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Abstract of the Dissertation 

Annual sedimentary extracellular enzyme activities in Great Peconic Bay   

-- From a two dimensional perspective 

by 
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Doctor of Philosophy 

in 
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Stony Brook University 

2013 

 

Extracellular enzymes (EE) initiate heterotrophic remineralization by hydrolyzing high-

molecular-weight organic matter to substrates sufficiently small (~600 Da) to be transported 

across cell membranes. An accurate understanding of EE associated remineralization processes 

in sedimentary deposits requires measuring patterns of extracellular enzyme activity (EEA) with 

minimal disturbance. Traditional methods for measuring EEA typically involve sectioning of 

sediment cores and incubation. This approach at best results in an averaged one-dimensional 

profile with low resolution. Any natural heterogeneity in enzyme activity is obscured and the 

possible association of activity patterns with sedimentary structure minimized.  

My dissertation work focused on the development of a planar sensor system to measure 

two-dimensional EEA in marine sediments. The underlying principle of this new system is the 

incorporation of a fluorogenic enzyme substrate (Leu-MCA in this application) into a polymer 

carrier and the controlled release of that substrate into a contacting medium while transport and 

reactions are continuously monitored. The sensor foils reveal real-time proteolytic enzyme 

(Leucine-aminopeptidase) activity patterns across the planar surfaces at high spatial resolution 

(~50-100µm). This 2-D methodology provides a unique means to directly and independently 
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measure the complex, unsteady processes affecting reactive organic matter substrate distributions 

in both oxic and anoxic zones of sedimentary deposits. 

This new sensor system was used to study seasonal EEA distributions in Great Peconic 

Bay sediments. Results showed that EEA varies seasonally: highest during the spring bloom and 

summer, and lowest during the fall and early winter. Seasonal variation is determined by both 

temperature and the availability of reactive organic substrates. Spatial heterogeneity was less 

obvious in cold seasons mainly due to low bio-activities. In warm seasons, however, a higher 

degree of horizontal heterogeneity was observed as the result of increased organic deposits and 

active macrobenthos. Degradation hot spots with sizes ranging from millimeters to one 

centimeter were observed in some seasons and were found to be associated with burrow 

structures and phytoplankton aggregates. The deposition of phyto-detritus from an early spring 

bloom greatly enhanced surface sediment EEA, and at this time high EEA closely coincided with 

regions of elevated metabolite production. However, EEA and solute build up patterns are 

decoupled during much of the year because of the different transport mechanisms and rates of 

transport affecting reactive particle substrates and solutes in bioturbated deposits. EEA correlates 

directly with depth integrated remineralization rates (∑CO2, NH4
+ production) but because EEA 

is a potential measurement (saturated rate) the correlation is not necessarily stoichiometrically 

exact. 

  An incubation experiment was conducted to study the EEA change as a response of 

bacteria communities to rapid variation in temperature. The results showed that bacteria 

responded quickly to temperature changes.  Bacteria tend to synthesize a higher portion of LAP 

at low temperatures and a greater portion of Glucosidase and Phosphatase at temperatures higher 

than the in situ temperature they live. Temperature sensitivity curves showed that the initial 

response of the bacteria community to temperature change is always to alter their yield of EE. 

With longer exposure to a temperature change, community structure may alter or a succession of 

isoenzymes may occur shortly after a temperature shift.   
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1. What are Extracellular Enzymes (EE) and their ecological significance 

Extracellular enzymes (EE) are the main study targets of this dissertation. Extracellular 

enzymes can be defined as enzymes that function outside of cell membranes of bacteria to 

decompose organic substrates into smaller pieces. The majority of EEs are excreted on purpose 

by organisms, while the other EEs may have different origins, such as the lysis of cells. The 

locations of extracellular enzymes can be varied. Though all extracellular, they may be free-

dissolved, bound on cell-surface, periplasmic or adsorbed to surfaces other than those of its 

producer. In order to differentiate the locations of EEs, various terms have been introduced. For 

example , the terms ectoenzymes (Chrost 1991) or exoenzymes (Hoppe 1983) were created to  

represent cell-surface-bound or periplasmic enzymes, in contrast to the term ‘extracellular 

enzymes’ that specially represents free dissolved enzymes and enzymes adsorbed to other 

particles. In practical measurements, however, the differentiation between cell-surface-bond 

enzymes and particle-adsorbed enzymes are technically difficult. Besides, there is no evidence 

extracellular enzymes at different locations are structurally different. The use of multiple terms 

seems redundant and unnecessary.  In most recent publications, the term extracellular enzyme 

has been widely accepted to represent all enzymes that function outsides of cells and the terms 

free-dissolved and adsorbed EE are used to differentiate the locations of EE. According to the 

site of the organic matter that enzymes work on, extracellular enzymes can be categorized as 

endo or exo-acting enzymes. Endo-acting extracellular enzymes refer to enzymes that hydrolyze 

substrates mid-chain and exo-acting extracellular enzymes are enzymes that hydrolyze 

monomers from terminal ends of polymers. 

2. The ecological role and significance of extracellular enzymes(EE) 

Extracellular enzyme catalyzed polymer hydrolysis is the initial step in the microbial 

loop.  For prokaryotes, only molecules smaller than 600 Da can be directly transported across 

cell membranes (Weiss et al. 1991). The majority of organic materials, which include all POC 

and  the most DOC (>95%) (Chrost 1992) are above this limit so that must undergo a cleavage 
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step before being transported into cells(Amon & Benner 1994) , which is the function of 

extracellular enzymes. Extracellular enzymes cut small units, either monomers or oligomers, off 

from a diverse array of complex compounds. These small units have a MW <600 Da so they can 

be utilized by microbes. The EEs are also essential for eukaryotes. Eukaryotes, though they 

ingest big particles, these ingested particles are also hydrolyzed by extracellular enzymes in 

animals’ digestion systems. That is to say, the decomposition of almost all polymeric molecules, 

despite their compositions and origins, are initiated by extracellular hydrolysis. Considering the 

essential role of EE together with the common existence of long-lived refractory organic 

particles, EE mediated hydrolysis is referred to as the rate-limiting step in organic matter 

degradation (Davey et al. 2001, Lehman & O'Connell 2002).  Though recent studies have found 

this may not be the fact in all environments (Burdige & Gardner 1998, Arnosti 2011), there is no 

arguments that EE catalyzed hydrolysis, being an essential step, plays an extremely important 

role in elemental cycles. 

3. Major groups of extracellular enzymes 

To hydrolyze a diversified organic matter pool in nature necessarily requires a diversified 

group of EE. Despite a large number of different types of EE, with a few exceptions such as 

phenol oxidase and peroxidase, the majority of extracellular enzymes are hydrolytic enzymes. 

That is probably due to the limited energy support in extracellular environments that restrict the 

performance of other enzymes.  The nomenclature of extracellular enzymes, according to 

associated Enzyme Commission Number (EC), is that most EEs belong to hydrolases category 

(EC 3). A relatively unofficial classification, which bases on the chemical bonds that EEs 

hydrolyze, separates EEs into 3 major groups: enzymes that hydrolyze C-O bond, enzymes that 

hydrolyze C-N bond and enzymes that hydrolyze O-P. 

EEs that hydrolyze C-O bonds mainly include glycoside hydrolase (EC 3.2.1) and lipase 

(EC 3.1.1).  This is a large group of EEs that hydrolyze the C-O bonds from a variety of 

carbohydrates and lipids. Some common poly-carbohydrates in natural environments include 
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starch, glycogen, cellulose, chitin, pullulan, laminarin, chondroitin sulfate, fucoidan and xylan 

etc (Arnosti 2000). Among glycoside hydrolases, β-glucosidase (BGA) is common and the most 

widely studied enzyme.  It exhibits a relaxed substrate specificity hydrolyzing β-linked 

disaccharides of glucose.  Many of the glycoside hydrolases comprise non-catalytic 

carbohydrate-binding modules (CBMs), which can be considered as a special expression of 

glycosylase. The role of CBMs is to promote the recognition and binding of enzymes to cognate 

polysaccharides as most of them are hydrophobic (Boraston et al. 2004).  Some more details 

about glycoside hydrolase can be found reviews such as (Warren 1996, Davies et al. 2005). 

Enzymes that hydrolyze C-N bonds (peptide bonds) are mainly aminopeptidase or 

proteinase (EC 3.2.4).  They are exo and ecto-acting enzymes that initiate protein degradation in 

aquatic environments. In natural environments, the overall decomposition rate of proteins is a 

collaborate efforts of exo and ecto-acting enzymes. The ecto enzymes cut big chains into smaller 

peptides, providing more reactive terminals for exo-acting enzymes. Leucine-aminopeptidase 

(LAP) is the most widely studied aminopeptidase. LAP hydrolyzes a large number of peptides of 

the L-configuration but has the highest affinity with peptide bonds that have Leucine at the N 

side. Most aminopeptidases are metalloznymes that have Zinc at their active centers. 

Enzymes that hydrolyze O-P are within the group of esterase and mainly include 

phosphatases (PA) and phosphor-diesterasesare. Alkaline phosphatase is the most widely studied 

esterase in aquatic environments. In low pH environments, acid phosphatase takes the place of 

alkaline phosphatase in hydrolyzing organic phosphate. Almost all phosphatases are 

metalloenzymes (Coleman 1992) . 

The products of these three groups constitutes the major food and nutrients sources for: 

C, N and P respectively. The activity ratio between EEs therefore reflect the nutrient status and 

nutrient ratio demands of microbes. An explicit stoichiometry, however, is required when 

applying EEAs for these purposes.  The product of peptidase hydrolysis (amino acid) is also an 

organic C source. Addtionally, phosphatase conducted hydrolysis may  be a prerequisite step for 
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the degradation of remnant organic C components, as suggested by studies which have found 

that C-limited bacteria in the deep strata produced phosphatase primarily targeting organic C 

compounds rather than phosphate (Hoppe & Ullrich 1999, Hoppe 2003). 

4. Enzyme reaction kinetics. 

In principle, extracellular enzyme conducted hydrolysis obeys Michaelis–Menten (MM) 

kinetics, with the kinetic equations being of the form: 

][

][max

0
SK

Sv
v

m 
  

In this equation, [S] is substrate concentration, 0 is the instant reaction rate, max is the 

maximum potential rate of reaction and Km is the Michaelis-Menton saturation constant. The unit 

of enzyme activity is usually recorded as moles of substrate hydrolyzed per unit time per unit 

solution volume (or per unit weight in some case). 

Enzyme activities are sensitive to environmental factors. Factors that impact any one of 

the three parameters on the right side of the above equation will consequently influence enzyme 

activity. Among the three parameters, vmax and Km are considered as the intrinsic properties of an 

extracellular enzyme. In a specially designed system with only one kind of EE and a single type 

of substrate exist, the Km is constant and vmax is proportional to enzyme concentration.  Km is a 

reflection of EE affinity with substrate. Its value is equal to the substrate concentration at which 

0 is equal to half vmax.  A high Km represents a low affinity, which means slow activity increase 

at low concentration range. Enzymes with high affinities have better performance in low 

substrate environments, where a vmax seem to be less important, whereas under substrate-rich 

conditions, a high potential is required. 

The relationship between Km and vmax varies. High vmaxs correspond to low affinities (high 

Km) and verse versa were often observed (Chrost 1992), which are considered as  an adaptation 

of bacteria to nutrient conditions. However a decreased affinity together with a decreased vmax 
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was also observed (Davey et al. 2001).  Isoenzymes (enzymes that have the same functions but 

different structures) with disparate Km and vmax may co-exist in some environments, especially 

those with inconstant organic supplies, resulting in a biphasic dynamic curve that has been 

observed in several environments (Richardot et al. 1999, Tholosan et al. 1999, Steen & Arnosti 

2011).  

