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Abstract

Six structurally distinct polysaccharides were fluorescently labeled and used to compare potential hydrolysis rates
and substrate specificities of extracellular enzymes in bottom water and surface sediments. Potential hydrolysis rates
differed by factors of 10–100 among the six polysaccharides. The relative order of potential hydrolysis rates in
sediments was distinctly different from that of the bottom water samples. In surface sediments, pullulan hydrolysis
was extremely rapid, and relative hydrolysis rates decreased in the order pullulan k laminarin . chondroitin sulfate
. xylan . arabinogalactan k fucoidan. In bottom water, in contrast, pullulan, arabinogalactan, and fucoidan were
barely hydrolyzed, whereas chondroitin sulfate, xylan, and laminarin were hydrolyzed relatively rapidly. Hydrolysis
rates decreased in the order xylan . chondroitin sulfate . laminarin ... arabinogalactan ù pullulan ù fucoidan.
The differences among the relative hydrolysis rates might reflect fundamental differences in seawater and sedimen-
tary microbial communities with disparate extracellular enzymatic capabilities. Carbohydrates are significant con-
stituents of dissolved organic carbon in seawater and are detectable as molecularly distinct structures in sediments
of significant geologic age. Slow hydrolysis may provide the time required for geochemical transformations that
further increase resistance to remineralization.

Microbial remineralization of organic macromolecules is
initiated via activities of extracellular enzymes, since bac-
teria must hydrolyze substrates larger than ca. 600 Da prior
to transport into the cell (Weiss et al. 1991). The structural
specificities of these extracellular enzymes, as well as the
relative rates at which they function, therefore directly affect
the nature and types of substrates available to heterotrophic
bacteria and hence remineralization of organic matter in ma-
rine environments.

Carbohydrates comprise a substantial portion of marine
organic matter; they are also among the major classes of
substrates known to be utilized by heterotrophic bacteria.
Although the microbial uptake and utilization of specific car-
bohydrates such as glucose have been shown to be rapid
(e.g., Vaccaro and Jannasch 1966; Sawyer and King 1993),
the persistence of carbohydrates as molecularly identifiable
compounds in seawater (Benner et al. 1992), sinking parti-
cles, and sediments (Cowie and Hedges 1984; Hedges et al.
1988), including those of significant geological age (Cowie
et al. 1995), demonstrates that not all carbohydrates are read-
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ily available to heterotrophic bacteria. Because most carbo-
hydrate analyses are initiated with an acid-hydrolysis step
that yields a pool of monomers (e.g., Cowie and Hedges
1984; Mopper et al. 1995), little information is available
about the secondary and tertiary structure of marine carbo-
hydrates. The enzymes that bacteria use to hydrolyze oligo-
and polysaccharides, however, exhibit structural specificity
for features such as anomeric linkage, linkage position, and
monomer sequence (Antranikian 1992). These key aspects
of marine carbohydrates and of carbohydrate-hydrolyzing
enzymes therefore remain largely unknown.

Information about marine bacteria that produce extracel-
lular enzymes is likewise limited, since only a small fraction
of extant microbial species have been isolated in pure culture
(see Pace 1997 for review). Because of the fundamental
physical and chemical differences between seawater and sed-
imentary environments, the extracellular enzymes expressed
by bacteria inhabiting these environments may differ. As an
initial investigation of potential differences between the ex-
tracellular enzymes expressed by bacteria in seawater and
sediments, six structurally distinct polysaccharides (includ-
ing two used here for the first time) were fluorescently la-
beled, and their hydrolysis rates were measured in sediments
and bottom water collected in Skagerrak (between the North
Sea and the Baltic Sea). These polysaccharides were selected
as substrates because they span a range of chemical com-
positions and because their component monomers are com-
mon in marine environments (e.g., Cowie and Hedges 1984;
Hedges et al. 1988). A recent investigation of the hydrolysis
rates of four polysaccharides in a freshwater–seawater tran-
sect (Keith and Arnosti pers. comm.) had suggested that a
polysaccharide found to be rapidly hydrolyzed in sediments
at other locations may have near-zero hydrolysis rates in
seawater, but no comparable measurements were made in
sediments from the same site. The purpose of this study was
to measure hydrolysis rates of the new substrates, to ascer-
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tain the extent to which chemical structure may affect en-
zymatic hydrolysis rates, and to investigate possible differ-
ences in substrate specificities of extracellular enzymes
present in bottom water and in sediments.

Methods and study site

The six fluorescently labeled (FLA) polysaccharides were
synthesized and characterized by use of the method of Glabe
et al. (1983), as modified by Arnosti (1996).

