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Abstract

Marine snow aggregates are heavily colonized by heterotrophic microorganisms that
express high levels of hydrolytic activities, making aggregates hotspots for carbon rem-
ineralization in the ocean. To assess how aggregate formation influences the ability
of seawater microbial communities to access organic carbon, we compared hydrolysis5

rates of six polysaccharides in coastal seawater after aggregates had been formed (via
incubation on a roller table) with hydrolysis rates in seawater from the same site that
had not incubated on a roller table (referred to as whole seawater). Hydrolysis rates in
the aggregates themselves were up to three orders of magnitude higher on a volume
basis than in whole seawater. The enhancement of enzyme activity in aggregates rel-10

ative to whole seawater differed by substrate, suggesting that the enhancement was
under cellular control, rather than due to factors such as lysis or grazing. A comparison
of hydrolysis rates in whole seawater with those in aggregate-free seawater, i.e. the
fraction of water from the roller bottles that did not contain aggregates, demonstrated
a nuanced microbial response to aggregate formation. Activities of laminarinase and15

xylanase enzymes in aggregate-free seawater were higher than in whole seawater,
while activities of chondroitin, fucoidan, and arabinogalactan hydrolyzing enzymes
were lower than in whole seawater. These data suggest that aggregate formation
enhanced production of laminarinase and xylanase enzymes, and the enhancement
also affected the surrounding seawater. Decreased activities of chondroitin, fucoidan,20

and arabinoglactan-hydrolyzing enzymes in aggregate-free seawater relative to whole
seawater are likely due to shifts in enzyme production by the aggregate-associated
community, coupled with the effects of enzyme degradation. Enhanced activities of
laminarin- and xylan-hydrolyzing enzymes in aggregate-free seawater were due at
least in part to cell-free enzymes. Measurements of enzyme lifetime using commercial25

enzymes suggest that hydrolytic lifetimes of cell-free enzymes may be sufficiently long
to affect carbon remineralization in areas far from their site of production. Aggregate
formation may be an important mechanism shaping the spectrum of enzymes active
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in the ocean, stimulating production of cell-free enzymes and leading to spatial and
temporal decoupling of enzyme activity from the microorganisms that produced them.

1 Introduction

Marine snow aggregates play a central role in transformation processes of organic and
inorganic matter in marine environments. Due to their high sinking velocities, aggre-5

gates accelerate the vertical transport of particulate matter from the ocean’s surface
towards the sediment. In the open ocean, marine snow often forms at the decline
of phytoplankton blooms as their exudates increase coagulation rate and efficiency of
particulate matter (Simon et al., 2002). Aggregate formation in shallow coastal wa-
ters may also be driven by hydrodynamic processes, since aggregates frequently form10

at the transition of fresh and marine waters due to salinity changes and flow dynamics
(Gibbs et al., 1983; Wolanski and Gibbs, 1995). Wind-driven water turbulence may also
induce aggregate formation, a process that has been observed in lakes (Grossart and
Simon, 1998). Aggregates may also form layers of easily resuspendable sediments
affecting inorganic and organic matter transport in shallow coastal waters as well as15

the adjacent ocean (Cook et al., 2007; Ziervogel and Arnosti, 2009).
Bacteria densely colonize marine snow (Alldredge et al., 1986) and aggregate-

associated microbial processes such as enzyme activities have often been found to
be elevated relative to the surrounding water (Smith et al., 1992; Ploug et al., 1999;
Grossart et al., 2003, 2007), making marine snow hotspots for carbon remineralization20

(Azam and Long, 2001). For instance, in the Baltic Sea, Grossart et al. (2003) found
100 to 360 times higher cell-specific protease and β-glucosidase activities, respec-
tively, in aggregates compared to water surrounding the aggregates. As aggregates
often harbor diverse communities of microorganisms that differ from their free living
counterparts (DeLong et al., 1993; Bidle and Fletcher, 1995; Tuomainen et al., 2006),25

differences in microbial community structure may explain variations in the level of cell-
specific activity.
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Physical attachment of microorganisms onto aggregates may also trigger or enhance
the production of specific enzymes (Baty et al., 2000). A laboratory study with pure
cultures of bacteria isolated from marine snow showed a 20-fold increase in enzyme
activity within 2 h of particle attachment (Grossart et al., 2007). Elevated microbial ac-
tivities and extracellular enzyme production on aggregates may result from bacterial5

quorum sensing (Miller and Bassler, 2001) that has been demonstrated to occur in
marine snow isolates (Gram et al., 2002). The threshold for bacterial abundances nec-
essary to induce quorum sensing in the ocean may in fact only be reached on marine
snow particles (Hmelo and Van Mooy, 2009). Alternatively, enhanced production and
release of extracellular enzymes from aggregate-associated microorganisms may be10

due to eukaryotic grazing (Kiørboe et al., 2003) or viral lysis (Riemann and Grossart,
2008).

