globosa (Janse et al. 1999). No data are
available for other species of Phaeocystis, includ-
ing P. antarctica. In five different strains of P.
globosa differences in the ratio of non-glucose
constituents were small (Van Rijssel et al. 2000).
Nutrient status of the cells does not seem to
influence the ratio, as was shown in a batch
culture of P. globosa (Van Rijssel et al. 2000) or
in bloom samples taken at different stages of a
bloom (Janse et al. 1996a). The change in colony
shape and appearance at the end of Phaeocystis
blooms (e.g., Verity et al. 1988; Rousseau et al.
1994) is therefore not reflected in the aldose
composition of the mucopolysaccharides. This is
different from the situation reported in diatoms,
where upon nutrient limitation, the benthic dia-
tom Cylindrotheca closterium excretes a separate
extracellular polysaccharide with a different
monosaccharide composition compared to opti-
mal growth conditions (De Brouwer et al. 2002;
Underwood et al. 2004).

Phaeocystis acts as a secretory cell; mucopoly-
saccharides are excreted in a way similar to
animal cells and vascular plants in which the
regulated export of cellular products takes place
via exocytosis. While stored in secretory vesicles
inside the cells, the mucopolysaccharides remain
in condensed phase. Upon exocytosis, they under-
go a characteristic phase transition accompanied
by extensive swelling, resulting in the formation
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of hydrated gels (Chang 1984; Chin et al. 2004).
The negatively charged mucopolysaccharides
become entangled and form ionic links, such as
calcium bridges (Van Boekel 1992). They then
form a thin, yet strong, semipermeable colony
matrix, with a pore size between 1 and 4.4 nm
diameter, with plastic and to a limited extent also
elastic properties (Kornmann 1955; Hamm et al.
1999). Electron microscope studies of a Phaeo-
cystis sp. from Tasman Bay, New Zealand, show
that the matrix has a multilayered gelatinous
structure, with an average thickness of 5 pum
(Chang 1984). Van Rijssel et al. (1997) calculated
a thickness of 7 um based on carbohydrate
measurements and the assumption of a mucous
layer with a fixed thickness for various colony
sizes, whereas a thickness of 10 um was deter-
mined based on confocal laser scanning imagery.
As colonial cells of Phaeocystis have similar
(Baumann et al. 1994), or even higher growth
rates (Veldhuis et al. 2005) compared to single
cells, the allocation of the material needed to
build the colonial matrix obviously does not
hamper cell metabolism.

In addition to a structural function in the
mucous matrix, mucopolysaccharides were also
suggested to serve as storage polysaccharides as
nocturnal consumption of extracellular polysac-
charides was reported in P. globosa (Lancelot and
Mathot 1985; Veldhuis and Admiraal 1985). In
both studies cells were separated from mucous
matrix by filtration under pressure. Since this
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treatment may cause cells to break, thus releasing
intracellular substances (see above), nocturnal
consumption of intracellular chrysolaminaran
may have been misreported as consumption of
extracellular substances. Using the same method
to separate extracellular material from -cells,
Matrai et al. (1995) observed no nocturnal utili-
zation of extracellular polymers in an Antarctic
strain of Phaeocystis. Also, when mucopolysac-
charides and glucan were separated based on
polymer size differences, no utilization of muco-
polysaccharides was found when a culture of
P. globosa was placed in the dark for prolonged
times (Alderkamp et al. 2006a). Given the size
and structure of mucopolysaccharides it seems
unlikely that they serve as storage carbohydrate.
Degradation and uptake of these complex poly-
saccharides would require multiple extracellular
enzymes as well as transport systems to take up
the different monosaccharides and oligomers.
Moreover, since the gel matrix is such a definite
structure stabilized by ionic bridges, it will be
hard to disentangle polymers from the gel.