To summarize briefly, the polysaccharides were dissolved
in MilliQ-H2O and then activated with CNBr. As needed,
0.25 M NaOH was added to keep the pH of the reaction mix
above 10.0 for 6 min. The solution was then injected on a
column of Sephadex G-25 gel with a mobile phase of
Na2B4O7, pH 8.0. The fraction corresponding to the void
volume of the column was collected into a vial containing
fluoresceinamine (isomer II; Sigma) and incubated over-
night. Labeled polysaccharide was separated from unreacted
fluoresceinamine by injecting the reaction mixture on a col-
umn of Sephadex G-25 gel with a mobile phase of NaCl 1
NaH2PO4/Na2HPO4, pH 8.0. The polysaccharides (all ob-
tained from Fluka or Sigma) included pullulan (a(1,6)-linked
polymer of maltotriose), laminarin (b(1,3) glucose polymer),
xylan (b(1,4) xylose), fucoidan (sulfated fucose polysaccha-
ride), chondroitin sulfate (sulfated polymer of N-acetylga-
lactosamine and glucuronic acid), and arabinogalactan
(mixed polymer of galactose and arabinose).

Sediment and bottom water samples were collected at Sta.
S4 at 57859.09N; 09838.79E (water depth: 190 m; see Canfield
et al. 1993 for further information) in Skagerrak, the transition
between the North Sea and Baltic Sea. Sediments were ob-
tained by boxcorer; Niskin bottles were used to collect water
from a depth of 175 m. The boxcore was subsampled with
polycarbonate core liners. All samples were stored at 48C until
further processing ashore (ca. 24 h after collection).

The surface (oxidized) interval (0–1.5 cm) of several sub-
cores was combined and homogenized, and replicate 20-ml
portions were dispensed via cut-off syringe into 50-ml cen-
trifuge tubes. Monomer-equivalent concentrations (i.e., com-
plete hydrolysis would yield the same molar quantity of
monosaccharides) of a single substrate were then added to
the tubes, and the sediments were thoroughly homogenized.
For the sediment samples, 3.5 mmol monomer equivalent of
each substrate was added to triplicate tubes. For the seawater
samples, 45-ml portions were dispensed into replicate vials,
one substrate was added to each vial, and then each 45-ml
sample was divided into three to yield triplicate 15-ml sam-
ples, each at 58 nmol monomer equivalent. Final concentra-
tions of substrates (expressed as monomers) were 175 mM
for the homogenized sediments and 3.9 mM for the bottom
water solutions.

Tubes and vials were incubated at ca. 58C in the dark over
the time course of the experiment. Homogenized sediments
were sampled every 24 h over 96 h; bottom water samples
were collected at 0 h, 120 h, 240 h, and 336 h. At each time,
homogenized sediments were centrifuged at 1,500 or 2,000
rpm for 3 min to obtain a portion of pore water. One milli-
liter of pore water was removed from each sample, filtered

through a 0.2-mm pore-sized surfactant-free cellulose acetate
(SFCA) disposable filter, and frozen; the sediment was then
thoroughly rehomogenized and returned to the incubator. For
seawater samples, 1 ml was removed from each vial, filtered
through a 0.2-mm pore-sized SFCA disposable filter, and
stored frozen until analysis.

To determine the extent of substrate hydrolysis at each
time, seawater and pore-water samples were injected onto a
low-pressure gel permeation chromatography system con-
sisting of a 20.5 3 1 cm column of Sephadex G-50 gel
connected via a flow adapter (Bio-Rad) to a 21.5 3 1– or
18 3 1–cm column of Sephadex G-75 gel that included a
1-cm layer of Sephadex G-25 gel at the column base. The
columns were connected to a Hitachi L-7480 fluorescence
detector set to wavelengths of 490 nm (excitation) and 530
nm (emission). The mobile phase (pumped at 1.0 ml min21

via a Shimadzu pump) was 100 mM NaCl 1 50 mM
Na2HPO4/NaH2PO4 buffer, pH 8.0. Data were collected via
a HP 3397A integrator. The columns were calibrated with a
series of fluorescein isothiocyanate (FITC) dextran molecu-
lar weight standards (150, 10, and 4 kDa), FITC glucose,
and fluoresceinamine (all obtained from Sigma).

Poisoned controls for the homogenized sediment experi-
ments consisted of 3 ml sediment 1 30 ml seawater 1 50
ml of a 0.12 M HgCl2 solution. After ca. 30 min, substrate
was added to the poisoned controls. For the seawater con-
trols, 50 ml of the HgCl2 solution was added to 15 ml of
seawater, and substrate was added after 30 min.