5. Factors that control extracellular enzyme(EE) performance 

Simply said, in natural environments, the activity of a group of extracellular enzyme (EE) 

is determined by the total number of enzyme molecules and the performance of each molecule. 

Both of the parts in natural environments are impacted by a variety of factors. In this section, our 

current understandings about the factors that influence the performance of one single enzyme 

molecule are briefly discussed. The subsequent section will focus on the mechanisms that 

determine the stocks of EE in environments. 

5.1. The quantity of substrates 

The Michaelis–Menten equation indicates that the EE performance is directly related to 

the quantity of substrates. In natural environments, such a quantity should refer to the available 

portion of substrate for enzymes rather than the absolute amount, as not all substrates are equally 

available to enzymatic digestion. Surface adsorption and association of substrates on minerals 

protect even labile OM from hydrolysis (Tietjen & Wetzel 2003, Ziervogel et al. 2007). The 

condensation, complexation and polymerization of OM degradation intermediate during different 

burial and deposit stages are also important factors that impede EEA (Boavida & Wetzel 1998, 

Rao & Gianfreda 2000).   Current techniques have been able to quantify the total amount of 

organic C/N/P as well as some specific OM groups in samples.  However, it is still difficult in 

many instances to get a reliable estimate of the available amount of substrate. 

5.2. The quality of substrates. 
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Generally speaking, the quality of substrates refers to their reactivity or degradability, i.e. 

labile or refractory. From an enzyme perspective, as most EEs are able to work on a group of 

substrates, the quality of each substrate depends on the enzyme affinities and maximum 

potentials to process it. From the perspective of the whole organic pool, the quality of an organic 

pool mainly refers to the rate of which such a pool can be decomposed and to what extent it can 

be decomposed. Our inability to characterize the bulk of the particulate organic matter (Lee et al. 

2004) has been the main obstacles to the evaluation of the overall degradability of organic pools. 

Elemental analysis can easily get the elemental compositions of organic materials. However, 

materials with the same element compositions might be quite different in their structures and 

chemical properties. 

Most current techniques to measure EEA are not effective in reflecting the quality and 

quantity of in situ substrates, as all of them introduce additional substrates. Specifically designed 

experiments could provide more information. For example, measuring the degradation rates of 

not only one but a combination of fluorophore labeled polysaccharides more reliably reflects in 

situ OM qualities (Arnosti 1996, 2000).  The introduction of both free dissolved substrate and the 

same substrate tethered to artificial particles (such as agarose beads) is a good tool to investigate 

the consequences of surface associations of substrates on hydrolytic activity (Ziervogel et al. 

2007).  As a whole, however, our knowledge regarding the quantity and quality of natural 

organic substrates is rather limited. 

5.3. The location of enzymes 

Extracellular enzymes are located at different places. They may be free dissolved or be 

associated with cells or particles. Such differences in the locations of enzymes influence enzyme 

performance. Studies have shown that attached enzymes have higher Km (lower affinity) 

compared with their dissolved counterparts (Allison 2006, Ziervogel et al. 2007). The particle to 

which EE has attached blocks the accessibility of EE to substrates shielded by the particle. The 

association of enzymes may also block or interfere with the bonding sites of enzymes. 
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The locations of enzymes also make a difference to bacterial cells, as the bacteria benefit 

differently from enzymes with different states. This may well be part of the regulation strategy of 

bacteria to secrete cell-associated or dissolved EE. Such strategies might vary between free-lived 

and attached bacteria cells. 

5.4. Temperature 

As a common response of all enzymes, activities of EE are very sensitive to temperature 

changes. Three important parameters regarding temperature dependence of EEs are Temperature 

Optimum (Topt), Activation Energy (Ea) and Temperature Coefficient (Q10).  Each enzyme has 

a temperature range in which a maximal rate of reaction is achieved. This maximum is known as 

the temperature optimum of the enzyme. The optimum temperature is usually significantly 

higher than the highest in situ environmental temperature where their producers live. Isoenzymes 

synthesized by different microbes may have varied optimum temperatures. Studies have found 

that EEs in Polar Regions have optimum temperatures much lower than those in temperate and 

tropical regions (Feller et al. 1996, Huston et al. 2000, Arnosti & Jorgensen 2003) at the expense 

of lower thermostability.  This is considered as an adaptation of the microorganisms to their 

environments. 

Both Ea and Q10 reflect the temperature sensitivity of the enzyme. Ea is the energy 

barrier the enzyme needs to overcome in order for a reaction to occur.  Q10 is a measure of the 

rate of change of enzyme activity as a consequence of increasing the temperature by 10 °C. Both 

Ea and Q10 can be calculated from EEA vs 1/T plots following the Arrhenius equation. Higher 

Ea and Q10 represent a higher sensitivity to temperature. In natural environments, isoenzymes 

may have distinct Eas. The apparent Ea of an environment where multiple isoenzymes co-exist is 

the weighted average among isoenzymes. This apparent Ea may be different among different EE 

groups, resulting in a changed C: N: P production ratio with changed temperatures. How bacteria 

respond to such inconstant production ratios along with temperature change is an interesting 

topic and one of the major subjects of my dissertation. 
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5.5. Other factors 

Many other factors including pH, salinity, dissolved oxygen and the presence and 

concentration of trace metals also influence EE performance. 

Most enzymes are sensitive to pH. Each enzyme has its optimum pH range. For example, 

acid phosphatase has an optimum pH at low pH while alkaline phosphatase has better 

performance at basic pH.  In marine aquatic zones, the pH is relatively stable so that pH is 

usually not important in controlling EE performance. In sediments, however, sharp pH gradients 

can occur within a few centimeter depths. Shifts in the dominating isoenzyme may occur within 

depth. 

Dissolved oxygen, though it is a very dynamic parameter, is generally considered not to 

be an important parameter in determining EEA. That is mainly because hydrolysis doesn’t 

involve redox reactions. Trace metals, on the contrary, may have great impacts on EEA. 

Research has found dissolved Mg and Ca stimulate BGA activity in sediment (Dell'Anno et al. 

2003). In contrast, Cr may be an inhibitor of bacterial protein synthesis. 

6. Mechanisms that control EE stocks in environments. 

In the previous section, the factors that control enzyme performance were briefly 

discussed. This section will focus on the factors that control EE stocks in marine environments. 

In an idealized system that doesn’t consider enzyme flux, the stocks of EE are determined by the 

production and the decay rates of enzymes.  Factors that control these rates are discussed in the 

following part. 

6.1.   The decay rate of EE. 

The decay rate of EE or a derived parameter such as the lifetime of EE describes how 

long an enzyme molecule remains functioning. Generally speaking, the decay rate of an enzyme 

is determined by both the enzyme structure as well as its surrounding environment. Studies have 
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shown that attached or absorbed EEs have resist to thermal and proteolytic degradation and have 

longer lifetimes than free dissolved EE (Allison 2006, Ziervogel et al. 2007). An accurate 

estimation of EE lifetime is still missing, it is generally estimated that EEs have lifetimes ranging 

from tens to hundreds of hours.  

6.2.   Regulation of EE production. 

Small molecules produced from EE catalyzed hydrolysis are the main food source for 

bacteria. The production and excretion however, is at the cost of energy. It is estimated that 

about 5-20% of all incorporated C by bacteria is used to synthesize EE (Sochaczewski et al. 

2008). To assure a profit from EE synthesis, a precise regulation mechanism is required for 

microbes. Such a mechanism should be able to control not only the total amounts produced but 

also a proper combination of enzymes. Such a mechanism should also be sensitive to 

environmental change.  Furthermore, as bacteria species work as a community in most 

environments, the behavior of one bacteria cell is unavoidably influenced by surrounding 

organisms. How do bacteria regulate enzyme synthesis on a community level is also an 

interesting yet unclear question. 

 

6.2.1.   Species level regulation 

Species level EE regulation mainly refers to the enzyme pool a certain species can produce, what 

signals induce enzyme production and what signals inhibit synthesis, and whether the synthesis 

of an enzyme is constitutive or induced. Through lab enrichment and starvation experiments, the 

strategies for regulation of enzyme synthesis are well known for specific prokaryotes. However 

these data are limited to cultivable species and don’t explain the mechanism of regulation. In 

recent decades, the improvement in genomics and bioinformatics has made possible new 

promising achievements in understanding EE regulation. Whole genome sequencing has been 

proven to be a powerful tool to study the physiology of bacteria (Bauer et al. 2006, Lauro et al. 

2009). From the sequences, not only the potential EE genes but also regulator genes can be 
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discovered. Judged by the genome localization of the respective genes, the possible mechanisms 

that control enzyme production can be further proposed (Bauer et al. 2006). The improvement in 

bioinformatics, has made it possible to predict the possible locations of EEs based on their gene 

sequences (Luo et al. 2009). It can be expected that many new discoveries regarding EE 

regulation will be reported in the foreseeable future.  

 

6.2.2.   Community level regulation 

On community level, current studies mainly focus on: the constitution of.isoenzymes in 

an environment; the response of bacteria as a community to environmental changes and also the 

inter-species relationships with respect to EE regulation: competitive or collaborative. 

A number of techniques are able to examine enzyme constitutions. For example, with 

PCR, the potential EE genes can be amplified. With reverse transcriptase PCR (RT–PCR) that 

amplifies mRNA, both the gene potential and the gene regulation and transcription information 

can be acquired. A limitation to these techniques in contrast to whole genome sequencing is that 

PCR primes are required for amplification which relies on a priori knowledge of the target 

enzyme genes. The meta-proteomic approach also has great potential to elucidate the diversity 

and source of extracellular enzymes. Lastly but not least, zymography (Capillary Electrophoresis) 

has proved a powerful technique to detect isoznymes. With zymography, different isoenzymes 

are separated and the activities of each isoenzyme are measured through electrophoresis. 

The above techniques have provided promising prospects for our understanding of 

community potentials and EE regulation mechanisms. However, these techniques (except 

zymography) don’t measure EEA directly. To quantitatively determine the extent to which 

bacteria communities respond to environmental change still relies on bulk incubations such as 

enrichment and starvation experiments. In the past decades, enrichment incubations (Boetius & 

Lochte 1994, Boetius 1995, Boschker & Cappenberg 1998, Pinhassi et al. 1999, Mallet & 

Debroas 2001, Allison & Vitousek 2005, Souza et al. 2011) and starvation experiments 
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(Albertson et al. 1990) have been conducted in a variety of  environments. From these 

experiments, we knew that bacteria communities respond rapidly to changes in conditions. Shifts 

in the dominant species of bacteria could strongly influence the rates and patterns of polymer and 

particle hydrolysis in seawater (Martinez et al. 1996). Some enzymes, for example peptidase, are 

more likely constitutive enzymes which are produced in constant amounts regardless of 

physiological demands of substrate concentration, while some enzymes are induced. The 

addition of substrates generally stimulates the synthesis of the relevant EEs and the addition of 

hydrolysis products inhibits EE production. At the same time, however, inconsistent or even 

contradictory patterns were also found between these studies indicating that a universal 

regulation mechanism may not exist in natural environments. For example, bulk incubation 

experiments have shown that expression of phosphatase in algae is generally regulated by the 

prevailing external concentration of inorganic phosphate (Boetius & Lochte 1994) although the 

internal N: P ratio may also play a role(Hoppe 2003). The addition of proteins stimulates 

glucosidase activities in some environments(Boschker & Cappenberg 1998) and was found to 

inhibit that glucosidase activities in others(Mallet & Debroas 2001). The community level 

regulation mechanisms may be very complicated and be closely related to surrounding 

environments. For example, the strategies between attached and free-living bacteria may vary. 

Free-dissolved enzymes may be more important for attached communities on aggregates 

(Ziervogel & Arnosti 2008, Ziervogel et al. 2010).  