Contribution of mucopolysaccharides-C to
POC

The contribution of mucus carbon to Phaeocystis
organic carbon can be assessed in three different
ways. In the first, cells are mechanically separated
from the mucus matrix by filtration through GF/C
filters. Fractionation by filtration yields contribu-
tions of 5-80% of mucus carbon to POC (reviewed
by Riegman and Van Boekel 1996). As many have
pointed out, however, Phaeocystis cells are fragile
and may be disrupted by filtration under pressure
(Veldhuis and Admiraal 1985; Van Rijssel et al.
1997; Mathot et al. 2000). By releasing their water
soluble carbon the fraction of mucus-carbon may
be overestimated. On the other hand, mucopoly-
saccharides may form gels on the filter (Chin et al.
1998) as a result of which their contribution may be
underestimated. Therefore, all studies in which
colonies were fractionated by filtration or centri-
fugation have to be interpreted with care.

When assuming that carbohydrates are the
only significant source of carbon in the mucus
matrix, the second method consists of determina-
tion of the contribution of mucopolysaccharides

to the water-extractable carbohydrates. Muco-
polysaccharides are estimated as the combined
sum of all non-glucose aldoses and 10% of the
glucose. Based on the aldose composition of
water extractable carbohydrates (Fig. 1), the
contribution of mucopolysaccharides to the water
extractable particulate carbohydrates is 15-86%
during the exponential growth phase, and 15—
100% during the stationary phase (Table 1a and
references therein). Alternatively, glucan and
mucopolysaccharides were separated based on
polymer size (Fig. 1; Alderkamp et al. 2006a).
During the exponential growth phase, mucopoly-
saccharides contributed 38% to the water extract-
able carbohydrates, decreasing to 9% during the
stationary phase. Based on the carbohydrate-C to
carbon ratios of Alderkamp etal. (2006a;
Table 2) the contribution of mucopolysaccharides
to POC is estimated as 2-11% during exponential
growth and 5-60% during the stationary phase.

The third method to estimate the carbon of
colony matrices is based on conventional conver-
sion factors for determining the carbon content of
the average cell biovolume of Phaeocystis cells
and an additional carbon content of the mucus
matrix. In P. antarctica, Mathot et al. (2000)
found on average 14% of POC devoted to matrix
formation, increasing to a maximum of 33%. In
P. globosa Rousseau et al. (1990) using a colony-
volume-based model, calculated up to 90% of
POC devoted to matrix formation in large colo-
nies. Van Rijssel et al. (2000), assuming a hollow
colony surrounded by a thin mucus layer and
using a colony-surface-based model, calculated a
contribution up to 35%. Comparisons of esti-
mates obtained by these authors, however, show
similar POC contributions for colony sizes pre-
dominantly observed in the field (reviewed by
Schoemann et al. 2005). The estimates for the
contribution of mucous matrix-C to POC are
summarized in Table 4.

Extra-colonial DOM

Extra-colonial DOM rich in carbohydrates was
reported in cultures of Phaeocystis (Table 5 and
references therein). Carbohydrates similar in
aldose composition to that of mucopolysaccha-
rides form a major contribution to this DOM
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Table 4 Contribution of mucous matrix-C to POC of Phaeocystis colonies

Method

Phaeocystis species

Growth phase

Matrix-C to POC Reference

Mechanical filtration P. pouchetii and P. globosa All 5-80% Riegman and Van Boekel (1996)
Aldose composition P. pouchetii and P. globosa Exponential 2-11% Compiled in this study
Stationary 10-60%
Ethanol P. pouchetii Exponential 3-5% Alderkamp et al. (2006a)
precipitation Stationary 5-13%
Model P. antarctica Exponential 14 + 4% Mathot et al. (2000)
Stationary Up to 33%
Model P. globosa Exponential Up to 10% Van Rijssel et al. (1997)
(lab.)
All (field)* Up to 35%
Model P. globosa Al Up to 90% Rousseau et al. (1990)
% Highest values at low ambient nitrate concentrations
b Size dependent
Table 5 Characteristics of Phaeocystis DOM
Species Growth stage carbohydrates C/N ratio DOC to TOC Reference
to DOC
Phaeocystis sp. Exponential through 25-50% 19.3 (HMW) 27% Biddanda and Benner
(culture) stationary 6.3 (LMW) (1997)
Phaeocystis sp. Stationary 56% 19.3 (HMW) 14% Biersmith and Benner
(culture) (1998)
Phaeocystis sp. Late exponential >67% (HMW) 12 (HMW) Aluwihare and Repeta
(culture) (1999)
P. globosa Late exponential 8.3 (axenic) Solomon et al. (2003)
(culture) 7.4 (xenic)
P. antarctica Late exponential 6.9 (axenic) Solomon et al. (2003)
(culture) 6.2 (xenic)