Despite the important role that aggregate-associated microbes play in the pelagic
carbon cycle, the substrate specificities and activities of extracellular enzymes pro-
duced by aggregate-associated microbial communities are still largely unexplored. Pre-15

vious investigations assessing marine-snow associated enzyme activities have relied
primarily on small substrate proxies (Hoppe, 1983). Although such measurements can
be made rapidly, they cannot distinguish between the activities of periplasmic and ex-
tracellular enzymes (Martinez and Azam, 1993), nor do they measure the activites of
endo-acting extracellular enzymes that are responsible for midchain-cleavage of high20

molecular weight biomacromolecules (polysaccharides, proteins, and lipids) to sizes
suitable for uptake (typically <600 Da; Weiss et al., 1991). Moreover, the structural
specificity within broad classes of enzymes (such as polysaccharide hydrolases) can-
not be determined with substrate proxies.

In this study, we used six structurally distinct polysaccharides to investigate activi-25

ties of endo-acting extracellular enzymes in seawater with and without aggregates that
were formed by incubating seawater on a roller table (Shanks and Edmondson, 1989).
Using these substrates, we have demonstrated differences in the substrate spectrum
of polysaccharide hydrolases active in seawater (Arnosti et al., 2005, 2009) as well
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as in aggregates and aggregate-free seawaters with substantial particle/cell-free ex-
tracellular enzyme activities (Ziervogel and Arnosti, 2008). On the basis of those
data, we hypothesized that the formation of aggregates triggers enzyme production
by aggregate-associated microorganisms and that some of these enzymes escape the
aggregates, adding to total hydrolytic activities in the water column. We investigated5

this hypothesis directly in the current study. In order to estimate the spatial and tempo-
ral scales over which enzymes released from (or not incorporated into) aggregates may
affect total hydrolytic activity in seawater and thus impact carbon cycling processes, we
also measured the effective lifetimes of two commercially-available enzymes in artificial
seawater (ASW).10

2 Material and methods

2.1 Study site and water sampling

Surface water (water depth: 1.5 m) was collected using a ten liter acid- and seawater-
rinsed canister in Apalachicola Bay near the shore of St. George Island (29◦39.989′ N,
84◦52.139′ W; Bay site in Arnosti et al., 2009; Ziervogel and Arnosti, 2008), north-15

eastern Gulf of Mexico in May 2006 and September 2008 (hereafter referred to as
spring 2006 and fall 2008). Apalachicola Bay is approximately 40 km long and 7 km
wide with an average water depth of 3 m. It is connected to the Gulf of Mexico through
five openings, and has a relatively short water residence time of 3 to 10 days (Huang
and Spaulding, 2002). Its main freshwater tributary is the Apalachicola River, with20

strong daily discharge that is generally higher in spring compared to summer and au-
tumn. Freshwater discharge affects nutrient dynamics as well as primary productivity in
the Bay (Mortazavi et al., 2000, 2001). During sampling in spring 2006 and fall 2008,
surface water salinity was 20 and 26 PSU and water temperature was 21 and 26◦C,
respectively.25
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2.2 Aggregate formation and hydrolysis experiments