The strategy might also be different for different EEs. Phosphatase has been generally 

found with higher dissolved proportions (Hoppe 2003, Allison et al. 2012) than gulcosidase and 

peptidase. This higher dissolved fraction because hydrolyzed phosphate has higher diffusion rate 

so that free-dissolved state may be more profitable to its producers.  The elemental ratios of food 

sources, in other words, the stoichiometry, may have a greater influence than the absolute 

amount of OM in determining the regulation strategies for bacteria. In addition, other factors 

rather than substrate or hydrolysis products may be the critical factor in regulating EEs in some 
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environments. For example,  in pelagic zones,  dissolved Zinc may be the primary limiting factor 

for peptidase synthesis (as most peptidase contains Zinc) (Fukuda et al. 2000). 

Inter-species relationships are another important topic that largely remains unknown. We 

know from genome sequence data and addition experiments (Sala & Gude 2004, Obayashi & 

Suzuki 2008) that each species is limited in the spectrum of substrates they can use. The absence 

of enzymes to hydrolyze a specific substrate has been observed in some environments(Arnosti 

2000). The succession of EEs during polymer degradation has also been observed (Sala & Gude 

2004). How do bacteria communicate with each other in the collaboration of organic matter 

degradation? Quorum sensing generally plays an important role in cell communications but 

details regarding interspecies enzyme production, expression, and degradation remain unclear.  

Besides collaboration, competition is also common in generally resources limited natural 

environments, which forces bacteria cells to carefully select their most competitive strategies. To 

secrete cell-attached or free dissolved EE may be an important part of this process. Cell-attached 

EE guarantees its producer to obtain most of the products, while free dissolved EE has increased 

opportunity to meet with substrates but the products may be taken up by other cells. Vetter et al. 

(1998) explored the circumstances under which free enzymes would be a profitable strategy for 

microbes. A model was proposed by Allison (2005) to evaluate the profits of EE producers and 

cheaters (don’t produce EE but take advantage of EE producers) at varied conditions. The result 

showed that being a cheater might be the most economical strategy in some environments.  

7.   EEA in marine sediments 

Compared with studies targeting water column environments, there are far fewer 

investigations of EEA in sediments (Arnosti 2011). The disparity is due mainly to the difficulties 

of collecting intact sediment samples, especially for open ocean deep water sediments.  The 

complexities of sediment physical and chemical properties have also made the measurement 

process more complicated and thus more problematic. 
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Despite inssuficcient sedimentary EEA studies, it is clear that surface sediments are 

extremely important zones with respect to the global element cycle. The ocean seafloor, 

particularly in continental shelf/slope regions, can receive a large amount of organic matter. The 

EEA in sediments is typically two to three orders of magnitude higher than in the water column. 

Sediments are also the reservoir where the majority of refractory organic matter is decomposed. 

A clear understanding of the mechanisms controlling organic matter degradations and 

preservations is thus essential for estimating global element budgets. 

Although our current studies are far from exhaustive, a considerable amount is known 

about sediment EEAs. For one, sedimentary EEA bacterial communities seem to be more 

versatile than EEA associated communities in the water column as recent studies found that 

sediment EEAs are able to hydrolyze a broader range of carbohydrates (Arnosti 2000).  Attached 

enzymes seem to be the dominant enzyme states in most sediments. The activities of free 

dissolved extracellular enzymes in sediment interstitial or pore waters are commonly much lower 

than the activities of attached EEs.  Strong adsorptions of organic matters on particles and humic 

substances (Ding & Henrichs 2002) have been reported, which were found greatly inhibiting EE 

activities (Keil et al. 1994, Ziervogel et al. 2007). Detailed mechanisms that link the relationship 

between OM adsorption and EE performances, however, remain to be uncovered. The 

exopolymeric substances (EPS) surrounding bacteria cells may play important roles in sediment 

organic matter degradation and preservation, however details about their functions haven’t been 

fully studied (Ransom et al. 1997, Pacton et al. 2007). Sandy sediment generally has at least 

comparable EEAs with muddy sediments (Boer et al. 2009), despite their relatively low OM 

contents. 

  Surface sediments are very dynamic systems, characterized by sharp gradients of 

dissolved oxygen and successive electron acceptors. Significant vertical heterogeneities of 

surface sedimentary EEA have also been reported in many studies (Fabiano & Danovaro 1998). 

EEAs in most sediments decrease rapidly with increased depths. A maximum zone of EEA 

usually occurs at 0-2cm depth for both muddy and sandy sediments (Arnosti 1995). Because of 
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the high permeability of sandy sediments, however, constant subsurface maxima at 5-10 cm in 

sandy sediments was also reported (Arnosti 1995). 

In bioturbated sediments, fresh sediments are brought into deep layers through bio-

advection and bioirrigation processes induced by benthic faunas. To varying degrees, the faunal 

activities reduce vertical heterogeneities, but at the same time make sediments spacially more 

heterogeneous. Degradation hot spots or even subsurface EEA maximum can occur in 

bioturbated sediments. The introduction of fresh OM into barren layers may also trigger priming 

effects (the synthesis of EEs targeting refractory substrates owing to the energy support from 

fresh OMs) that further strengthen horizontal heterogeneities and the localization of organic 

aggregates. The observation and a quantitative evaluation of spatial heterogeneities, however, is 

more difficult compared with vertical heterogeneities.  To trace such heterogeneity with 

traditional technique requires precise micro-sampling at different sites associated with 

bioturbated structures. Previous studies have reported enhanced EEAs surrounding burrow 

structures or resulting from faunal activities (Boetius 1995, Papaspyrou et al. 2006, Stief 2007). 

However, data reported in these studies had resolutions at mm to cm scale, which are way too 

coarse to able to give a detailed description of small scale heterogeneities.  New technologies 

with higher resolution to entirely resolve heterogeneity is urgently required. 

8.   Current techniques for EEA measurements. 

As discussed in section 5 and 6, EEAs in natural environments are under complicated 

mechanistic controls. It is difficult to reliably predict EEA from other biogeochemical 

parameters. The EEA information still largely relies on lab measurements. In theory, the best 

technique to measure EEA is one that introduces no additional substrate yet is able to observe 

hydrolysis rate of natural polymers. Unfortunately, current techniques are not even capable of 

charactering the majority of organic particles, no less to measure the natural hydrolysis rate of 

each of the organic continuant components. Available techniques all rely on the addition of pre-

modified artificial enzyme substrates, which can be tracked after hydrolysis. The measured 
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signal is then used to calculate the hydrolysis rate. An inherent drawback of those addition 

techniques, however, is that they all measure EEA potential rather than in situ EEA. As the 

concentration of natural substrates is usually much lower than the enzyme saturating 

concentration, the measured maximum activity might be several times or even orders of 

magnitude higher than in situ EEA. Furthermore, these measured EEA maximum and affinity 

(Km, if measured) are the parameters reflecting EE’s ability to hydrolyze added substrates and 

may not equal to the EE working on natural substrates. Despite these drawbacks, however, this 

maximum EEA potential generally reflects the nutrients level and organic matter degradation 

rates within the study areas. The comparison of EEA with other biogeochemical parameters as 

well as the comparison of EEAs between areas provide important information for carbon cycle 

studies 

A variety of substrates have been used for EEA measurements. The most widely used 

substrates are fluorophores 4-Methylumbelliferyl (MUF) and 7-coumarinylamide(MCA) based 

fluorogenic substrates that were firstly introduced by (Hoppe 1983, Somville & Billen 1983). 

These small substrate proxies consist of a monomer linked to a fluorophore unit. When the 

chemical bonds between monomer and fluorogenic unit are hydrolyzed, the fluorogenic units 

become fluorescent. Enzymes activities are measured as per time unit change of optical signals. 

These small proxy techniques don’t require a subsequent separation procedure after 

hydrolysis so that the measurements are relatively rapid and convenient. However, there are a 

few drawbacks associated with these techniques. Firstly, this method measures only exo-enzyme 

activities. Studies have shown that endo-acting glucanase doesn’t’ work on or has at least much 

slower activity dydrolyzing MUF-cellobiose (Boschker & Cappenberg 1994).  Secondly, the 

molecular weight of these small proxies are below 600Da that are possibly directly transportable 

into cells. Lastly, the fluoresecce wavelength may conflict with natural fluorescence (Burdige et 

al. 2004). 
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To address the limitations of fluorogenic small proxies, fluorescently labeled high-

molecular-weight substrates, including polysaccharides (Arnosti 1995) and peptides (Pantoja et 

al. 1997), have been used to measure extracellular enzymatic activities in sediments as well as in 

seawater(Pantoja & Lee 1999, Arnosti 2000, Mulholland et al. 2002, Mulholland et al. 2003, 

Arnosti et al. 2005) . With this approach, the fluorescent units remain attached to the substrates 

when they are hydrolyzed. These substrates are true polymers so that they can not be directly 

used by bacteria and the activities of endo-acting enzymes can also be measured with this 

technique. The drawback of these techniques, however, is that an afterward separation process is 

needed to differentiate signals from different degradation intermediate. 

Future directions for the development of EEA measurement technology, in my opinion, 

should involve three aspects. The first is the setup of a standardized and high throughput 

technique to measure EEA at high efficiency. The standardization relies on through studies of the 

factors that influence EEA measurements (German et al. 2011). To realize a high throughput, 

Flow Injection Analysis (FIA)(Gaas & Ammerman 2007), multiple Enzyme Analyzer(Jaeger et 

al. 2009) are promising techniques.  Also, while applying plate reader method to measure soil 

EEA have been developed (Ammerman & Glover 2000, Marx et al. 2001, Popova & Deng 

2010) , no similar protocols have been reported for marine EEA measurements. 

The second direction is the more in depth study of EEA with high-molecular-weight 

substrates. The high-molecular-weight substrate technique, while its widely application is limited 

by its low efficiency, more accurately reflects in situ EEA levels. If combined with molecular 

techniques, together they may be the best techniques to discover the regulation mechanisms of 

EEA. 

The last direction is the development of high resolution methods that are able to 

accurately resolve and measure the EEA heterogeneities in dynamic sediment systems. This 

topic is the main subject of this dissertation. 
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9. The necessity of observing surface sediments in multiple dimensions and new appeared 

techniques designed for this need. 

 

Quantifying the rates of biogeochemical processes is essential for understanding global 

elemental cycles and potential impacts of climate change for marine systems. As discussed 

previously, surface sediment, especially in coastal regions, received large amounts of organic 

material deposits from surface water column and therefore are very active layers in terms of 

organic matter degradation. Questions associated with the degradation, preservation or burial of 

organic matters in marine sediments however are thus inherently complex and interdisciplinary.  

Many coastal sediments display highly heterogeneous biogeochemistry because of complex 

biological and chemical interactions.  The presence of benthic fauna can disrupt and reconstruct 

sediment, creating a complex, 3-dimensional mosaic of redox zones (Aller 1994). Biotic and 

abiotic processes are strongly altered in bioturbated sediments, resulting in changes to organic 

material decomposition rates and elemental cycles (Aller 1994, Kristensen 2000). Therefore, it is 

important to investigate the causes and effects of sediment heterogeneity and their influence on 

early digenesis processes. The investigation of such heterogeneous systems requires 

measurement techniques with a range of characteristics to observe detailed distributions of 

sediment processes. Traditional measurement techniques, however, are limited in their ability to 

characterize high resolution distributions. 

With the help of improved computing power, in the past decade, models to simulate 

surface sediment digenesis, i.e. the Reaction-transport Models (RTM) have been greatly 

improved.  However limited data sources have restricted model performance and extrapolation 

from one region to another. To improve model performance and reliability urgently requires high 

quality data on high resolutions. 