(Table 1b). There seem to be two different pools
of DOM; (1) a high-molecular-weight (HMW)-
DOM pool with a high C/N ratio of over 12 and a
carbohydrate content of over 67% and (2) a low-
molecular-weight (LMW)-DOM pool with a low
C/N ratio of 6.3. Since all studies used filtration
techniques applying pressure, it is most likely that
the DOM also contained mucopolysaccharides.
The overall C/N ratio of the DOM is low, around
7 (Biddanda and Benner 1997; Solomon et al.
2003). Similar to mucopolysaccharides, extra-
colonial polymers self assemble in hydrated
polymer gels on a time scale of approximately
two days (Solomon et al. 2003).

High DOM concentrations have been reported
in natural assemblages dominated by Phaeocystis
(Eberlein et al. 1985), and high DOM excretion
rates in cultures (Guillard and Hellebust 1971).
Upon careful filtration, however, true extra-colo-
nial DOM excretion was only 14% of primary
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production in the late exponential phase of a
P. globosa culture (Veldhuis and Admiraal 1985;
Veldhuis et al. 1986a; Biersmith and Benner
1998), and 2-14% of primary production in
natural assemblages dominated by P. globosa
(Laanbroek et al. 1985; Veldhuis et al. 1986a;
Lancelot and Mathot 1987). Similar values were
observed for P. pouchetii (1-19%; Verity et al.
1991), and during a bloom of P. antarctica (11%;
Carlson et al. 1998).

Mechanisms of DOM release during a
Phaeocystis bloom

In general 10-25% of phytoplankton primary
production is released as DOC (Sharp 1977,
Larsson and Hagstrom 1979; Lignell 1990; Teira
et al. 2003; Maranon et al. 2004). The three main
mechanisms of DOM production are: (1) release
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after cell lysis, e.g., as a result of viral infection,
zooplankton sloppy feeding and egestion, (2)
bacterial cleavage of exopolysaccharides (Smith
et al. 1995), or (3) direct release as a physiological
process of intact cells (reviewed by Nagata 2000).
Two physiological mechanisms of DOM produc-
tion have been advocated: a passive diffusion of
small metabolites through the cell membrane
(Bjgrnsen 1988) and an overflow mechanism
whereby excess photosynthetic products are ac-
tively released when the Cfixation rate exceeds the
rate of macromolecular production (Fogg 1983).

During the exponential growth phase of a
Phaeocystis bloom DOM release as a result of
non-physiological processes will be low. In a P.
globosa bloom rates of cell lysis were low in the
growth phase (Van Boekel et al. 1992; Brussaard
et al. 1995, 1996, 2005a), therefore DOM release
as a result of cell lysis will be insignificant. Since
Phaeocystis colonies largely escape grazing con-
trol (Breteler and Koski 2003; Nejstgaard et al.
2007), sloppy feeding will not be a cause of
significant DOM release either. In a diatom
bloom it was shown that bacteria colonized
healthy, actively growing Chaetoceros and Tha-
lassiosira cells with high ectoenzyme activity.
When the hydrolysis rate of phytoplankton sur-
face material by bacteria exceeds the uptake rate,
DOM will be released into the environment
(Smith et al. 1995). Although the growth phase
of P. globosa blooms are typically accompanied
by an increase in bacterial numbers, bacterial
production, and enzyme activity (Billen and
Fontigny 1987; Van Boekel et al. 1992; Putt et al.
1994; Becquevort et al. 1998; Arrieta and Herndl
2002; Brussaard et al. 1996, 2005b), young healthy
colonies are generally free of bacteria (Thingstad
and Billen 1994; Lancelot and Rousseau 1994).
Therefore, it is unlikely that hydrolysis of the
mucous matrix by bacteria will lead to significant
DOM production during the growth phase of the
bloom. The only significant mechanisms for DOM
production is probably direct release of DOM
from healthy cells. During all growth stages DOM
excretion from healthy cells was observed in
cultures of Phaeocystis sp. (Biddanda and Benner
1997). Since DOM excretion rates are low (see
above) on the whole DOM release during the
growth phase of the bloom will be low.