Marine snow aggregates were formed with surface seawater in the lab using rotating
tanks placed on a roller table (Shanks and Edmondson, 1989; Ziervogel and Arnosti,
2008). Aggregates formed within rotating tanks have been found to resemble natural
marine snow in terms of size and composition and are thus suitable to study microbial5

processes on marine snow (Unanue et al., 1998).
Enzymatic hydrolysis of six structurally distinct, fluorescently-labeled polysaccha-

rides (arabinoglactan, chondroitin sulfate, fucoidan, laminarin, pullulan, xylan; all
from Fluka or Sigma; fluorescently labeled as described in Arnosti, 1995, 2003) was
measured in aggregates, in water surrounding aggregates (hereafter referred to as10

aggregate-free seawater), and in unfiltered seawater not placed on the roller table
(hereafter referred to as whole seawater). Aggregate-free seawater and aggregates,
the latter suspended in 15 ml 0.1-µm filtered and autoclaved ASW (Sigma sea salts;
35 g L−1, pH adjusted to 8.2), were incubated in duplicate (spring 2006) and triplicate
(fall 2008) scintillation vials. Hydrolysis rates in whole seawater were measured in15

triplicate incubations.
For aggregates, volume-normalized hydrolysis rates were calculated using the nu-

merical relationship of aggregate dry weight (measured as described in Ziervogel
and Arnosti, 2008) and volume of natural marine snow given by Alldredge and
Gotschalk (1988). Because rates were normalized to aggregate volume, rates are20

reported in units of nmol L agg−1 h−1. Total hydrolysis rates in roller bottles were calcu-
lated from the sum of hydrolysis rates measured in aggregates (normalized to the total
volume within roller bottles; see Results) and in aggregate-free seawater (Fig. 1). Note
that results from whole seawater hydrolysis experiments in spring 2006 have been re-
ported in Arnosti et al. (2009). Changes in polysaccharide molecular weight (but not25

hydrolysis rates) in aggregates and aggregate-free seawaters from spring 2006 were
reported by Ziervogel and Arnosti (2008). Potential hydrolysis rates were calculated
from the changes in substrate molecular weight as described in Arnosti (1995, 2003).
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Sample analysis using a gel permeation chromatography system was performed as
described in Ziervogel and Arnosti (2008). The total time course of hydrolysis experi-
ments varied between 7 (aggregates and aggregate-free seawater) and 15 days (whole
seawater) in spring 2006, and 20 days for all experiments in fall 2008. The maximum
hydrolysis rates reported here (Table 1; Fig. 1) were usually measured at time points5

within the first week of incubations. In spring 2006, however, the maximum rates were
measured at 10 days for arabinoglacatan and pullulan in whole seawater; in fall 2008
maximum rates were measured at 20 days for arabinogalactan in aggregate-free and
whole seawater as well as for fucoidan in aggregates.

2.3 Activities of commercial enzymes in ASW and measurement of enzyme half-10

life

All enzyme degradation rate experiments were carried out in a temperature-controlled
room at 20◦C. To measure α-glucosidase degradation, 210µg α-glucosidase (Sigma,
from Saccharomyces cervisiae) was added to 500 ml sterile ASW. To measure phos-
phatase degradation, 30.5 ng alkaline phosphatase (Sigma, from bovine intestinal mu-15

cosa) was added to 200 ml sterile ASW. At each time point, duplicate 2 ml subsam-
ples were removed and mixed directly in methacrylate fluorescence cuvettes with 4-
methylumbelliferyl-α-D-glucopyranoside (MUF-α-glu, Sigma, for α-glucosidase) or 4-
methylumbelliferyl-phosphate (MUF-PO4, BioChimica, for phosphatase). Final sub-
strate concentrations were 100µM (MUF-α-glu) and 40µM (MUF-PO4).20

At each time point, fluorescence was measured four times in each cuvette over the
course of fifteen to twenty minutes, using a Turner Biosystems TBS-380 fluorimeter set
to the UV channel. The slope of the regression line of fluorescence against time was
taken as enzyme activity; data were fit to an exponential form using the curvefitting
toolbox in MATLAB 7.5, and half-life was calculated from the decay constant. Activities25

in controls, to which no enzyme was added, were negligible.
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3 Results

The formation of macroscopic aggregates occurred within one hour of roller table incu-
bations on both sampling dates. Total aggregate volumes in one liter roller bottle water
were similar at both dates, ranging between 0.48 and 0.63 cm3 in spring 2006 and fall
2008, respectively, i.e. on average 0.05% of the total roller bottle volume. Aggregate5

hydrolysis rates (Table 1) were multiplied by this factor to calculate the contribution of
aggregate-associated activities to total roller bottle (aggregates+aggregate-free sea-
water) hydrolysis rates.