To meet these requirement, in the past decades, several new techniques have been 

developed to investigate the lateral heterogeneity in surface sediments including microelectrodes, 

planar optode, and diffusional samplers(Glud et al. 1996, Wenzhofer & Glud 2004, Zhu et al. 
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2005, Glud et al. 2009)  Tremendous interesting discoveries have been made from using these 

new techniques. For example, degradation hotspots, microniches, patchy and variable benthic 

distributions have been observed and found primarily due to temporal variations in  fauna 

activity and photosynthesis(Wenzhofer & Glud 2004) . A more detailed review can be found in 

(Stockdale et al. 2009). 

These techniques, however, all measure either the distribution of electron acceptors or the 

distribution of final metabolic products. A more desirable technique would be one that can 

measure directly a biological parameters that is directly linked to organic matter degradation. 

EEA sensor described in this dissertation is a great candidate for that. 

10.   Major objectives of this dissertation. 

The main objects of my dissertation research are the development and the following 

application of a sensor system to measure 2-dimensional EEA (Leucine-aminopeptidase) profiles 

in surface sediments. Additionally explored was the bacteria response to rapid temperature 

change reflected in EEA levels. Chapter 2 will introduce in details the principles, the 

specifications of the enzyme sensor system. Tests of the properties and the performance of this 

sensor are also reported. This new sensor system had been applied to study the seasonal EEA 

patterns of two sub-tidal mud sites in Great Peconic Bay, an estuarine environment on eastern 

end Long Island, New York. The factors that determine annual sedimentary EEA in Great 

Peconic Bay are also discussed. In chapter 3, the bacteria response to rapid temperature change 

was studied with a lab incubation experiment series. The role of EE in bacteria adaptation to 

temperature change is discussed. Chapter 4 discusses patterns of seasonal EEA distributions, 

microscale EEA hotspots and their potential sources. 
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Chapter 2   Development of  fluorosensor for two-dimensional  measurements of 

extracellular enzyme activity in marine sediments 
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1. Introduction 

Traditional methods for measuring extracellular enzyme activity in sediments typically 

involve sectioning of sediment cores into centimeter scale slices, followed by homogenization, 

and in some cases dilution, and subsequent determination of enzyme activity after addition of a 

fluorogenic or otherwise labeled substrate (Hoppe 1983, Chrost 1991).Because of disturbance by 

manipulation, this approach has obvious potential for artifacts and at best results in an averaged, 

one-dimensional profile with relatively coarse resolution. Any natural heterogeneity in enzyme 

activity is obscured and the possible association of activity patterns with sedimentary structure 

particularly biogenic ones minimized.   

   Previous studies have shown enhanced extracellular enzyme activities in bioturbated 

(irrigated) sediments and near biogenic structures compared with non-bioturbated zones (Aller & 

Aller 1998, Stief 2007). As far as we are aware, however, only one attempt has been made to 

reveal high resolution spatial variation of extracellular enzyme activities in sediments.  Rogers 

and Apte (2004) immobilized an insoluble enzyme substrate Naphthol AS in a filter membrane 

and used an azo dye as an indicator for mapping in situ esterase activity in sediments. In their 

approach, the membrane, attached to a plastic card, was deployed in sediment for 24 hrs and then 

removed. The color precipitate associated with enzyme activity was therefore developed in the 

dye solution for 24 hr and although they were able to demonstrate the heterogeneity of 

extracellular enzymes and the existence of enzyme activity hot spots, the slow enzyme reaction, 

slow and separate color development procedure, and millimeter scale resolution limited the 

method for real-time application.  More importantly, the azo dye method does not respond to 

particle-bound enzymes, which dominate in sediments (Chrost 1991, Ziervogel et al. 2007), 

because the insoluble Naphthol AS substrate loaded on a filter membrane cannot diffuse into the 

surrounding environment. 

Over the last decade, two-dimensional optical sensors of planar optodes have successfully 

been used to quantify sediment pore water O2, pH, and pCO2 distributions with high spatial and 
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temporal resolution (Glud et al. 1996, Wenzhofer & Glud 2004, Zhu et al. 2005, 2006, 

Volkenborn et al. 2010, Zhu & Aller 2010).  Here we describe the development of a thin-layer 

fluorogenic enzyme substrate delivery membrane that provides the basis for a new extracellular 

enzyme sensor and the ability to resolve heterogeneous patterns of microbial activities in 

sediments. The sensor membrane is deployed in a similar manner to other planar optodes: a thin 

foil with the enzyme substrate is inserted several centimeters into the sediment or onto a 

sediment surface and imaged perpendicularly to the plane of the film.  The primary principles of 

the sensing system are the controlled release of a nonfluorescence substrate from a thin hydrogel 

layer into a contacting sediment surface and the time series monitoring of resulting fluorescence 

generated by enzyme hydrolysis.  The sensor foils, which in this application utilize Leu-MCA as 

the substrate, reveal real-time proteolytic enzyme (Leucine-aminopeptidase) activity patterns 

across the planar surfaces at high spatial resolution (~50-100µm).   

Leu-MCA was chosen for this first demonstration, because of the importance of 

proteolytic enzymes in organic matter decomposition in marine sediments and because the 

fluorescence response of the fluorophore MCA (7-Amino-4-methylcoumarin) is independent of 

pH within the range normally expected in marine deposits. Both MCA and 

MUF(methylumbelliferyl) based substrates fluoresce only after the target substrate is cleaved 

from the fluorophore, and thus may not accurately assay gross extracellular enzyme activity 

patterns, for example: endo-enzyme activities  such as endopeptidases are not measured(Pantoja 

et al. 1997, Pantoja & Lee 1999, Arnosti 2000, Arnosti & Holmer 2003). Nevertheless, the 

simplicity and rapidity of MCA based substrate reactions, make them excellent   probes for a 

subset of enzyme activities.  In the present application, because the sensor foils are transparent, 

enzyme activity patterns can be related directly to visible physical and biological structures in 

bioturbated sediments, which optimizes our ability to interpret the relationship of bacterial 

activities, enzyme production, organic matter ‘hot spots’ and biogenic structures.      

2. Materials and Methods 
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2.1. Reagents 

         The polyurethane hydrogel HydroMed D4 (D4) (Cardiotech, Wilmington, MA, US) was 

used as a substrate carrier and delivery source. A 10% (w/v) D4 stock solution was prepared by 

dissolving D4 in either 90% (9:1(v/v) ethanol/water) or 97% ethanol/water mixture. The enzyme 

substrate L-Leucine 7-amido-4-methylcoumarin hydrochloride (Leu-MCA) was purchased from 

Biosynth.  A 100 mM stock solution was prepared in deionized distilled water and kept 

refrigerated (4°C).  The stock solution was used for up to 30 days.  Leucine aminopeptidase 

(Leu-AP) (microsomal from porcine kidney, type VI, ~25 unit/mg protein) and 7-Amino-4-

methylcoumarin (MCA) were obtained from Sigma. A stock solution of Leu-AP was prepared in 

deionized distilled water with a final working activity of ~2.5 unit/ml and kept frozen at -20 °C.  

MCA standard solution was prepared in 100% ethanol with a concentration of 0.1 mM and 

stored at 4°C. Solvents were of analytical grade and obtained from Fisher Scientific except for 

ethanol which was purchased from Pharmco-AAPER. 

      All the experiments were performed at room temperature (22 °C) except when 

specifically stated.  

2.2. Controlled-release sensor membrane fabrication 

      Here we describe the principles and fabrication of the substrate delivery membrane. 

Solutions were prepared in a 25-ml beaker using various proportions of D4 stock solution (10% 

in 97% ethanol), Leu-MCA stock solution (100 mM), ethanol, and if necessary deionized water.  

The relative volumes of Leu-MCA and D4 were calculated to achieve specific final 

concentrations of Leu-MCA and thicknesses of D4 as described subsequently.  Ethanol and 

deionized water were added to make the final solution volume large enough to spread evenly on 

a polyester backing film.  The D4 stock solution must be added last and slowly, with constant 

swirling of the beaker, to avoid precipitation during mixing.   The final ethanol/water ratio in 

solution was between 92:8 and 96:4. The mixture was then cast with a micropipette onto a pre-

cleaned, dry polyester Mylar film backing (~130 µm thickness).  Typically, a total volume of 0.1 
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ml mixed solution per 1 cm2 film was used with a final D4 proportion of 4.6% (w/v).  This 

proportion ensured a smooth, transparent product. The thin solution layer on the Mylar film was 

evaporated at room temperature in a hood until completely dry (~ 24 hrs).  For practical 

application, the polyester film measures 3 cm width by 9 cm length, but could vary depending on 

the specific use. In this report, sensor membranes were fabricated for use with natural samples 

with 5 mg/cm2 D4 and 0.82µmol/cm2 Leu-MCA. The D4 and Leu-MCA load, however, can be 

varied between study areas, depending on the expected enzyme activities of each site.  More 

details will be discussed subsequently.    

Membrane thicknesses resulting from different D4 loadings were measured in 

representative sections using a microscope fitted with a micrometer scale.  With a loading of 1 – 

16 mg/cm2 (weight of D4/cm2 following evaporation), the sensor foil varied in total thickness 

between ~ 137 – 240 µm (7 – 110 µm D4 layer + 130 µm polyester backing).  

2.3. Instrumentation 

     The properties of foil subsamples and solution extracts were examined using a Hitachi F-

4500 fluorescence spectrophotometer.  Sections of foils were inserted into a custom cuvette (1-

cm2) that allowed excitation with light at an angle of incidence of ~30º and measurement of 

fluorescence spectra of the foil samples while maintaining contact of the membrane with small 

quantities of homogenized sediment or solutions (more details in Zhu et al., 2005).  Wavelength 

shifts of both maximum excitation and emission light were observed when MCA is trapped in a 

D4 membrane.  Fluorescence of trapped MCA was measured at 430 nm with excitation at 380 

nm.     

A two-dimensional fluorescence imaging system was used for examining the sides of 

sediment cores and microcosms into which the sensor foils were inserted (Figure 2.1, after Zhu 

et al, 2005).  The excitation light source (ex=380 nm) was a 150-W Xe-UV/vis arc lamp and 

monochromator controlled by a computer (Spectral Luminator, model 69050, Oriel Instruments).  

Emission was monitored using a commercial digital camera (Canon EOS 10D, resolution 
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2048×3072 pixels) controlled by Canon Remote capture 2.7 software. A Canon lens model EF-

100 mm was used, with a 5 cm diameter emission filter (em= 430 nm) mounted between the lens 

and target to minimize background interferences. To further avoid reflected light, the 

fluorescence image was recorded with excitation light at an angle of incidence of ~ 30 and 

emission at 90° to the target plane.  Images were taken at 1 minute intervals. The ISO was set at 

1600 and the exposure time was typically set at 10 seconds.  Image analyses were performed 

with Image-Pro plus version 4.1 and Matlab 7.0.4 for Windows.  For calculation, the blue band 

intensity was converted to 8-bit gray scale (0 – 255) for image series obtained over a 1 hour 

period.   

2.4. Membrane characterization and optimization 

Characterization of the diffusive release of substrate from foils and the optimization of 

D4 hydrogel thickness and substrate loading were done using subsamples of foils.  A series of D4 

thicknesses ranging from 1 – 16 mg D4/cm2 (mass / area foil) with the same MCA load was used 

to evaluate substrate release rates from the foil into seawater.  A one centimeter wide strip was 

cut from a larger section of foil and mounted in the custom cuvette.  Seawater was then 

exchanged through the cuvette (10 ml/min; residence time 1.5 min) with a peristaltic pump and 

the residual fluorescence response of the membrane surface as a function of time during contact 

measured using the Hitachi F-4500.  