During the stationary phase of a bloom, how-
ever, DOM release increases. During the station-
ary phase colonies become disrupted, and
flagellate cells develop within the colonies (Pe-
perzak et al. 2000). Due to the overflow produc-
tion of mucopolysaccharides and glucan, the ratio
of carbohydrates-C to POC increases. During this
phase of a bloom DOM production through non-
physiological processes will be high. Cell lysis
rates of up to 33% day™' were observed at the
peak of P. globosa blooms (Van Boekel et al.
1992; Brussaard et al. 1995, 1996, 2005a). In this
way the carbohydrate rich cell content is released
as DOM. When the flagellate cells that develop
inside colonies detach from the colony matrix,
they are readily grazed upon by microzooplank-
ton (Weisse and Scheffel-Moser 1990; Tang et al.
2001). This leads to DOM release by egestion of
the microzooplankton. During the stationary
phase of a bloom, bacterial communities attach
to Phaeocystis colonies and to ghost colonies.
Bacteria with high glucosidase activity are present
in both free-living and particle-attached commu-
nities (Billen and Fontigny 1987; Becquevort
et al. 1998). If hydrolysis rates of mucopolysac-
charides from the colony matrix exceeds uptake
of the sugars, the sugars and oligomers derived
from mucopolysaccharides may be released as
DOM.

The excess release of DOM under nutrient
limitation has not been observed in Phaeocystis.
In Phaeocystis sp. cultures DOC production was
coupled to POC production at different growth
stages (Biddanda and Benner 1997). Also in
enclosures of P. antarctica, ratios of recently
produced DOC increased only slightly after
nutrient depletion (Smith et al. 1998; Carlson
et al. 1998). This indicates that nutrient limitation
does not lead to increased excretion of DOM
resulting from an overflow mechanism.

Formation of hydrogels by Phaeocystis
carbohydrates

Polysaccharides in aqueous environments may
spontaneously assemble into hydrogels. These
polymer gels can then penetrate neighboring gels,
and anneal them together, increasing the size
spectrum. Recent discoveries have highlighted
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the importance of polymer gels for biogeochem-
ical cycling of organic carbon (see the review by
Verdugo et al. 2004). As was discussed above,
mucopolysaccharides spontaneously form polyan-
ionic gels in aqueous solution. In addition to gel
formation by mucopolysaccharides, f-1,3-glucans
are also known to form non-ionic gels in aqueous
solutions (Renn 1997; Kim et al. 2000). In gen-
eral, gelling properties of f-glucans are depen-
dent on the concentration of the molecules, their
size, primary and secondary structure and tem-
perature (Bohm and Kulicke 1999; Lazaridou
et al. 2003). Therefore, gel-forming properties of
laminarin in the marine environment are hard to
predict. Preliminary results from our laboratory
show that dissolving laminarin in seawater leads
to an increase in viscosity, but to our knowledge
no further investigations have been conducted to
this end. Seuront et al. (2007) showed that Phae-
ocystis derived polymeric matter could increase
seawater viscosity up to two orders of magnitude.
Because of the high aggregation potential of both
glucan and mucopolysaccharides, the carbohy-
drates released during senescence of the Phaeo-
cystis bloom will likely contribute to the increase
in seawater viscosity (Fig. 2), thereby changing
the physical nature and microscale structure of
the organic matter encountered by bacteria.