3.1 Hydrolysis rates in aggregates

Volume-normalized hydrolysis rates in aggregates ranged from 11.6×102
10

nmol L agg−1 h−1 for arabinogalactan in spring 2006 to 146×102 nmol L agg−1 h−1

for xylan in fall 2008 (Table 1). At both sampling dates, laminarin and xylan were
most rapidly hydrolyzed in aggregates. Differences in aggregate-associated hydrolysis
rates between the two sampling dates were observed for four of the six substrates.
In particular, xylan hydrolysis rates in fall 2008 were three times higher compared15

to spring 2006. Pullulan hydrolysis rates were not measurable in aggregates in fall
2008 and were 29.1×102 nmol L agg−1 h−1 in spring 2006. For arabinogalactan and
chondroitin sulfate, hydrolysis rates in fall 2008 were two and three times higher,
respectively, than in spring 2006. In contrast, laminarin and fucoidan hydrolysis rates
varied only slightly between sampling dates.20

3.2 Hydrolysis rates in aggregate-free seawater and whole seawater

Hydrolysis rates in aggregate-free seawater and whole seawater were up to three
orders of magnitude lower on a volume basis than in aggregates, ranging between
2.6 nmol monomer L−1 h−1 for pullulan and 44 nmol monomer L−1 h−1 for xylan (both
in aggregate-free seawater in fall 2008; Fig. 1). In fall 2008, hydrolysis rates of all25
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substrates except xylan were lower than in spring 2006 (Fig. 1). Three of the six
substrates (laminarin, xylan, and pullulan) showed higher average hydrolysis rates
in aggregate-free seawater than in whole seawater (Fig. 1a–c). For laminarin, hy-
drolysis in aggregate-free seawater was 44 nmol monomer L−1 h−1 in spring 2006
and 23 nmol monomer L−1 h−1 in fall 2008, and thus 2.4 and 1.6 times higher than5

whole seawater (Fig. 1a; differences were statistically significant in fall 2008; t-test,
p < 0.05, n = 3). For xylan, hydrolysis rates in aggregate-free seawater (19 and
36 nmol monomer L−1 h−1) were also higher at both times compared to whole sea-
water (17 and 33 nmol monomer L−1 h−1; Fig. 1b). Pullulan hydrolysis was 9.7 and
8.7 nmol monomer L−1 h−1 in spring 2006 and 3.1 and 3 nmol monomer L−1 h−1 in fall10

2008 in aggregate-free and whole seawater, respectively (Fig. 1c).
Chondroitin, arabinogalactan, and fucoidan on average showed lower hydrolysis

rates in aggregate-free seawater compared to whole seawater (Fig. 1d–f). Chondroitin
sulfate was hydrolyzed at 18.6 and 14.6 nmol monomer L−1 h−1 in whole seawater and
7.8 and 10.6 nmol monomer L−1 h−1 in aggregate-free seawater in spring 2006 and fall15

2008, respectively (Fig. 1d). For arabinogalacatan and fucoidan, whole seawater rates
in spring 2006 were 9.8 and 18.3 nmol monomer L−1 h−1, respectively; both substrates
remained unhydrolyzed in aggregate-free seawater in spring 2006 (Fig. 1e, f). In fall
2008, arabinogalactan hydrolysis was 5.3 and 4.4 nmol monomer L−1 h−1 in aggregate-
free and whole seawater, respectively. At the same time, fucoidan hydrolysis in whole20

seawater (8 nmol monomer L−1 h−1) was almost three times higher than in aggregate-
free seawater (2.7 nmol monomer L−1 h−1; note that one of the triplicates in aggregate-
free seawater showed no hydrolysis, hence the high standard deviation; Fig. 1f).

3.3 Enzyme activity and half-lives in ASW

Activities of both commercial enzymes decreased over time, with α-glucosidase activity25

declining more rapidly compared with alkaline phosphatase activity (Fig. 3). Calculated
hydrolytic half-lives at 20◦C ranged between 25 h for glucosidase and 56 h for alkaline
phosphatase.
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4 Discussion

The formation of aggregates during roller table incubations notably affected the rates of
enzyme activities in seawater. The aggregates were concentrated centers of hydrolytic
activities that were typically two to three orders of magnitude higher on a volume ba-
sis than in whole seawater (Table 1). This finding is consistent with previous studies5

demonstrating that extracellular enzyme activities are enhanced on aggregates (Smith
et al., 1992; Ploug et al., 1999; Grossart et al., 2003, 2007), that can function as
hotspots of carbon remineralization (Azam and Long, 2001).