In order to determine the optimal loading of Leu-MCA substrate in the carrier membrane, 

saturating concentrations of substrate were first determined in likely target sediments using the 

traditional slurry based method (Hollibaugh & Azam 1983, Hoppe et al. 2002).  For these 

traditional measurements, ~ 1 g of wet sediment was added into a 15 ml centrifuge tube. Then 5 

ml of 0.2 µm pore size filtered sea water and 80 µl of 100 mM Leu-MCA substrate were 

introduced, and the sample slurried using a vortexer.  After one hour incubation in the dark at 

22C, 5 ml 30% acetone was added to stop the reaction (Belanger et al. 1997) and to extract 

MCA from sediment particles. The sample was centrifuged (4500 rpm, 15 mins), the supernatant 
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was filtered with a 0.2 µm pore size polysulfone filter, and fluorescence was measured at 440 nm 

with excitation 360 nm.  Based on these slurry measurements, subsections of foils with Leu-

MCA concentrations varied from 0.12 – 0.32 µmol/cm2 foil were applied to fresh surface 

sediment from Long Island Sound to further determine the optimal membrane saturating load of 

Leu-MCA.  

     To test the response of the foil system and credibility of the measurements, different 

aliquots of standard Leu-AP enzyme solutions were added to homogenized surface sediments 

from Long Island Sound.  The activities of each sample were measured in cuvettes with sensor 

film subsamples having the same load of Leu-MCA.   

In order to evaluate the effect of possible variations in membrane fabrication (e.g., Leu-

MCA loading uniformity, thickness) and incident light intensity, several foils with MCA were 

inserted into microcosms containing homogenized Long Island Sound sediment.  The foils were 

imaged using the camera based system, and the standard deviations of pixel intensities within 

each foil area and between foils compared.   

 2.5. Transport and adsorption of the fluorophore in sediment 

      In addition to release from the carrier foil, the movement and adsorption reactions of 

MCA in sediment adjacent to the membrane are critical factors governing both the availability of 

substrate for enzymatic reaction and the interpretation of fluorescence response in images.  An 

estimate of the diffusion coefficient of MCA in sediment was made by following the penetration 

of MCA into sediment from a well-mixed overlying water reservoir.  A layer of seawater 5 cm 

thick with a MCA concentration of 5 µmol/L was placed over an homogenized 10 cm thick 

sediment layer in a glass walled microcosm and the vertical penetration of MCA into the 

sediment imaged as a function of time.    

      As we observed strong adsorption of fluorophore MCA on sediment particles, a set of 

experiments was also designed to check the magnitude, time dependency, and reversibility of 
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MCA adsorption onto sediment.  To determine the time required to reach adsorption equilibrium, 

homogenized sediment samples with similar weights (~10 g) were placed into 50-ml centrifuge 

tubes.  MCA solutions made up in 8 ml of filtered seawater were introduced to reach a final 

concentration of 10.5µM, the sediment samples slurried, and the tubes sampled serially over 

time.  Pore waters (~10 ml) were immediately separated by centrifuging (4500 rpm, 15 mins), 

and the percentage of MCA adsorbed on particles plotted over time.   

       Adsorption isotherms were determined by adding eight different concentrations (final 

concentrations: 4.5-14µM) of MCA to a set of sediment slurries. Adsorption isotherms were 

calculated according to the Freundlich equation (Coolen & Overmann 2000):  

        S = K•Cn    

    Where S is the amount of MCA adsorbed (nmol/g dry weight) , K is the affinity 

coefficient (in ml/g dry weight), C is concentration of MCA remaining in solution(in nmol/ml) 

and n is a dimensionless exponent. S can be calculated from the total concentration of MCA 

added initially,measured C, and the dry weight content of the sediment.  The values of K and n 

were determined by fitting the Freundlich equation to the data points after an incubation of 1hr 

and at apparent equilibrium (after 22hrs incubation).  The estimation of K and n after 1hr 

incubation, though not at an equilibrium condition, best represent MCA adsorption behavior 

during sensor measurements.  

The desorption of MCA from particles after adsorption was also estimated.  at three 

separate times (1, 2, 16 hrs after the MCA solution was introduced).  After each sampling time 

following a period of adsorption, the residual solution was removed, 10 ml of MCA-free filtered 

seawater was added back into the centrifuge tubes, mixed, the sample recentrifuged, and the 

solution immediately assayed for MCA.  

2.6. Experimental applications 

Two-dimensional enzyme activities were measured in both initially homogenized and 
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undisturbed natural sediment samples. Surface sediment to a depth of 5 cm was collected from 

Smithtown Bay, central Long Island Sound. The sediment was sieved through a 1 mm mesh 

screen with no added water, mixed and then carefully transferred into a rectangular glass-faced 

microcosm which had been previously fitted with a polyester film, slightly smaller than the side 

face of the microcosm, on the inside face of one side to serve as a placeholder for the sensor foil. 

The homogenized sediment tank was incubated in aerated sea water in the dark for 2 weeks. 

Prior to deployment, a sensor foil was first cut to a suitable size (usually 3×10 - 5×10 cm) and 

attached onto a polyester film holder using Teflon tape along the foil edges.  The sensor foil 

surface was then gently rinsed with filtered seawater to wash off substrates loosely bound on the 

very surface of foil in an effort to avoid any uneven substrate distribution during deployment. 

The holder was then gently inserted between the placeholder film and the front face of the 

microcosm. The placeholder film was then carefully removed so that the sensing face of the 

membrane tightly contacted the sediment. A black plastic film was additionally inserted 

vertically in the overlying water near the rear of the tank to provide an opaque background to the 

sediment.  The fluorescence generated on sensor foil side of the microcosm was imaged 

successively with time at 430 nm with excitation at 380 nm.   

Natural sediment cores were collected from Flax Pond (intertidal, back barrier Spartina 

marsh on Long Island Sound) and Great Peconic Bay (subtidal, 8 m off the Atlantic Ocean), 

Long Island, NY using acrylic box corers.  These box cores were transported to the laboratory 

and sub-sampled using rectangular glass-walled corers with sensor foils attached along one side.  

The fluorescence signal on the sensor foil side was then imaged at the excitation and emission 

wavelengths described previously.      

3. Results  

3.1 Diffusive release properties of the Leu-MCA carrier foil 

The polyurethane type hydrogel D4 chosen as the substrate carrier matrix is a highly 

proton-permeable, uncharged polymer with equilibrium water contents approaching 50% (Stahl 
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et al 2006).  D4 contains hydrophilic regions and hydrophobic blocks in which Leu-MCA is 

immobilized by physical entrapment.  After deployment in seawater, the water content of D4 

increases (swelling) allowing the diffusive escape of Leu-MCA into adjacent sediment pore 

water.  A portion of the released Leu-MCA is adsorbed onto sediment particles directly 

contacting the surface of the D4 membrane.  

  MCA was chosen as a molecular tracer of diffusive release assuming that it has a similar 

behavior to Leu-MCA.  A series of D4 thicknesses ranging from 1 – 16 mg D4/cm2 (mass / area 

foil) with the same MCA load was used to evaluate substrate release rates from the foil into 

seawater.  Depending on the thickness (loading) of the D4 membrane, a period of linear loss of 

MCA occurred, followed by exponentially decreasing rates consistent with diffusion (Figure 

2.2A).  Linear loss was sustained over a longer period as membrane thickness increased.  This 

means that the D4 membrane thickness can be manipulated to achieve a rapid release of substrate 

into contacting sediment a few minutes after exposure (e.g., when measuring highly reactive 

coastal sediments), or a more sustained steady release over a period of a several hours (e.g., 

when measuring less reactive deep ocean sediments).  The release rate (represented as %total 

MCA/min) for each foil plotted in Figure 2.2B, shows an exponential decrease with increased D4 

load indicating that the thicker the D4 membrane, the slower the relative signal loss.  For 

practical applications in our study, which was on coastal sediments, an optimized final D4 

loading of 3-6 mg/cm2 was selected. In these cases at least 60% of the total substrate load is 

released by diffusion from the carrier membrane in 15-30 min.  

3.2. Adsorption behavior of MCA on sediment particles 

   As noted previously, after Leu-MCA is released from the carrier membrane it is subject to 

adsorption, diffusion, reaction with particle bound enzymes, and hydrolysis. The diffusive supply 

and/or adsorption of Leu-MCA substrate molecules on sediment particles are presumably factors 

in determining availability to particle bound enzymes (Ziervogel et al. 2007).  On the other hand, 

the diffusion and adsorption of enzyme hydrolyzed fluorescent product MCA are also important 
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since the loss of MCA causes a change in fluorescence. Experiments were designed to study how 

environmental factors influence the adsorption behavior of MCA.   

The results showed that due to its low hydrophilic nature, large amounts of MCA are 

adsorbed on sediment particles and the adsorption is time dependent. A typical adsorption pattern 

of MCA by sediment particles with time is shown in Figure 2.3A. Approximately 60% of MCA 

is adsorbed rapidly (< 1 hr), followed by a slower loss of up to a total of 70 - 80% occurring over 

1 – 2 days.  Concentration has a very small (i.e. <4%) influence on the fraction of MCA 

adsorption, at least within the practical MCA concentration range for the sensor system.   

Temperature substantially influenced the adsorption properties of MCA with more MCA 

adsorbed on sediment particles at lower temperatures.  pH has very little influence on adsorption 

over a range of 5 to 9.5. 

   Adsorption isotherms were determined after 1 hr and 22 hrs incubation. The K and n 

values after 1hr incubation were 6.75 and 0.84, respectively. The K and n values after adsorption 

equilibrium (after 22hrs incubation) were 13.2 and 0.80, respectively (Fig 2.3B). The n value 

didn’t change significantly during incubation. However, due to the time dependence of MCA 

adsorption, a substantial increase of K value occurred with time.     

  The reversibility of MCA adsorption was also tested. Reversibility was evaluated by 

exposing sediment with adsorbed MCA to MCA-free pore water after different incubation times.  

If MCA adsorption were completely reversible, adsorbed MCA should be partially released after 

the addition of MCA-free pore water and attain a new equilibrium consistent with the derived 

Freundlich equation.  If the MCA adsorption were irreversible, no MCA should be removed from 

particles and the MCA signal in the supernatant should be due only to residual MCA in the pore 

water after centrifuging. The reversibility is represented as the percentage of adsorbed MCA on 

particles released back into pore water.  In Figure 2.3C, the hollow circles show the percentage 

release of adsorbed MCA when the MCA adsorption is able to re-attain a Freundlich equation 

equilibrium.  The values were estimated from Figure 2.3A (22°C).    The solid dots show the 
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actual MCA percentage loss from particles. These patterns demonstrate that MCA desorption is 

approximately reversible initially and becomes progressively less reversible with time.  

The above results combined with the fact that most Leu-AP was particle bound implied 

that the majority (e.g., 70 - 80%) of enzyme hydrolyzed product MCA molecules are adsorbed 

where they are formed. This phenomenon is beneficial to our sensor system, because the 

restriction of MCA movement following formation aids identification and spatial resolution of 

enzyme activities.   

In order to determine the loss of fluorogenic MCA from the image plane during both 

diffusion and adsorption, the unsteady penetration of MCA from overlying water into sediment 

was followed experimentally, indicating a net penetration rate of ~1 mm/hr.  Assuming no 

adsorption, this rate translates into an apparent whole sediment diffusion coefficient of ~ 0.06 

cm2/d.  Given the molecular weight of MCA (175), its free solution diffusion coefficient should 

be in the range of ~ 0.3 cm2/d in seawater and ~ 0.24 cm2/d in sediment with a porosity of 0.9 

(Burdige et al. 1992, Hannides et al. 2005). A reversible adsorption coefficient (unitless) required 

to explain these differences in net diffusion coefficients would be ~ 3, consistent with but 

somewhat less than the ~ 6.8 derived independently from the Freundlich relation.    