These experiments were designed to yield a direct com-
parison of substrate hydrolysis, since molar equivalent quan-
tities of monosaccharides (in the form of polysaccharides)
were added to each vial or tube. If hydrolysis of the various
polysaccharides proceeded at the same rate, then all of the
polysaccharides would be expected to reach the monomer
size class at approximately the same time point. This exper-
imental design provides a measure of relative hydrolysis
rates that is independent of rate calculation model. Numer-
ical hydrolysis rates were calculated with the sieve model,
described in detail in Arnosti (1996). In brief, the chroma-
tography column is calibrated through use of FITC–dextran
standards, so the elution times corresponding to various mo-
lecular weights (150 kDa, 10 kDa, 4 kDa, glucose, and free
fluorescent tag) are known. The elution profile of each poly-
saccharide changes through the time course of incubation as
the polysaccharide is progressively hydrolyzed to lower mo-
lecular weights. By quantifying the proportion of the fluo-
rescence signal observed in each molecular weight class at
a given time, the minimum number of hydrolyses (‘‘cuts’’)
required to reduce it to that size can be calculated. For these
experiments, the step from .10 kDa to 10 kDa was uni-
formly assigned 19 cuts, as is the case for a 200-kDa poly-
mer. Note that all of the rates reported here are potential
rates, since the substrate added to the sediments and seawater
is in competition with unknown concentrations of naturally
occurring substrate for enzyme active sites.

One clarification in terminology is introduced here. Hy-
drolysis of a bond between two monosaccharides (a cut)
yields a free anomeric carbon, often referred to as production
of a reducing sugar. In the enzyme literature, chemical anal-
ysis of carbohydrate-hydrolyzing enzyme activity is often
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Fig. 1. Potential hydrolysis rates of the six polysaccharides dur-
ing incubation in homogenized surface sediments. Pull 5 pullulan;
lam 5 laminarin; xyl 5 xylan; fu 5 fucoidan; ara 5 arabinogalac-
tan; chon 5 chondroitin sulfate.

carried out by colorimetric detection of the newly produced
reducing sugar (e.g., Dong et al. 1997). The activity is re-
ported as quantity of monosaccharide produced per unit
time, although the reducing sugars are typically the end units
of oligo- and polysaccharides.

For the FLA polysaccharide technique, bond hydrolysis
also yields reducing sugars as end units on oligo- and poly-
saccharides. The extent of hydrolysis, however, is monitored
by detecting changes in molecular weight distribution of the
total pool of FLA polysaccharides. Adding different quan-
tities of FLA polysaccharides to replicate samples with iden-
tical enzyme activities therefore would yield different final
molecular weight distributions of the FLA polysaccharide
pool. In order to report hydrolysis rates in a manner not
dependent on the quantity of substrate added, the extent of
hydrolysis is quantified by weighting the number of cuts
detected (determined via the molecular weight distribution
of the total FLA polysaccharides pool) by the total quantity
of carbohydrate added (expressed as monomer concentra-
tion), yielding units of cuts 3 quantity of monomer vol-
ume21 time21. For example, if a given quantity of 6,000 Da
FLA polysaccharides were completely hydrolyzed to mono-
saccharides in a sample, double that quantity of FLA poly-
saccharides would theoretically be hydrolyzed only to disac-
charides over the same interval of time. The reported
hydrolysis rate in the two cases would nonetheless be the
same: the greater number of cuts (complete hydrolysis to
monomers) detected in the first case relative to the second
would be balanced by the greater quantity of substrate added
in the second case. In order to follow standard convention
in the enzyme literature, as well as to reduce the confusion
caused by including the word ‘‘cuts’’ in previous publica-
tions, hydrolysis rates are reported here as quantity of mono-
mer volume21 time21, equivalent to the production of reduc-
ing sugars.

Results and discussion

Hydrolysis rates and patterns in bottom water and sedi-
ments—In the homogenized surface sediments, all the poly-
saccharides were measurably hydrolyzed over the time course
of the experiment, albeit at very different rates (Fig. 1). Pul-
lulan was most rapidly hydrolyzed, followed by the other poly-

saccharides in decreasing order: pullulan k laminarin . chon-
droitin sulfate . xylan . arabinogalactan k fucoidan.
Hydrolysis rates of the six polysaccharides in the homogenized
surface sediments ranged over almost two orders of magnitude,
from fucoidan at 2 nmol monomer cm23 h21 to pullulan at 189
nmol monomer cm23 h21. The pullulan hydrolysis rate dropped
off sharply after 24 h, principally because hydrolysis was well
advanced: after 24 h, ca. 70% of the substrate was already in
the monomer size class (Fig. 2). The laminarin hydrolysis rate
at 24 h was 56 nmol monomer cm23 h21 and also decreased at
later time points, again because of extensive hydrolysis: 54%
of the substrate was already hydrolyzed to monomer size class
after 24 h of incubation.