Since the aggregates themselves occupy a relatively small percentage of a given
volume of seawater (estimated here at 0.05%; see Results), however, it is important10

to consider their effects on surrounding seawater as well. Organisms producing extra-
cellular enzymes may preferentially partition onto aggregates, concentrating specific
hydrolytic activities in spatially small volumes. Under this scenario, enzyme activity in
such aggregates would be equivalent to the sum of activity in a larger volume of water
prior to aggregate formation. Enzyme production by organisms partitioning onto ag-15

gregates may also be stimulated by the presence of concentrated substrates, and/or
by the presence of other organisms (Grossart et al., 2007). If some of these enzymes
are freed into solution – or if organisms not on the aggregates are stimulated to pro-
duce enzymes by enhanced production of substrates from the aggregates (Kiørboe
and Jackson, 2001; Kiørboe et al., 2001) – net hydrolytic activities in the surrounding20

seawater, as well as within the aggregates, would be enhanced. As an alternative, ac-
tivities of specific enzymes may decrease if the organisms producing those enzymes
partition onto the aggregates and change the type of enzyme they produce in order to
take advantage of substrates on the aggregates. Changes in enzyme production at the
genetic level have been observed, for example, for cultures of the marine bacterium25

Saccharophagus degradans grown on different complex polysaccharides (Weiner et
al., 2008). Decreased overall activity for a specific enzyme in a larger volume of sea-
water could then be due to decreased production of that enzyme on the aggregates
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and natural decay and/or proteolysis of enzymes originally in the surrounding water.
Our data suggest that increased production of enzymes, concentration of enzymes,

and selective modification of the spectrum of enzymes active in seawater occurred in
our experiments, pointing towards a highly nuanced enzymatic response among mi-
crobial communities. For both laminarin and xylan, rates of enzymatic hydrolysis in the5

roller bottles (aggregates+aggregate-free seawater) exceeded those of whole seawa-
ter at both sampling dates, suggesting that aggregate formation enhanced production
of enzymes (Fig. 1a, b). For pullulan on both sampling dates, hydrolysis rates in whole
seawater were nearly equal to hydrolysis in roller bottles, suggesting that aggregate
formation had relatively little effect on production or activities of these enzymes. For10

chondroitin, and fucoidan (and for arabinogalactan in spring 2006), activities in the
roller bottles were considerably less than in the whole seawater. These decreases
in activity are consistent with organisms shifting enzyme production to focus on other
substrates, accompanied by decreases in enzyme activity due to enzyme inactivation
or degradation.15

The observation of enhanced enzymatic response for xylan and laminarin at both
sampling dates suggests specific cellular control of enzyme production. This would
be consistent with either control of enzyme expression by quorum sensing (Miller and
Bassler, 2001) or enzyme expression in response to the presence of a specific sub-
strate that is concentrated in aggregates (Weiner et al., 2008). At both sampling dates,20

laminarinase activity in the roller bottles was approximately double that in the whole
seawater; for xylanase, the enhancement in enzymatic activity was 10–25%. Lami-
narin may have been an abundant component of aggregates at both sampling times; it
is an energy storage product of diatoms (Painter, 1983), and polysaccharides excreted
by diatoms often form the glue for marine snow (Passow, 2002). Xylan is found both25

among algae and in higher plants (Painter, 1983). High levels of xylanase activity seen
in fall 2008 in particular may indicate elevated amounts of terrestrial organic matter in
these waters. The more variable activities of arbinogalactan, chondroitin, and fucoidan
hydrolases (less enzyme activity in the roller bottles than in whole seawater in spring
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2006, similar activity levels in fall 2008) may reflect the extent to which the organisms
producing these enzymes changed enzyme production in response to aggregate com-
position, differences in the quantities and/or activities of enzymes initially present in the
seawater, and/or differences in the extent to which those enzymes were hydrolyzed by
proteases.5

Aggregate formation affected the relative proportion of overall hydrolytic activity at-
tributable to different enzymes, as well as the levels of total activity. Changes in the
relative contributions of each enzyme activity to the total were evident for both sam-
pling dates (Fig. 2). For spring 2006, total hydrolytic activities in whole seawater
were relatively comparable among all six enzymes, with each contributing 10–20%.10