3.3. Sensor response  

     To check the reliability of the sensing system, different quantities of standard Leu-AP 

solutions were added into homogenized surface sediment samples collected from Long Island 

Sound with the final enzyme load range from 0.10-0.38 µmol substrate per hour per gram wet 

sediment (labeled value). Natural enzymes present in the sediment were not deactivated, and 

standard additions were made immediately before measurements. Total Leu-AP activity of each 

sediment sample was measured using foil subsamples cut from the same large foil (0.5 µmol 

Leu-MCA/cm2 foil) in the fluorescence spectrophotometer. Fluorescence signals of each 

sediment sample are plotted in Figure 2.4A. All treatments showed well defined linear 

fluorescence intensity increase over time after a short lag stage (< 5 mins, the time required to 
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wet the D4 layer), so that the slope of each curve can be used to represent potential Leu-AP 

activity of each sample.  The slope of each line from Figure 2.4A (represented as net 

fluorescence increase/min) was then plotted against the various standard addition Leu-AP 

activities (Figure 2.4B). The excellent correlation (r2=0.97) demonstrates that the foil system 

accurately reflects enzyme activity variations in sediment samples and is thus a reliable system 

for extracellular enzyme activity measurement. Additionally, the potential Leu-AP activity of 

natural sediment can be calculated to be 0.45µmol sub/(hrg) (labeled value) based on 

extrapolation of the calibration curve in Figure 2.4B.  

3.4. Membrane uniformity 

      The effect of layer evenness was tested by inserting foils (4×4 cm) with different MCA 

loads into homogenized sediment samples. The MCA foils were imaged by the camera system, 

and the gray scale fluorescence intensity difference between all pixels calculated.  The average 

gray scale among all pixels (655×655 pixels for each foil) ranged from 136-172 for all 4 test 

foils. The average gray scale standard deviation was 1.4 (n=4) and an average RSD of ~0.9%. 

Thus slight unevenness in foil thickness has an imperceptible influence on results.  Additionally, 

these results demonstrated that the insertion procedure of foils into microcosms did not generate 

variability. In practical application, the substrate load was designed to deliver local 

concentrations much higher than the half saturation concentration, which further diminishes the 

influence of a minor difference of substrate concentration on the inferred enzyme activities.   

4. Discussion 

4.1. Leu-Aminopeptidase foil system design    

Three strategies were considered when designing the enzyme foil system: covalent 

immobilization of enzyme substrates in foils and allowing enzymes to diffuse in; tethering 

substrates onto foil surfaces; and the substrate delivery strategy by physical entrapment into the 

polymer matrix that we describe here.  Considering the fact that particle bound enzymes are the 
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dominant (>90%) enzyme form in sediment (Chrost 1991, Rogers & Apte 2004, Ziervogel et al. 

2007)as well as indications that particle attached bacteria possess higher per cell enzyme activity 

(Lehman & O'Connell 2002), the strategy of binding substrates into a polymer sheet should 

greatly underestimate particle bound enzyme activity.  Immobilizing substrates on polymer 

membrane surfaces by sorption or covalent bonding may be good for the free extracellular 

enzymes in pore water which can access the immobilized substrates by diffusion, but particle 

bound enzymes, even adjacent particle associated enzymes, can still not access the substrates.  

Furthermore, the required foil synthesis procedures are relatively laborious and determining 

proper saturation of enzymes potentially difficult.   

In our present work, the enzyme substrate was initially physically trapped into an organic 

polymer layer (D4) and substrates were allowed to diffuse out of the polymer layer after 

deployment in an aquatic environment. This design has the following advantages: first, the 

diffusion of enzymes into polymer membranes is difficult (or impossible for particle bound 

enzyme), whereas the diffusion of small molecule substrates from the membrane into an aquatic 

environment is very easy and fast, and the response time (enzyme reaction) therefore more rapid; 

second, the free substrate that diffuses out of the polymer membrane is available to both free 

dissolved and particle bound enzymes in sediment; third, it easily allows a substrate load that is 

sufficient enough to locally saturate target enzymes.  The disadvantage is that the substrate can 

be potentially lost into the contacting environment (e.g., water) and may diffuse out of the 

imaging plane. Thus, it is necessary to characterize both the diffusive release of substrate from 

the carrier membrane and its transport in the immediately contacting environment.  

4.2. Determination of optimized Leu-MCA load  

Enzyme catalyzed reactions follow Michaelis-Menten kinetics:  
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Where: [S] is the substrate concentration,  0 is the initial reaction rate to the substrate 

concentration [S], max is the maximum rate of reaction and Km is the Michaelis- Menton 

saturation constant representing substrate concentration at which the reaction rate reaches half of 

its maximum value. 

When Leu-MCA concentration [S] is much higher than the half saturation constant Km the 

enzyme activity 0 is very close to max.  In our foil membrane design,  the Leu-MCA load is 

optimized to make sure that, after deployment, the concentration of Leu-MCA released into 

sediment near the foil surface (within 1mm distance) is high enough ( in our study >10Km ) to 

saturate the ambient target enzyme for at least the experimental time period (usually 1hour).  

Thus, all reported measurements reflect maximum potential enzyme activity and any possible 

biphasic response is not resolved (Tholosan et al. 1999). 

The likely load range was first estimated from traditional incubation results. A series of 

membrane foils with different loads was then used to measure extracellular enzyme activity in 

typical surface sediment from Long Island Sound.  The results showed that a Leu-MCA load 

higher than 0.2 µmol/cm2 was enough to saturate enzymes in the experimental sediments (Figure 

2.5). Considering varying enzyme activities at different sites and seasons, a final load of 0.5-1.0 

µmol Leu-MCA per cm2 foil was selected for the coastal sediments examined in the present 

study.  The thickness of the D4 layer was then adjusted to generate a suitable release rate based 

on diffusive loss experiments in seawater filled cuvettes.  A D4 load of 3 – 6 mg cm-2 foil was 

typically selected.   

 4.3. Enzyme activities calculation and correction for diffusion and adsorption 

Assuming a sufficient Leu-MCA supply, 0 should be very close to max for all pixels and 

should remain constant.  Thus, the exact value of Leu-AP activity can be estimated as: 
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Where ΔF is the fluorescence increase per time increment ΔT, and  is the conversion 

constant from fluorescence to enzyme activity.   The value of  can be estimated by adding a 

known concentration of enzyme into sediment or determined from a traditional incubation result.  

This latter approach effectively normalizes results to the traditional method.   

The previous equation does not consider changes in the fluorescence signal due to 

adsorption and diffusion. To estimate fluorescence loss caused by MCA diffusion and adsorption 

during measurements, a MCA foil with the same D4 load as the substrate membrane was inserted 

next to the Leu-MCA foil.  The fluorescence signal from the MCA loaded foil is determined by 

diffusion and adsorption of MCA and not by enzyme reaction.  Thus the percentage MCA loss 

per unit time of contact was used to correct (amplify) the fluorescence signal of MCA generated 

by enzyme reaction at the same depth (porosity).  The new equation then becomes:   
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Where C% is the percentage of MCA loss per minute in pixels from an equivalent depth 

interval with comparable porosity. 

 Sediment colors and particle size and shape can potentially influence the fluorescence 

background and reflection.   However, no significant influence of sediment color on fluorescence 

intensities has been found to date, so correction for sediment color was not made. Particle size 

and shape might interfere with fluorescence due to their impact on solute diffusion. However, 

this effect was not studied in this work. Further research may be needed to determine 

circumstances when corrections other than the MCA diffusion – adsorption loss must be made.            

4.4. Vertical enzyme activity profile in microcosm and comparison with traditional incubations 

   A foil deployed in a sediment core collected from Flax Pond was selected to illustrate the 

vertical enzyme activity profile measured by a foil sensor system.  Figure 2.6A shows images 

captured during measurements. Panel A is a visible image under green light (550 nm) captured 

before actual measurements, panels B, C and D are fluorescence examples taken at 3 different 
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times, i.e. 6, 10, 28 min, respectively.  The fluorescence emitted from the sensor is blue, but in 

the example fluorescence images, pseudo- colors (red) were applied to better demonstrate the 

contrast between pixels. The pseudo-colored pictures clearly show a fluorescence intensity 

increase over time and a relatively brighter area at the surface sediment.  

To compare the enzyme activities measured using the foil system with traditional 

profiles, the horizontal enzyme activities across the whole membrane were averaged.  The 

fluorescence increases during the first 10 – 40 minutes of incubation were used to calculate 

enzyme activities and the results are shown in Figure 2.6B.  A clear surface enzyme activity 

maximum zone was found in the top 1 cm of sediment, and a sub-maximum zone occurred at a 

depth of ~2 cm. Compared with results from the traditional method (red triangles in Figure 

2.6B), the two profiles matched quite well with the exception that in traditional method, the 

second subsurface maximum zone was not found. The difference may be the result of a loss of 

signal due to the low resolution of traditional volume slicing and simply the heterogeneity of 

sediment. Nevertheless, the comparison did show the sensor system not only produces 

comparable averaged profiles with the tradition incubation method, but most importantly has a 

much greater two-dimensional resolution.  

4.5. Spatial heterogeneity of Leu-AP activity distribution in marine sediments 

         The spatial heterogeneity of remineralization in sediments has been revealed directly 

using specific solute planar optodes and by various sampling arrays (Wenzhofer & Glud 2004, 

Zhu et al. 2006, Stockdale et al. 2009, Bertics & Ziebis 2010).  Hot spots of elevated 

remineralization are often associated with biogenic structures formed by meio- and 

macrobenthos.  The enzyme sensor images from several sediment examples in this research also 

revealed considerable spatial heterogeneity and localized activity maxima.  Figure 2.7, for 

example shows the enzyme activity distributions of a sediment microcosm collected from Great 

Peconic Bay, Long Island.  Fluorescence image results from the initial 10-40 minutes of 

incubation were included in the calculation. The rates of increase in fluorescence intensity within 
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individual pixels, after corrections for diffusion and adsorption loss, were converted to enzyme 

activities by normalizing to the activity in a specific depth interval region measured in a 

traditional incubation. The conversion coefficients β, in this case, were estimated as the ratio of 

integrated gray scale from sensor images (horizontally averaged) to the integrated enzyme 

activities from traditional incubations (0-9cm). The calculated enzyme activities of all pixels 

were then plotted as a pseudo–color image shown in Figure 2.7A using Matlab.  The images 

showed substantial heterogeneity both horizontally and vertically. A general maximum region 

was found between 0.5 – 1 cm depths.  A high value zone was found at around 0.5 cm depth and 

separate hot spots with typical area ~4 mm2 were found at ~1 cm.  The patchy distribution of 

enzyme activity within the subsurface layer may result from earlier faunal activities, for 

example, excretions by meio and macrofauna, residual burrow structure, or other factors 

affecting small scale reactive organic matter patterns.  It is also possible that microbial activity is 

generally enhanced due to coupled redox reactions near the primary subsurface oxic – anoxic 

boundary, which occurs at a few millimeters below the surficial sediment-water interface.  The 

activities decrease sharply with depth and showed less, although still detectable, horizontal 

heterogeneity in sediments below 2 cm depth. The structure of the horizontally averaged, vertical 

profile (black line Figure 2.7B) from sensor images was also compared with traditional 

incubation results (gray dots). Both profiles showed a maximum enzyme activity in the top 1cm 

and decreasing activities with depth.  However, the traditional incubation results showed 

relatively higher values within the top 1cm depth layer as well as layers below 7 cm. These 

mismatches may be caused in part by artifactual behavior during traditional incubations, error in 

the optical sensor corrections, or by sample heterogeneity not accounted for in a single image 

plane but otherwise incorporated into the homogenized interval used for the traditional 

incubation.  When slicing sediment cores, for example, a small amount of compaction and pore 

water loss for the uppermost surface sediment layer is often unavoidable.  For deeper sediment 

layers, trace amounts of oxygen may be introduced during slicing even though the cores were 

processed under nitrogen gas.  These types of effects may result in differences in the estimation 
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of enzyme activities.  