For chondroitin sulfate, hydrolysis rates increased from
15–16 nmol monomer cm23 h21 at 24–48 h to 42–45 nmol
monomer cm23 h21 at 72–96 h, reflecting a rapid change in
molecular weight distribution over the same time period: al-
most 60% of the total substrate was still .10 kD at 48 h,
vs. ca. 5% at 72 h; the percentage of substrate in the mono-
mer size class doubled over the same time interval. This
sharp increase in hydrolysis rates, which was also observed
in the seawater samples, might be due to the induction of
enzymes over a relatively long time scale or to growth of a
specific microbial population. After 96 h, 51% of the sub-
strate reached the monomer size class. Xylan hydrolysis
rates were nearly constant over the 96 h time course of the
experiment, varying between 13 and 15 nmol monomer cm23

h21. Approximately 52% of the substrate was ultimately hy-
drolyzed to the monomer size class over 96 h. Arabinoga-
lactan hydrolysis initially was 17 nmol monomer cm23 h21

after 24 h, dropping to 10–12 nmol monomer cm23 h21 at
succeeding time points, with 28% of the substrate ultimately
hydrolyzed to the monomer size class. Fucoidan hydrolysis
rates ranged from 2–7 nmol monomer cm23 h21 over the time
course of the incubation; 11% of the substrate was ultimately
hydrolyzed to monomers (Fig. 2). Standard deviations of po-
tential hydrolysis rates calculated for triplicate tubes after 72
h incubation were 68 6 2, 23 6 0.5, 15 6 2, 4 6 2, 12 6
1, and 44 6 3 nmol monomer cm23 h21 for pullulan, lami-
narin, xylan, fucoidan, arabinogalactan, and chondroitin sul-
fate, respectively.

Although all of the substrates were hydrolyzed at least to
some extent in sediments, the picture was quite different in
bottom water. Hydrolysis rates for pullulan, arabinogalactan,
and fucoidan were near zero (Fig. 3), reflecting the very
small changes in molecular weight distributions observed
over the 336-h incubation in bottom water (Fig. 4). Xylan
was most rapidly hydrolyzed (i.e., the highest percentage of
substrate ultimately reached the monomer size class), fol-
lowed by the other polysaccharides in decreasing order: xy-
lan . chondroitin sulfate . laminarin k pullulan ù arabi-
nogalactan ù fucoidan (Fig. 3). Hydrolysis rates of the six
polysaccharides in seawater spanned well over an order of
magnitude, ranging from near-zero rates (nominally 0.004–
0.01 nmol monomer ml21 h21) for pullulan, arabinogalactan,
and fucoidan to a high of 0.31 nmol monomer ml21 h21 for
chondroitin sulfate at 240 h. Xylan hydrolysis was low at
120 h (0.05 nmol monomer ml21 h21), but rates at 240 and
336 h increased to 0.19 and 0.18 nmol monomer ml21 h21,
and 66% of the substrate ultimately reached the monomer
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Fig. 2. Changes in molecular weight distributions of the six polysaccharides during incubation
in homogenized surface sediments. Molecular weight distribution: diagonal bars .10 kDa; white
5 10 kDa; horizontal bars 5 3–4 kDa; solid black 5 monomers.

Fig. 3. Potential hydrolysis rates of the six polysaccharides dur-
ing incubation in bottom water. Pull 5 pullulan; lam 5 laminarin;
xyl 5 xylan; fu 5 fucoidan; ara 5 arabinogalactan; chon 5 chon-
droitin sulfate.

size class (Fig. 4). Although no hydrolysis of chondroitin
sulfate was detectable at 120 h, hydrolysis rates at 240 and
336 h were 0.31 and 0.25 nmol monomer ml21 h21. Fifty-
six percent of the chondroitin sulfate was ultimately hydro-
lyzed to the monomer size class, reflecting both the pattern
and extent of hydrolysis seen in the surface sediments. Lam-
inarin hydrolysis rates were relatively constant throughout
the time course of the experiment, ranging from 0.08 to 0.11
nmol monomer ml21 h21; 35% of the substrate was hydro-
lyzed to monomer size classes after 336 h of incubation.
Standard deviations of potential hydrolysis rates calculated
for triplicate vials after 336 h of incubation were 0.01 6

0.009, 0.10 6 0.002, 0.17 6 0.008, 0.02 6 0.007, 0.02 6
0.01, and 0.25 6 0.003 nmol monomer ml21 h21 for pullulan,
laminarin, xylan, fucoidan, arabinogalactan, and chondroitin
sulfate, respectively.

Low to zero rates of hydrolysis for pullulan and fucoidan
in the water column have also been observed in a freshwater-
shelf transect of surface waters from Delaware Bay (Keith
and Arnosti pers. comm.). The relative order of hydrolysis
rates for the four substrates in that study was the same as in
the current study: xylan . laminarin k pullulan ù fucoidan.
The hydrolysis rates measured over the course of a 6-d in-
cubation in January (when the surface water temperatures in
the Delaware transect were comparable to the bottom water
in Skagerrak) were generally somewhat higher, ranging up
to 1.5 nmol monomer ml21 h21 for xylan at the freshwater
station and 0.57 nmol monomer ml21 h21 at the shelf station.
Hydrolysis rates for laminarin were also generally higher in
the Delaware transect than in the Skaggerak bottom water,
ranging up to 0.14 nmol monomer ml21 h21 at the freshwater
station and 0.46 nmol monomer ml21 h21 at the offshore
station in January.