In the roller bottles, however, activities were dominated (48%) by laminarinase, fol-
lowed by xylanase (22%), with the other enzyme activities each contributing 4–11%
of the total. Despite this change in the spectrum of enzyme activities, summed ac-
tivities in whole seawater and in the roller bottle were virtually identical (97.2 and
97.1 nmol monomer L−1 h−1, respectively). In fall 2008, however, total activity in whole15

seawater as well as in the roller bottle was dominated by xylanase (43% and 44%,
respectively), but changes were seen particularly in the contribution of laminarinase
(increased to 29% in the roller bottles) as well as chondroitin and fucoidan hydrolase
(decreased to 13% and 4% in the roller bottles, respectively.) Formation of aggre-
gates in fall 2008 was also accompanied by a marked increase in summed activi-20

ties of all six enzymes, from 77.2 nmol monomer L−1 h−1 for the whole seawater to
94.0 nmol monomer L−1 h−1 for the roller bottles. These results demonstrate that the
hydrolytic potential of a given volume of seawater is variable, depending in part on the
formation/presence of aggregates.

Aggregate formation may stimulate growth and metabolism of both aggregate-25

associated and free-living microbial communities; the latter are enhanced by high
concentrations of dissolved organic matter leaking out of the aggregates as they
sink through the water column (Kiørboe and Jackson, 2001; Kiørboe et al., 2001).
The aggregates in our experiments may also have stimulated growth and activities of
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aggregate-free microorganisms by releasing DOC and nutrients into the roller bottles.
However, bacterial abundances in aggregate-free seawaters monitored in spring 2006
were near detection limit (Ziervogel and Arnosti, 2008). We therefore hypothesize that
extracellular enzymes that were produced and released by microbes during aggregate
formation and that did not partition into aggregates (cell-free enzymes) played a major5

role in aggregate-free hydrolytic activities.
A number of investigations have demonstrated that the production and release of

cell-free enzymes may be a viable feeding strategy for bacteria in particle rich environ-
ments such as sediments and aggregates (Vetter et al., 1998). Laboratory experiments
show that pure cultures of marine bacteria release enzymes into the surrounding media10

(Vetter and Deming, 1999; Alderkamp et al., 2007). High levels of dissolved endopep-
tidase activity in coastal seawater (Obayashi and Suzuki, 2008) also underscore the
importance of cell-free enzymes in the ocean. The relative contributions of cell-free
enzymes to total hydrolytic activity varies among enzymes; for example, contributions
of dissolved laminarinase and xylanase to total hydrolytic activities were found to vary15

with site and season in a riverine-marine transect (Keith and Arnosti, 2001), and varied
temporally during the course of a mesocosm bloom (Murray et al., 2007).

The active lifetime of extracellular enzymes in aquatic systems, as well as the extent
to which such enzymes are targets of proteases, is largely unexplored. To understand
temporal and spatial scales over which cell-free enzymes may retain activity in solution,20

we carried out an initial experiment to assess the lifetime of two enzymes dissolved in
ASW. These results suggest that dissolved enzymes may be active over timescales of
hours to several days at 20◦C (Fig. 3), a temperature relevant to the seawater sam-
pled here. We assume that enzymes produced by microbial communities in seawater
are at least as stable intrinsically as are the commercial enzymes used here. We hy-25

pothesize that the lifetime of enzymes produced by microbial communities in marine
environments may have somewhat longer lifetimes than those measured here, since
they are likely better “tuned” to work in extracellular environments than are commer-
cial enzymes from non-marine sources. Free enzymes released into the water column
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may rapidly interact with dissolved organic matter or adsorb onto organic or inorganic
particles, particularly in particle-rich coastal waters. These processes may help pro-
tect them from degradation (Keil et al., 1994) and would likely enhance their hydrolytic
lifetimes (Naidja et al., 2000; Huston et al., 2004; Ziervogel et al., 2007). Experimental
evidence, furthermore, suggests that half-lives of dissolved enzymes naturally present5

in marine waters (albeit at 7◦C; Steen and Arnosti, in revision) are of the same order
of magnitude as those measured here at 20◦C. These times are sufficiently long for
enzymes to be mixed away from areas of enzyme production and add to hydrolytic
activities in the water column.