Fig. 2 Conceptual

Gels provide an abiotic vehicle to move
organic molecules up the size spectrum to sizes
capable of sedimentation, and may also constitute
an intermediate in the formation of the foam
often observed after Phaeocystis blooms (Fig. 2).
Large gel particles, also known as transparent
exopolymeric particles (TEP) can contribute sig-
nificantly to sedimentation processes. This may be
by direct sedimentation (Wassmann et al. 1990;
Riebesell et al. 1995; Hong et al. 1997), or by
acting as glue, adhering together organic matter
present during a bloom and thus enhancing their
contribution to a vertical flux (Passow and Wass-
mann 1994). Mari et al. (2005) showed that the
properties of TEP produced under N or P
limitation are different, as a result of which the
export versus retention balance of the organic
matter may be affected. It is tempting to specu-
late that the different N/P ratios may determine
whether overflow metabolism is directed towards
either glucan or mucopolysaccharide production.
This would resemble the situation described for
the diatom Cylindrotheca fusiformis, where P
depletion leads to an increase in the ratio of
heteropolysaccharides to glucan, compared to N-
limitation (Magaletti et al. 2004). In this way the
glucan/mucopolysaccharides ratio may influence
properties of the hydrogels and TEP that is
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formed, and thereby the degradation potential of
Phaeocystis organic matter.

Microbial degradation

Generally, most of the biomass produced in
Phaeocystis blooms is remineralized in the water
column (Wassmann 1994, Rousseau et al. 2000)
by heterotrophic bacteria. Occasionally, however,
accumulation of DOM and foam have been
reported (e.g. Eberlein et al. 1985; Lancelot et al.
1987; Seuront et al., 2007). This seems to indicate
that bacterial degradation of organic matter
produced by in Phaeocystis blooms varies be-
tween blooms, and sometimes is hampered. There
may be various reasons for slow degradation and
they may be different in different stages of a
bloom.

Microbial degradation of Phaeocystis
carbohydrates

During the growth phase of a bloom of P. antarc-
tica all DOM produced was found to be rapidly
degraded by bacteria (Smith et al. 1998). With
time, however, the composition and contribution
of organic matter that can be utilized by bacteria
will change from readily degradable freshly
excreted DOM during the growth phase, to the
DOM dominated by mucopolysaccharides and
glucan during the senescent stage. In laboratory
experiments it was shown that carbohydrates
derived from P. globosa and P. pouchetii colonies
were readily degraded by bacterial communities
under both oxic and anoxic conditions (Osinga
et al. 1997; Janse et al. 1999). The degradation
rate of glucan was higher than that of mucopoly-
saccharides (Osinga et al. 1997), but during deg-
radation of the mucopolysaccharides the sugar
composition of the mucopolysaccharides re-
mained unchanged. Therefore, there is no indi-
cation of refractory parts within the
mucopolysaccharide fraction (Janse et al. 1999).
Identification of bacteria involved in muco-
polysaccharide degradation in cultures and a
mesocosm revealed the presence of bacteria from
different phylogenetic groups, such as «- and