None of the bottom water poisoned controls showed any
signs of hydrolysis over the time course of the experiment.
For the sediment samples, poisoned xylan and laminarin
samples showed minor shifts in elution profiles, whereas the
poisoned arabinogalactan control showed significant changes
in elution profile at 72 h. The uniformly unchanged elution
profiles in the bottom water controls demonstrate the stabil-
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Fig. 4. Changes in molecular weight distributions of the six polysaccharides during incubation
in bottom water. Note that slightly different column systems were used to analyze the seawater and
sediment samples, hence the differences in initial molecular weight distributions. Molecular weight
distribution: diagonal bars .10 kDa; white 5 10 kDa; horizontal bars 5 3–4 kDa; solid black 5
monomers.

ity of the substrates in seawater; therefore, the changes in
the sediment controls may reflect the activities of enzymes
already present in the sediments, either attached to particles
or free in pore water, whose activity was unaffected by the
addition of poison. Since such enzymes would also contrib-
ute to the hydrolysis of naturally occurring substrates, the
xylan, laminarin, and arabinogalactan sediment hydrolysis
rates were not corrected for shifts in elution profiles ob-
served in the controls. Subtracting hydrolysis seen in the
poisoned controls would decrease the sediment hydrolysis
rates for xylan and laminarin at 72 h by 12% and 29%,
respectively; the arabinogalactan hydrolysis rate would be
42% lower.

The most striking difference between the bottom water
and sediment experiments is that three of the six substrates
that were measurably hydrolyzed in sediments had near-zero
hydrolysis rates in bottom water (Figs. 1, 3). Rapid pullulan
hydrolysis has been observed in all oxic and anoxic sedi-
ments investigated to date, from locations including the
Baltic Sea, eastern North Atlantic, and the Arctic Ocean
(Arnosti and Repeta 1994a; Arnosti 1996, 1998). Arabino-
galactan, which was steadily hydrolyzed in the sediments,
was not significantly hydrolyzed in the seawater incubation.
Fucoidan hydrolysis rates in seawater were also near zero,
in contrast to the low but measurable rates in homogenized
surface sediments from Skagerrak, the coastal North Sea,
and coastal North Atlantic (Arnosti unpubl. data).

The differing patterns of hydrolysis observed in bottom
water and sediments are not likely simply due to differences
in total bacterial numbers. In sediments, total bacterial num-
bers are typically reported to be several orders of magnitude
higher (on a volume basis) than in seawater (Schmidt et al.
1998). A hypothetical two orders of magnitude difference in
sediment population relative to bottom water, however,
would result in comparable maximum potential hydrolysis
rates only for xylan (Fig. 5). Irrespective of the actual nu-
merical difference in microbial populations of Skagerrak
bottom water and sediments, no simple scaling factor could
account for the differences in patterns of hydrolysis. Al-
though the composition of the microbial communities may
have changed over the relatively long time course of the
bottom water experiment, such changes would be expected
to favor organisms active in the decomposition of the added
substrates. During mesocosm enrichment experiments, Pin-
hassi et al. (1999) observed population shifts correlated with
changes in enzyme activities, measured via methylumbelli-
feryl (MUF) substrate analogs.

Differences in relative hydrolysis rates likewise cannot be
explained solely by substrate monomer composition: all of the
polysaccharides used in this investigation are either derived
from marine sources or their component monomers are com-
mon in marine systems. Laminarin and xylan occur in marine
algae (Painter 1983), laminarinase and pullulanase activity has
been demonstrated in a range of marine bacteria (Wainwright
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Fig. 5. Direct comparisons of maximum potential hydrolysis
rates in bottom water (white bars) and sediments (gray bars). Note
different scales for bottom water and sediment hydrolysis rates. Er-
ror bars stem from triplicates measured at 72 and 336 h for sedi-
ments and bottom water, respectively.

1981; Arnosti and Repeta 1994a), fucoidan was produced from
Fucus vesiculosus (Fluka), chondroitin sulfate was produced
from shark cartilage (Fluka), and arabinose and galactose are
among the monosaccharides most commonly detected in phy-
toplankton, marine waters, and sediments (Cowie and Hedges
1984; Biersmith and Benner 1998; and references therein).
Substrate addition levels were also within a concentration range
typical for marine systems: the additions to bottom water sam-
ples were equivalent to dissolved carbohydrate concentrations
measured in the water column in a variety of environments
(Borch and Kirchman 1997).