5. Summary and conclusions 

Here we demonstrate the development and successful utilization of a new 

planarfluorosensor system for two-dimensional measurement and display of extracellular 

enzyme activities with submillimeter spatial resolution. The underlying principle of the new 

extracellular enzyme sensor is the incorporation of a fluorogenic enzyme substrate into a 

polymer carrier and the controlled release of that substrate into a contacting medium while 

transport and reactions are continuously monitored. 

In addition to resolving average distributions comparable to those revealed by traditional 

methods, high spatial resolution and small hotspots of enzyme activity in the sediment were also 

documented, demonstrating microscale heterogeneity of hydrolytic processes. This technique can 

be utilized to measure other extracellular enzyme activities given suitable enzyme substrates. The 

technique can also be readily adapted for in situ applications, for example, using appropriately 

modified sediment profile imaging (SPI) cameras e.g.(Glud et al. 2001, Fan et al. 2011). 
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Fig.2.1. Imaging instrumentation used for two-dimensional Leucine-Aminopeptidase 

measurements (after Zhu et al., 2005). 
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Fig. 2.2.  (A) Release behavior of MCA membranes with different D4 loads. (B) Variation of unit 

time release rate of linear release period (represented as % total MCA/min) versus different D4 

loads. Insert: relationship between D4 load and layer thickness. 
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Fig. 2.3. (A) Adsorption behavior of MCA with time at 4 °C and room temperature 22 °C. MCA 

concentration: 10.5 µM. (B) Adsorption isotherms of MCA fitted to Freundlich equations (lines). 

1: after 1 hr incubation (△); 2: after 22 hrs incubation (), (C) Desorption behavior of MCA in 

sediment shown as the percentage of adsorbed MCA released at a particular time after adsorption 

: (○) MCA adsorption behavior if the adsorption were completely reversible;  (●) measured 
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Fig. 2.4.  (A) The response of the enzyme fluorosensor in the presence of various extracellular 

enzyme activities in marine sediments. The surface sediment (0 – 5 cm) collected from Long 

Island Sound was homogenized and sieved through a 1 mm mesh sieve before use. The relative 

fluorescence intensity increases with the incubation time. (B) Correlation between the rate of 

increase of fluorescence intensity and extracellular enzyme activity added into each sample. 

Substrate loaded: 0.5 µmol Leu-MCA/cm2.  Extracellular enzyme activity: () natural sediment; 

then added (■) 0.10, (▲) 0.19, (×) 0.29, and (*) 0.38 mol sub/hr/g standard Leu-AP enzyme 



 

43 
 

0

1000

2000

3000

4000

5000

0 20 40 60

Time (min)

R
e

la
ti
v
e

 f
lu

o
re

s
c
e

n
c
e

 i
n

te
n

s
it
y
 

0.12
0.16
0.20
0.24
0.32

 µmol/cm
2

into the natural sediment. 

 

                               

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5.  The effect of substrate Leu-MCA load in the foil on sensor response. The homogenized 

surface marine sediment (0 – 5 cm) was obtained from Long Island Sound. The Leu-MCA 

amounts in each sensor foil are: (□) 0.12, (◊) 0.16, (▲) 0.20, (+) 0.24 and (○) 0.32 µmol/cm2.  
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Fig. 2.6. (A) Visible and pseudo-color (red) fluorescence images of marine sediment at 6, 10 28 

min after sensor foil deployment. The intact microcosm core was collected from Flax Pond, 

Long Island. (B) The comparison of enzyme activity profiles obtained from traditional methods 

and the fluorosensor technique. The fluorescence increase of the sensor during the first 10 – 40 

minutes of incubation was used to calculate enzyme activities. The solid dots were horizontally 

averaged data extracted from 2-dimensional enzyme distribution. 
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Fig. 2.7. Left: 2-dimensional extracellular enzyme distribution pattern in an intact marine 

sediment microcosm core collected from the Great Peconic Bay, Long Island. Right: 

Horizontally averaged enzyme activity vertical profile (black line) and its comparison with 

results from traditional incubations (gray dots). 
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Chapter 3   Temperature dependence of extracellular enzyme activities in temperate 

coastal sediments. 
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1. Introduction       

  Extracellular enzymes (EE) initiate the microbial loop. The rate of EE induced hydrolysis 

determines the amounts of polymeric organic matter that become available to bacteria. As an 

intrinsic character of enzyme, EEs are sensitive to temperature change. For most EEs an 

optimum temperature exists (King 1986). This optimum temperature is usually significantly 

higher than the in situ temperature range where the enzyme producers live. Isoenzymes (enzymes 

that have the same function but varied structures) synthesized by different microbes may have 

distinct optimum temperatures related to the environments in which they function. Studies have 

found that EEs in Polar Regions have optimum temperatures much lower than the isoenzymes 

found in temperate and tropical regions (Feller et al. 1996, Huston et al. 2000, Arnosti & 

Jorgensen 2003), which suggests that distinct bacterial phenotypes with distinct isoenzymes may 

exist in different oceans. In temperate regions, a shift of dominating isoenzymes may occur along 

with seasons as the adaption of bacteria communities to temperature change. 

        Aside from the distinction of isoenzymes with latitude and at different seasons, sudden 

temperature changes within a short time period (from intraday to a few days) also greatly 

influence enzyme activities. Different from the other factors that can influence EE performance; 

the variation of temperatures instantly changes EEA. For example, a sudden temperatures drop 

of 10 ºC could result in an immediate decrease in food supplies to bacteria by about a half to 2/3. 

How bacteria respond to such a situation is a question that remains unclear and an interesting one 

to address. In addition, as different EEs have possible different sensitivities to temperature, the 

changes in temperature result in unsynchronized change in EEAs. To bacteria, this implies a 

changed proportion of nutrients. Previous studies have also found a different enzyme ratios 

among different latitudes(Christian & Karl 1995), indicating possible varied nutrient ratio 

requirements of bacteria at different temperatures.  The bacteria’s strategies to deal with this 

potential nutrient imbalance is another interesting question. 
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      In this chapter, two questions are addressed with respect to temperature dependence of 

organic matter decomposition: a lab incubation experiment to study how microbes respond to 

sudden temperature change as reflected in extracellular enzyme activities; and a field study on 

seasonal basis to study the extent to which temperature determines the overall rate of organic 

polymer hydrolysis.      

2. Methods 

       Sediment samples for incubations were collected in Flax Pond (Long Island, NY) in May, 

2011 at intertidal salt marsh zone during low tide. The uppermost 5cm sediments were collected. 

Ambient temperature during sampling was around 17 ºC. Collected samples were incubated at 

18ºC in lab for 2 days to allow a stable initial condition. Before incubation, sediments were 

sieved through 1mm sieve and then mixed. Well mixed samples were then filled in separate jars 

in full and sealed. The net weight of sediment in each jar is ~120 g. Sealed jars were then 

incubated anaerobically in either water bath (for incubation temperature >18 ºC) or incubators 

(temperature <18 ºC). Samples were incubated at 7 different temperatures (2, 7, 13, 19, 22, 26, 

29 ºC). Fluctuation of incubation temperature during is within ±1 ºC.  

     Three extracellular enzyme activities (EEA):Leucine-aminopeptidase (LAP), phosphatase 

(PA),β-glucosidase (BGA) as well as total dissolved CO2 concentrations and pH were measured 

at 2 hrs,  ~50 hrs and ~100 hrs after incubation started. Procedure for EEA measurements largely 

followed the one described in Chapter 2 with small modifications specifically designed for this 

experiment. The measurements were conducted in a N2 filled hood, a small amount (~0.25 g) of 

mud from an opened jar was transferred into a 15 ml centrifuge tube. 3 ml of 0.2 µm pore size 

pre-filtered pore water was then added into tube. After fully mixing, the tubes containing slurries 

were then put back into incubators/water bath for ~2 hrs to make the slurry temperature the same 

as incubator temperature. Fluorophore labeled substrates were then added into each tube and 

were counted as the start of the measurements. The temperature influence from substrate solution 

was neglected since its volume is small (<200 µl ) relative to the total solution volume. The 
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remaining procedures were the same as introduced in Chapter 2. Enzyme activities were 

measured in duplicate at each temperature. The remaining mud was transferred into a 50 ml 

centrifuge tube and then centrifuged. Supernatant pore water was collected for dissolved CO2 

measurements.  

          Field study sediment samples were collected from Great Peconic Bay during 6 cruises 

from 2009-2010 on a seasonal basis. More details about sampling dates, sites coordinates and 

sampling methods are described in Chapter 4.  Sediments were sliced in the lab at 0.5~2 cm 

intervals. Activities of three EEs were measured in duplicate. Integrated EEA from surface to 14 

cm depths were selected for temperature dependence study as integrated EEAs are a better 

reflection of overall EEA levels of surface sediments. 

          The effect of temperature on extracellular enzyme activities was modeled using the 

integrated form of the Arrhenius equation(Westrich & Berner 1988):   

              

            Where Ea is apparent activity energy, T is temperature in kelvin, A is the pre-exponential 

factor and R is the universal gas constant. Taking the natural logarithm of Arrhenius' equation 

yields:  

            

          The logarithm of EEA has a linear relationship with 1/T, with slope –Ea/R. Activity 

energy (Ea) for extracellular catalyzed reactions can be calculated by plotting ln(EEA) versus 

1/T and determining the slope using least squares regression method. The negative slope times R 

is equal to Ea. 

           It should be pointed out that the Ea measured in field studies is different from the 

definition of Ea in a strict biochemical sense, which by definition is a constant in a well-defined 
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enzymatic system. In natural bacterial communities, the overall enzymatic reactions are 

catalyzed by enzymes excreted by a complex consortium of bacteria targeting a variety of 

substrates. The Ea value calculated therefore is not the activation energy in the chemical sense 

but a measure of temperature response of the whole microbial community.  

3. Results  

3.1.    Behavior of LAP standard in pre-deactivated sediments.  

            Commercial Leucine Aminopeptidase extracted from porcine kidney (Type IV, from 

Sigma Co.Ltd) was added in indigenous EEA deactivated mud samples to study the temperature 

response of single type LAP. Indigenous extracellular enzyme was deactivated by leaving sealed 

mud samples in boiled water for 20 mins. Pure commercial LAP were then added into 

deactivated cool sediments and its activity measured at above stated temperatures with results 

shown in Fig. 3.1 and 3.2. Optimum temperature of standard LAP in mud is around 22 ºC but the 

activities didn’t rapidly up to 33 ºC. The activation energy (Ea) calculated from activities below 

22 is 30.6 kJ/mol (Figure 3.2). The corresponding temperature coefficient Q10 is 1.63. These 

values can be used as references for environmental LAPs.  

3.2.   Laboratory incubation  

          Activities of three extracellular enzymes together with total CO2 concentration during 

incubation are shown in Figure 3.3. Activities of LAP were the highest among three EEs 

throughout incubation, followed by activities of PA, both were about one magnitude higher than 

the activity of BGA. During incubation, LAP activities changed towards the opposite directions 

of BGA and PA chagnes at most temperatures. LAP activities decreased at temperatures >12 ºC 

(Figure 3.3) but increased slightly at the two low temperatures (2 and 7 ºC). In contrast, activities 

of BAG and PA at mid and high temperatures increased during the first 2 days and the activities 

at low temperatures decreased throughout incubation. Table 3.1 listed percentage change of 

activities at day 3 and day 5 compared with day 1. Higher percentage changes occurred at high 
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temperatures. For example, a decrease of 28-50 % of LAP activities were observed after 4 days’ 

incubation. Activity of BGA at 29 ºC increased by 34 % in 2 days and then decreased by 38 % 

after another 2 days.  