y-Proteobacteria, Cytophaga-Flavobacter (CF)
cluster of the Bacteroidetes and the Planktomy-
cetes and Verrucomicrobiales clade (Janse et al.
2000; Brussaard et al. 2005b; Alderkamp et al
2006b). During a P. globosa bloom in a mesocosm
the bacterial community showed distinct changes
with time (Brussaard et al. 2005b). The nature of
the phytoplankton growth controlling substrate
(i.e., N or P) did not influence the microbial
community. In addition, since the species compo-
sition of the bacterial community remained
unchanged during mucopolysaccharide degrada-
tion, degradation of mucopolysaccharides in itself
does not require a succession of species (Janse
et al. 2000). Therefore, the changes in the micro-
bial community were likely induced by the growth
stage of the P. globosa bloom and enhanced cell
lysis and concomitant release of DOM during the
senescent stage (Brussaard et al. 2005b). Degra-
dation of polymers requires specialized extracel-
lular enzyme systems to hydrolyze polymers prior
to uptake by bacteria. These enzymes can be
attached to the bacterial cell (ectoenzymes), or
free extracellular enzymes (Chrost 1991). Arrieta
and Herndl (2002) revealed a succession of
different types of bacterial f-glucosidases during
a P. globosa bloom, which was related to a change
in the bacterial community. Therefore, the copi-
ous amounts of glucan and mucopolysaccharides
produced during a Phaeocystis bloom may shape
the composition of bacterial communities special-
ized in degradation of complex carbohydrates.
Bacteria appearing during the senescent stage of
the P. globosa bloom in the mesocosm mainly
belonged to the a-Proteobacteria and CF cluster
of the Bacteroidetes (Brussaard et al. 2005b). In
the coastal North Sea, bacteria from CF clusters
of the Bacteroidetes were dominant during and
following a bloom of P. globosa (A. C. Alder-
kamp et al. 2006b). Members of the CF cluster
are chemo-organotrophic, and known for their
capacity to degrade complex carbohydrates such
as pectin, cellulose and chitin (Reichenbach and
Dworkin 1991; Cottrell and Kirchman 2000;
Kirchman 2002). Therefore, it may be that certain
taxa of this cluster have adapted specifically to
degradation of complex mucopolysaccharides
produced by Phaeocystis.
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Mineral nutrient limitation of microbial degra-
dation has been put forward as an explanation for
accumulation of carbon-rich DOM after a Phae-
ocystis bloom (Thingstad and Billen 1994). The
increase in carbohydrate/POC due to overflow
metabolism will give rise to a substrate with a C/P
and C/N ratio that is unfavorable to bacteria.
Since the C/P ratio of bacteria may be consider-
ably lower than that of phytoplankton (Vadstein
et al. 1988), especially phosphate limitation may
hamper microbial degradation (Thingstad et al.
1997). In addition, since P. antarctica was found to
remove more CO, per mole of phosphate than do
diatoms (Arrigo et al. 1999), phosphate limitation
during bacterial degradation of Phaeocystis mate-
rial may be more severe than during degradation
of diatom material. Indeed, while bacterial
growth was carbon limited during the growth
phase of a bloom of P. globosa, bacterial growth
was colimited by carbon and phosphate during
the massive release of the glucan and mucopoly-
saccharides at the end of the bloom (Kuipers and
Van Noort, in preperation). This may impede
degradation of carbohydrates that are otherwise
easily degradable, and prolong the degradation
times.

Microbial degradation of hydrogels

Marine gels likely have an effect on microbial
degradation of organic matter, yet few studies
have examined this effect directly. Based on the
current knowledge, gel formation may either
enhance or slow down degradation of organic
matter. In general HMW-DOC and gels have a
higher rate of biodegradation and turnover than
LMW-DOC (Amon and Benner 1996). Gels may
serve as nutrient and/or attachment surfaces and
offer hot-spots of high substrate concentrations
for bacteria. They form enclosed microenviron-
ments of substrate for bacteria to colonize,
release their extracellular enzymes and efficiently
take up the degradation products at high local
concentrations (Azam 1998; Azam and Long
2001). Indeed, following a P. globosa bloom
bacteria attached to particles were more active
than the free-living community (Becquevort et al.
1998). On the other hand, assembly of free
polymers into gels may complicate degradation.
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Enzymatic degradation of carbohydrates that
form insoluble gels was approximately 50 times
slower than degradation of polymers composed of
the same monomer linkages, but not forming gels
(Alderkamp et al. 2007). If this difference is
exemplary of the difference in degradation
potential of ‘free’ polymers and polymers embed-
ded in a gel, turnover times may slow down from
days to years.