Differences in ionic composition, redox state, or liquid/
solid ratios of bottom water and sediments may affect poly-
saccharide conformation or partitioning and therefore may
influence the relative availability of polysaccharides to mi-
crobial communities. Since microbial communities them-
selves are likewise affected by these factors, determining
relative influences of specific factors is difficult. A prelimi-
nary investigation of pullulan hydrolysis in particle-free pore
water from Skagerrak sediments, however, yielded potential
hydrolysis rates higher than the highest rates measured for
any of the substrates hydrolyzed in bottom water (Arnosti
unpubl. data). Neither solid-water partitioning nor particle
association is therefore likely to be a primary controlling
factor in pullulan hydrolysis.

The differences in patterns of hydrolysis in bottom water
and sediments may be due to fundamental differences in
microbial communities, a hypothesis supported by recent
molecular biological investigations of North Sea sediments.
Llobet-Brossa et al. (1998) suggested just this possibility on
the basis of their results from in situ hybridization with
group-specific rRNA probes. They particularly highlighted
the abundance of members of the Cytophaga–Flavobacteria
cluster, a group found by DeLong et al. (1993) to be the
most abundant among macroaggregate-attached bacteria. As
noted by DeLong et al. (1993), many of the Cytophaga pro-
duce extracellular enzymes and are known as polymer de-
graders.

The differences in substrate specificities demonstrated in
this study may additionally point to different strategies of

extracellular enzyme utilization among bottom water and
sedimentary microbial communities. Vetter et al. (1998) re-
cently described a model that suggested that release of ex-
tracellular enzymes could be a profitable strategy for bacteria
in sedimentary environments. If hydrolysis of specific kinds
of polysaccharides is primarily accomplished by free extra-
cellular enzymes, such substrates may preferentially survive
passage through the water column and subsequently fuel
benthic metabolism.

Systematic differences in hydrolysis patterns in bottom
water and surface sediments would not likely have been de-
tected by previous studies of enzyme activities in seawater
or in sediments. Most of these studies have utilized small
substrate analogs consisting of a monosaccharide (usually
glucose) linked to a MUF fluorophore (e.g., Hoppe 1983;
Meyer-Reil 1986). These small substrate proxies cannot
mimic the three-dimensional structure of high-molecular-
weight polysaccharides in solution. The suite of mixed and
charged structures included among the six fluorescently la-
beled polysaccharides used here could not in any case be
replicated by MUF substrates.

Implications for carbon preservation—Although varia-
tions in patterns of enzyme activity have been observed for
bacterial species isolated from single seawater samples, as
well as for populations collected at different times from the
same sites (Martinez et al. 1996; Keith and Arnosti pers.
comm.), this study demonstrates a major difference in pat-
terns of polysaccharide hydrolyzing enzyme activity be-
tween bottom water and sediments collected from the same
site. Furthermore, introduction of the chondroitin sulfate and
arabinogalactan substrates extends the range of polysaccha-
ride structures whose hydrolysis rates can be investigated
under different conditions.

Polysaccharides of mixed, charged (or both) composition,
such as fucoidan, chondroitin sulfate, and arabinogalactan,
will likely be useful tools to investigate the behavior of the
carbohydrate-containing structures that persist for relatively
long periods of time in marine environments. Near-zero hy-
drolysis of fucoidan in bottom water and very slow hydro-
lysis in sediments are particularly intriguing in light of sug-
gestions that deoxysugar-containing sulfated polysaccharides
(a description that fits fucoidan) may be important compo-
nents of transparent exopolymer particles (Mopper et al.
1995). These particles are known to be ubiquitous and per-
sistent in the water column (Alldredge et al. 1993). Several
studies (Cowie and Hedges 1984; Hedges et al. 1988) have
also documented enrichments in fucose relative to other car-
bohydrates with depth in sediments.

Near-zero hydrolysis rates of arabinogalactan in bottom
water provide further evidence that chemical structures of
this mixed type (hexose–pentose combinations) may present
specific problems for bacteria. Uptake of a galactose–arabi-
nose disaccharide—a substrate that does not require extra-
cellular hydrolysis—was found to be slow in lake-water me-
socosm experiments (Meon and Juettner 1999), as well as
in enrichments from marine sediments (Arnosti and Repeta
1994b). Transfer and re-enrichment of bacteria from the ini-
tial enrichment cultures yielded cultures able to more rapidly
utilize the galactose–arabinose disaccharide, implying that
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an uncommon or slow-growing bacterium is responsible for
utilizing this disaccharide (Arnosti and Repeta 1994b). Near-
zero hydrolysis rates of arabinogalactan in bottom water may
similarly reflect a dearth of bacteria capable of producing
the enzymes required to hydrolyze this polysaccharide.