For Apalachicola Bay, aggregate formation may greatly affect organic matter rem-10

ineralization processes, as the potential of particle aggregation due to hydrodynamic
conditions such as high rates of freshwater discharge as well as wind driven turbulence
(Huang et al., 2002; Huang and Spaulding, 2002) is usually high and possibly not lim-
ited to seasonal events such as phytoplankton blooms observed in the open ocean.
As aggregates tend to accumulate in ripple troughs at the field site (C. Arnosti, un-15

published data), aggregate-associated enzyme activities may also affect the sediment
elemental cycle whereas enzymes released from sinking aggregates would affect the
water column carbon cycle for a more extended period of time. Considering water
residence times of up to 10 days in Apalachicola Bay (Huang and Spaulding, 2002),
the observed hydrolytic lifetimes of enzymes released from aggregates would be suffi-20

ciently long to affect carbon cycling in the Bay as well as in the adjacent Gulf of Mexico.

5 Conclusions

Marine snow aggregates constitute densely colonized microbial microenvironments
that play an important role in organic matter remineralization in marine environments.
Our results show that aggregate formation shapes the nature of microbial enzymatic25

response to organic matter, changing the spectrum of enzymes produced and affecting
the rate and nature of enzymes active in the surrounding water column. Enzyme activi-
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ties concentrated in the aggregates result in enhanced aggregate-associated hydrolytic
activities that affect carbon remineralization on relatively small spatial scales com-
pared to the surrounding water column. In the case of sinking aggregates, aggregate-
associated activity can result in the enhanced production of specific cell-free extracellu-
lar enzymes that escape from the aggregates, extending hydrolytic activity beyond the5

spatial ‘reach’ of the aggregate. These cell-free enzymes that are released from aggre-
gates into the surrounding seawater have the potential to retain activity over timescales
sufficiently long to affect carbon remineralization in areas away from their site of pro-
duction. Aggregate formation can thus lead to spatial as well as temporal decoupling
of enzyme activity from microorganisms associated with marine snow. The presence10

and/or absence of aggregates might therefore in part explain spatial variations in en-
zyme activities in pelagic ecosystems (Arnosti et al., 2005, 2009), and disconnects
between enzyme activities and other measures of microbial community activity (Chap-
pell and Goulder, 1995; Murrell and Hollibaugh, 2000).
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Table 1. Maximum hydrolysis rates in aggregates (AGG) in spring 2006 (average of n= 2)
and fall 2008 (average of n=3± standard deviations), and the relationship (on a volume basis)
between hydrolysis rates in AGG and whole seawater (SW) for laminarin (Lam), xylan (Xyl),
pullulan (Pull), chondroitin sulfate (Chon), arabinogalactan (Ara), and fucoidan (Fu).

Spring 2006 Fall 2008
Hydrolysis rates in AGG Hydrolysis rates in AGG
(102 nmol L agg−1 h−1) AGG:SW (102 nmol L agg−1 h−1) AGG:SW

Lam 64.2 360 60.6±0.9 430
Xyl 45 260 146±35.4 440
Pull 29.1 330 0 –
Chon 13 70 31±27.9 210
Ara 11.6 120 30±17.5 690
Fu 13.1 70 18±1.8 230
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Hydrolysis in roller bottles ≥ whole seawater

Hydrolysis in roller bottles ≤ whole seawater
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Fig. 1. Maximum hydrolysis rates in whole seawater (SW), aggregate-free seawater (AGG-
free), and total roller bottle hydrolysis rates (AGG-free plus volume corrected aggregate rates;
see text) in spring 2006 (SW: average of n= 3; AGG-free and roller bottles: average of n= 2)
and fall 2008 (all average of n= 3± standard deviations). SW rates in spring 2006 are from
Arnosti et al. (2009).
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Fig. 2. Relative proportion of laminarin (lam), xylan (xyl), pullulan (pull), chondroitin sulfate
(chon), arabinogalactan (ara), and fucoidan (fu) hydrolysis on total hydrolytic activities (sum of
all rates per sampling time and experiment given in parenthesis).
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Fig. 3. Changes in enzyme activity over time of commercial enzymes (α-glucosidase and
alkaline phosphatase) in ASW.
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