Microbial degradation dissolves the hydrogels
when hydrolysis rates exceed the carbon demand
of the bacteria, thereby releasing LMW products
from the hydrogels (Smith et al. 1992; Fig. 3).
Moreover, the kinetic properties of bacterial
enzyme systems may result in the release of
oligomers at a higher rate than the release of
monomers that can be directly incorporated by
the bacteria, resulting in release of LMW and
medium molecular-weight (MMW) products
(Alderkamp et al. 2007). In addition, polymer
photocleavage by ultraviolet radiation can short-
en polymer chains making tangled networks
unstable (Edwards 1986) and can readily disperse
marine polymer gel matrices (Orellana and Ver-
dugo 2003). These three processes produce a
random fragmentation, yielding LMW products
that may be readily incorporated and metabolized
by bacteria (Mopper et al. 1991; Moran and Zepp
1997; Mopper and Kieber 2001), adding to a rapid
degradation of the organic matter in hydrogels.
On the other hand, polymers may be released that
are too large to be transported by bacterial
permeases, yet too small to assemble into stable
networks that bacteria can colonize and effi-
ciently degrade with their extracellular enzymes.
These polymers, indicated as DOM (MMW-
DOM) in Fig. 3, may contribute to the formation
of refractory DOM.

Bacterial activity may also increase aggrega-
tion of gels (Fig. 3). Studies on bacterial exopoly-
mer production suggest that a significant portion
of assimilated carbon is incorporated into exo-
polymer capsular envelopes (Stoderegger and
Herndl 1998). These capsular exopolymers in-
crease aggregation probabilities of phytoplankton
and other particles and act as stabilizers of
already existing aggregates (Allison and Suther-
land 1987; Decho 1990; Heissenberger and Her-
ndl 1994). In addition, bacterial exopolymers are
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Fig. 3 Conceptual Recalcitrance (arbitrary units)
representation of biotic
and abiotic processes
altering the size and
recalcitrance of organic 1-10 kDa
matter. (Abbreviations as LMW-DOM
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resistant against bacterial enzymatic degradation,
since a considerable fraction of bacterial extra-
cellular enzymes are embedded in the exopoly-
mer capsule. Therefore, release of bacterial
derived exopolymers decreases the degradation
potential of hydrogels. Finally, selective degrada-
tion of readily degradable compounds may alter
the composition of the gels, and decrease the
degradation potential of the remaining gel (San-
nigrahi et al. 2005). At present it is not known to
what extent the mechanisms discussed above
influence microbial degradation of hydrogels.
Therefore, microbial degradation of Phaeocystis
derived DOM may either be enhanced or ham-
pered by formation of hydrogels.

Conclusions

Phaeocystis produces at least five different pools
of carbohydrates, each with their own character-
istics. Since the overflow metabolism during the
stationary phase of a bloom can be channeled
towards glucan and mucopolysaccharides, these
two pools are quantitatively the most important
when the impact on the ecosystem is considered.
The contribution of the pools is strongly depen-
dent on environmental conditions. High light

conditions and nutrient limitation lead to excess
carbohydrate production, but thus far the effect
of either N or P limitation on the ratio of glucan
to mucopolysaccharide production is unclear, as is
the effect of Fe limitation on carbohydrate
production in P. antarctica.

Phaeocystis-derived organic matter appears to
be readily degradable, however, the high C/N and
C/P ratios may give rise to mineral nutrient
limitation of bacteria and therefore hamper deg-
radation. Subsequent assembly into gels could
have a dramatic effect on bacterial degradation of
Phaeocystis derived organic matter, however, the
nature of this effect is unclear. Gels may provide
a convenient microhabitat to colonize and de-
grade with extracellular enzymes, thereby
enhancing degradation rates of organic matter.
Conversely, degradation of polymers embedded
in gels may be slowed down by sterical hindrance.
Furthermore, bacterial activity may reduce the
degradation potential of gels by selective degra-
dation of labile organic matter in the gels, and by
production of carbon into bacterial capsular
material.
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