The influence of a variety of other factors on enzymatic
hydrolysis rates remains to be explored. Phase transition
(solubilization of particulate to dissolved carbohydrates) is
one potentially important factor. Likewise, macromolecules
such as glycolipids and glycoproteins may exhibit reactivi-
ties differing from those of soluble polysaccharides. Further
development of more sophisticated enzyme probes should
aid in these investigations.

The persistence of carbohydrates as a relatively constant
fraction of total organic carbon downcore in sediments has
been noted in a number of studies (e.g., Cowie and Hedges
1984; Cowie et al. 1995). Carbohydrates persist in the dis-
solved phase as well, constituting an estimated 25–50% of
dissolved organic carbon (DOC) in seawater (Benner et al.
1992). Monomer analyses of ultrafiltered DOC from a va-
riety of oceanic sites have yielded a mixture of carbohydrate
components, apparently derived from hetero oligo- or poly-
saccharides (McCarthy et al. 1993; Aluwihare et al. 1997).
Since bulk DOC is geochemically old, some fraction must
survive several ocean mixing cycles (Williams and Druffel
1987). The means by which these carbohydrates are pre-
served as molecularly detectable compounds, as well as their
macromolecular structures, are unknown. The contrasting
hydrolysis rates of the two glucose polysaccharides (pullulan
and laminarin) in seawater and sediments, however, dem-
onstrate the importance of polysaccharide secondary and ter-
tiary structure in determining hydrolysis rates. Such struc-
tural differences are not easily explored with currently
utilized analytical methods. Although secondary and tertiary
structure alone may not account for the preservation of car-
bohydrates over geologic time, any factors impeding enzy-
matic hydrolysis of a substrate may compound the effects of
processes such as surface interaction or association (Keil et
al. 1994; Nagata et al. 1998), which may further increase
recalcitrance toward microbial remineralization.

References

ALLDREDGE, A. L., U. PASSOW, AND B. E. LOGAN. 1993. The abun-
dance and significance of a class of large, transparent organic
particles in the ocean. Deep-Sea Res. I 40: 1131–1140.

ALUWIHARE, L. I., D. J. REPETA, AND R. F. CHEN. 1997. A major
biopolymeric component to dissolved organic carbon in surface
sea water. Nature 387: 166–169.

ANTRANIKIAN, G. 1992. Microbial degradation of starch, p. 27–56.
In G. Winkelman [ed.], Microbial degradation of natural prod-
ucts. VCH.

ARNOSTI, C. 1996. A new method for measuring polysaccharide
hydrolysis rates in marine environments. Org. Geochem. 25:
105–115.

. 1998. Rapid potential rates of extracellular enzymatic hy-
drolysis in Arctic sediments. Limnol. Oceanogr. 43: 315–324.

, AND D. J. REPETA. 1994a. Extracellular enzyme activity in
anaerobic bacterial cultures: Evidence of pullulanase activity
among mesophilic marine bacteria. Appl. Environ. Microbiol.
60: 840–846.

, AND . 1994b. Oligosaccharide degradation by an-

aerobic marine bacteria: Characterization of an experimental
system to study polymer degradation in sediments. Limnol.
Oceanogr. 39: 1865–1877.

BENNER, R., J. D. PAKULSKI, M. MCCARTHY, J. I. HEDGES, AND P.
G. HATCHER. 1992. Bulk chemical characteristics of dissolved
organic matter in the ocean. Science 255: 1561–1564.

BIERSMITH, A., AND R. BENNER. 1998. Carbohydrates in phyto-
plankton and freshly produced dissolved organic matter. Mar.
Chem. 63: 131–144.

BORCH, N. H., AND D. L. KIRCHMAN. 1997. Concentration and com-
position of dissolved combined neutral sugars (polysaccha-
rides) in seawater determined by HPLC-PAD. Mar. Chem. 57:
85–95.

CANFIELD, D. E., AND OTHERS. 1993. Pathways of organic carbon
oxidation in three continental margin sediments. Mar. Geol.
113: 27–40.

COWIE, G. L., AND J. I. HEDGES. 1984. Carbohydrates sources in a
coastal marine environment. Geochim. Cosmochim. Acta 48:
2075–2087.

, , F. G. PRAHL, AND G. J. DE LANGE. 1995. Ele-
mental and major biochemical changes across an oxidation
front in a relict turbidite: An oxygen effect. Geochim. Cos-
mochim. Acta 59: 33–46.

DELONG, E. F., D. G. FRANKS, AND A. L. ALLDREDGE. 1993. Phy-
logenetic diversity of aggregate-attached vs. free-living marine
bacterial assemblages. Limnol. Oceanogr. 38: 924–934.

DONG, G., C. VIELLE, AND J. G. ZEIKUS. 1997. Cloning, sequencing,
and expression of the gene encoding amylopullulanase from Pyr-
ococcus furiosus and biochemical characterization of the recom-
binant enzyme. Appl. Environ. Microbiol. 63: 3577–3584.

GLABE, C. G., P. K. HARTY, AND S. D. ROSEN. 1983. Preparation
and properties of fluorescent polysaccharides. Anal. Biochem.
130: 287–294.

HEDGES, J. I., W. A. CLARK, AND G. L. COWIE. 1988. Organic mat-
ter sources to the water column and surficial sediments of a
marine bay. Limnol. Oceanogr. 33: 1116–1136.

HOPPE, H.-G. 1983. Significance of exoenzymatic activities in the
ecology of brackish water: measurements by means of meth-
ylumbelliferyl-substrates. Mar. Ecol. Prog. Ser. 11: 299–308.

KEIL, R. G., D. B. MONTLUCON, F. G. PRAHL, AND J. I. HEDGES.
1994. Sorptive preservation of labile organic matter in marine
sediments. Nature 370: 549–552.

LLOBET-BROSSA, E., R. ROSSELLO-MORA, AND R. AMANN. 1998.
Microbial community composition of Wadden Sea sediments
as revealed by fluorescence in situ hybridization. Appl. Envi-
ron. Microbiol. 64: 2691–2696.

MARTINEZ, J., D. C. SMITH, G. F. STEWARD, AND F. AZAM. 1996.
Variability in ectohydrolytic enzyme activities of pelagic ma-
rine bacteria and its significance for substrate processing in the
sea. Aqat. Microb. Ecol. 10: 223–230.

MCCARTHY, M. D., J. I. HEDGES, AND R. BENNER. 1993. The chem-
ical composition of dissolved organic matter in seawater.
Chem. Geol. 107: 503–507.

MEON, B., AND F. JUETTNER. 1999. Concentrations and dynamics of
free mono- and oligosaccharides in a shallow eutrophic lake
measured by thermospray mass spectrometry. Aqat. Microb.
Ecol. 16: 281–293.

MEYER-REIL, L.-A. 1986. Measurement of hydrolytic activity and
incorporation of dissolved organic substrates by microorgan-
isms in marine sediments. Mar. Ecol. Prog. Ser. 31: 143–149.

MOPPER, K., J. ZHOU, K. SRI RAMANA, U. PASSOW, H. G. DAM,
AND D. T. DRAPEAU. 1995. The role of surface-active carbo-
hydrates in the flocculation of a diatom bloom in a mesocosm.
Deep-Sea Res. 42: 47–73.

NAGATA, T., R. FUKUDA, I. KOIKE, K. KOGURE, AND D. L. KIRCH-



1119Enzyme activity in seawater and sediment

MAN. 1998. Degradation by bacteria of membrane and soluble
protein in seawater. Aqat. Microb. Ecol. 14: 29–37.

PACE, N. R. 1997. A molecular view of microbial diversity and the
biosphere. Science 276: 734–740.

PAINTER, T. J. 1983. Algal polysaccharides, p. 195–285. In G. O.
Aspinall [ed.], The polysaccharides. Academic Press.

PINHASSI, J., F. AZAM, J. HEMPHALA, R. A. LONG, J. MARTINEZ, U.
L. ZWEIFEL, AND A. HAGSTROM. 1999. Coupling between bac-
terioplankton species composition, population dynamics, and
organic matter degradation. Aquat. Microb. Ecol. 17: 13–26.

SAWYER, R. E., AND G. M. KING. 1993. Glucose uptake and end
product formation in an intertidal marine sediment. Appl. En-
viron. Microbiol. 59: 120–128.

SCHMIDT, J. L., J. W. DEMING, P. A. JUMARS, AND R. G. KEIL. 1998.
Constancy of bacterial abundance in surficial marine sedi-
ments. Limnol. Oceanogr. 43: 976–982.

VACCARO, R. F., AND H. W. JANNASCH. 1966. Studies on heterotro-

phic activity in seawater based on glucose assimilation. Lim-
nol. Oceanogr. 11: 596–607.

VETTER, Y. A., J. W. DEMING, P. A. JUMARS, AND B. B. KRIEGER-
BROCKETT. 1998. A predictive model of bacterial foraging by
means of freely released extracellular enzymes. Microb. Ecol.
36: 75–92.

WAINWRIGHT, M. 1981. Assay and properties of alginate lyase and
1,3-b-glucanase in intertidal sands. Plant Soil 59: 83–89.

WEISS, M. S., U. ABELE, J. WECKESSER, W. WELTE, E. SCHILTZ,
AND G. E. SCHULZ. 1991. Molecular architecture and electro-
static properties of a bacterial porin. Science 254: 1627–1630.

WILLIAMS, P. M., AND E. R. M. DRUFFEL. 1987. Radiocarbon in
dissolved organic matter in the central North Pacific Ocean.
Nature 330: 246–248.

Received: 22 September 1999
Accepted: 12 January 2000

Amended: 9 March 2000