        Temperature sensitivity curves (Ln (EEA) vs 1/T) of LAP, PA and BGA at the beginning 

of incubation (day 1) are plotted in Figure 3.4. Significant linear relationships were found 

between Ln (EEA) and reciprocal of temperatures (1/K*103) for all 3 enzymes. Activation 

energies (EA) of each EE were calculated from slopes of each curve. The value sequence of Ea is 

LAP > BGA > PA.  

    Temperature sensitivity curves of EEA at day 3 are plotted in Fig 3.5. Ln (EEA) and 1/T 

remained clear linear relationships for all three enzymes. However, the values of Ea changed 

significantly. A decrease of Ea for LAP and increases of EA for BGA and AP were observed 

(Table 3.2).  

     Temperature sensitivity curves at day 5 are shown in Fig 3.6. Different from the curves at 

day1 and day3, for all three enzymes, the curves at day 5 showed a two stages pattern: with stage 

1, the 4 high temperatures and stage 2 the three low temperatures. Ea values calculated from each 

stage are also showed in Table 3.2. Ea values of stage 1 had the highest value over incubation for 

BGA and PA. . The Ea values calculated from all points were also calculated, which showed a 

continued decrease of Ea for LAP and an intermediate Ea for BGA and PA (Table 3.2).  

3.3.   Seasonal temperature dependence of field sample EEA in great Peconic Bay  

        The natural log of depth integrated (0-14 cm) surface sediment EEAs plotted versus 

sediment surface temperatures at sampling dates are shown in Fig 3.8. EEAs at two adjacent 

(sites map in Chapter 4, both sites are muddy sediments) are plotted together. For all three 

enzymes, activities at the lowest temperature (open circle) deviated from other seasons. If the 

EEA value obtained from that season is removed, integrated EEAs showed pretty good linear 

relationship with sampling temperatures. LAP has the best fit with temperature (R2=0.88). The 

Ea values are 35.1 kJ/mol for LAP, 28.5 kJ/.mol for PA, 25.5 kJ/mol for BGA respectively. 
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4. Discussion  

4.1.   Temperature optimum 

           The optimum temperature (Topt) of commercial Leu-AMP standard (Sigma Co.Ltd) in 

pre-deactivated sediment is ~22 ºC. This optimum temperature is significantly lower than the 37 

ºC claimed on the product sheet, which describes an activity at 25 ºC to be ~ 60 % of that at 37 

ºC. This unexpected Topt indicates that the optimum temperature of an enzyme may vary when 

functioning in different environments. Differing ion concentrations, pH, dissolved trace metals or 

adsorption of enzymes might be the reasons that cause Topt to shift. This shifted Topt may also 

imply that muddy sediment may play an important role in determining the rates and properties of 

enzyme reactions.  

           For indigenous EEs, no temperature optimum was observed within incubation 

temperature range, indicating a temperature optimum higher than 29 ºC. This is consistent with 

the general observations that optimum temperatures of natural EEs were normally above in situ 

temperatures (King 1986, Christian & Karl 1995, Arnosti et al. 1998).  

           To put the results together, it is unexpected that the enzyme extracted from the 

kidney of a warm-blooded animal (37 ºC) has a Topt of 22 ºC in sediment, whereas the sediment 

indigenous EEs, which never function at temperatures >30 ºC, have Topts apparently higher than 

that. Such  results imply complex regulation mechanisms in natural environments. No specific 

properties should be assumed a prioi.   

4.2.  EEA change during short-term incubation at varied temperatures. 

           As shown in Fig3.4, an interesting result of this experiment is that the activities of three 

EEs apparently changed along different directions during incubation. Activities of LAP 

decreased at high temperatures (> 12 ºC) but increased at low temperatures (2 and 6 ºC). In 
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contrast, activities of PA and BGA at high temperatures increased in the first 2days of 

incubation, whereas activities at low temperatures decreased during incubation. Such varied 

patterns resulted in increased LAP/BGA (and LAP/PA) activity ratio at low temperatures and 

decreased LAP/BGA at high temperatures. It should also be pointed out that the BGA activity 

has been doubled just by increasing temperature from 19 ºC to 29 ºC, but an increase in BGA 

activity was still observed after 2 days incubation. To the contrary, though the BGA activities 

had decreased by >50% just by moving sediments from 19 ºC to 2 and 6 ºC , the BGA activities 

at these two temperatures kept on decreasing after incubation.        

           These observed patterns showed that bacteria respond rapidly to temperature change by 

changing the EE synthesis ratios. The general pattern is that, when temperature increases, the 

increase in organic carbon and phosphate demand of bacteria surpass the increments that BGA 

and PA activities could supply, even though the BGA and PA activities double from 19 to 29 ºC, 

but the increase in N demand with increased temperature is within the capacity that LAP could 

accommodate. A study by (Christian & Karl 1995) observed a much higher LAP /BGA in polar 

regions than in temperate and equator regions. A likely explanation of such different organic C 

(or P) /N demands at different temperatures may be that, at high temperatures, microbes have 

higher respiratory and metabolism rates  thereby consuming a higher proportion of organic 

carbon, while at low temperatures, microbes may have a relatively high amino acid demand to 

synthesize structural proteins to withstand low temperatures.    

          Another possible explanation is the artifact effects from sample processing. The sieving 

and mixing process redistributed organic matter and therefore increased organic matter 

availability for bacteria. The sieving process also removes benthic fauna and alleviate grazing 

pressures for bacteria. These effects all favor bacteria growth and can explain the rapid increases 

of (at temperatures >12 ºC) in the first 2 days’ incubations but then decreased as the benefits had 

been used up after 2 days. Similar patterns have also been used up after 2 days. Similar patterns 

had also been reported by (Boetius & Lochte 1994) in an organic carbon enrichment incubation. 
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However, this explanation doesn’t work for LAP, as the LAP activities changed in the opposite 

direction as BAG and PA did.  

          The more rapid depletion of a labile protein pool might explain the LAP pattern. Even 

though the entire pool of protein may take a long time to degrade (Dell'Anno et al. 2000) because 

of strong irreversible adsorption of proteins (Ding & Henrichs 2002) (Borch & Kirchman 1999), 

the labile peptides are found being rapidly hydrolyzed (Pantoja & Lee 1999), with a turnover rate 

as small as an hour. Quick depletion of labile peptides and a relatively long lifetime of adsorbed 

proteins may force bacteria to look for alternative sources of amino acids. Bacteria are capable of 

synthesizing amino acids from ammonium and intermediate products of glycolytic pathways. 

Because the incubation was performed in sealed jars, the exchange of sediment with overlying 

water was shut off, resulting in accumulated ammonium. Flax pond sediment has also been 

reported to have a relatively high organic carbon content (Liu & Lee 2007). These effects 

altogether may stimulate de novo synthesis of amino acid by bacteria to alleviate the nitrogen 

demands. This hypothesis, though less robust, can also explain the varied enzyme ratios at 

different temperatures. At high temperatures, the labile peptide pool was depleted more rapidly 

so that bacteria are forced to produce additional BGA for amino acid synthesis from organic 

carbon compounds and ammonium. At low temperatures, the labile peptide pool may last longer 

so that bacteria still synthesize peptidase for N demands. The experiment design of this study is 

unable to differentiate which reason plays a central role, future studies are required to better 

explain the mechanisms.  

4.3.   Activation energy change during short period incubation 

          Activation energy (Ea) is a measure of the energy barrier that enzymes need to overcome 

in order to complete the hydrolysis reaction. It is thus also a measure of the temperature 

sensitivity of enzymes. A higher Ea indicates a more rapid activity change with temperature and 

represents a higher temperature sensitivity of the enzyme. According to the Arrhenius equation, 

values of Ea can be calculated by plotting EEA with temperature. Figure 3.4 showed the EEA 
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and temperature relationships at the start of incubation. At the start of an incubation bacteria 

were not left time to respond to temperature, these curves largely reflect the temperature 

sensitivity of in situ EEs. Curves of all three enzymes showed linearity. The values of Ea were 

calculated from curves and have the sequence of Ea LAP> BGA>AP.  It is interesting that LAP 

had the highest Ea yet at the same time the highest activity, which may indicate a much higher 

standing stock of LAP than the other 2 enzymes.  LAP has generally been considered as a 

constitutive EE because amino acids are the materials to synthesize all EEs. It is probably a 

fundamental strategy for bacteria to keep a considerable peptidase level though not necessarily at 

high efficiency.  

           After two days incubation, the Ea values changed significantly for all three enzymes 

(Figure 3.5).  Compared with the Ea values at day 1, the Ea value of LAP decreased and that of 

BGA and PA increased, reflecting bacteria responses to temperature change in two days. Based 

on the definition of Ea, such a shift of Ea should be the consequence of enzyme composition 

change as different isoenzymes may have distinct Ea values. Such a conclusion is based on a 

prerequisite that the enzyme concentrations at each temperature are the same. In this study, 

however, the EE concentrations at different incubation temperatures were unlikely to remain the 

same after two days incubations, as the result of either different EE synthesis rate or bacteria 

growth rate or both. The change of Ea may also be caused by different enzyme concentration at 

different incubation temperatures.           

           Though both reasons might be possible, the perfect linearity of the curves at day 3 

implies that an enzyme constitution shift might not be the reason for Ea change. If an isoenzyme 

shift occurred at either temperature or both, since different isoenzymes usually have different Ea 

values, it is unlikely the curve would still keep a good linearity, but should show a multi-stage 

pattern.   

     The Ea on day 5 (Fig. 3.6), however, the curves showed two stages patterns for all three 

enzymes. A hypothesis here is that 2 days after a temperature change, a shift of community 
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structure (or a shift of dominant isoenzymes at some temperatures) may lead to the curve 

deviating from a perfect linearity.  

4.4.    A simplified model to estimate the cost for EE production at different temperatures.  

          During incubation, the net change of EEA is the outcome of EEA of new synthesized 

enzymes minus lost EEA due to enzyme decay.  The incubation results have shown that bacteria 

changed their enzyme production rate as a response to temperature change. A hypothetical model 

is proposed here to estimate the relative cost for EE production at different temperatures. The 

general equation of this model is as following:  

        EEA change (in %/d) = New EEA (%/d) – Lost EEA (%/d).  

            In this model, EEA change is the daily change of EEA during incubation, which can be 

calculated from measured EEAs at different days. The new EEA represents EEAs of new 

produced EEs during incubation and lost EEA represents the decrease of EEA due to enzyme 

decay.  The rate of EEA loss at ºC is estimated from literatures and the results of this experiment 

to be 30% per day. The decay rate at other temperatures was adjusted according to the LAP 

temperature dependence plot at day1 (Figure 3.4). The temperature dependence of LAP activity 

is used because peptidases are supposed to be the enzymes that decompose proteins. The new 

EEA is the net change of EEA plus EEA lost.  To make the result comparable between 

temperatures, new EEA was calculated as percentage increase compared to the EEA at day 1.           

             The calculated rate results are shown in Fig 3.7. The 2-50 hrs curves (first 2 days 

incubation) showed a clear pattern that bacteria tend to increase peptidase production when they 

were put in temperatures lower than in situ temperature, the extent of increase is proportional to 

temperature decrease; but they tend to keep a relatively stable peptidase production when put in 

higher temperatures. In contrast, bacteria selected to keep their phosphatase and gluocosidase 

production at a stable level when put to lower temperatures but increase the production of these 

two enzymes at higher temperatures. Such results further confirm that bacteria respond 
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differently in the productivities of different extracellular enzymes, which indicate a varied C/N 

and N/P demands at different temperatures.  

4.5.  Seasonal EEA patterns from field sample measurements.        

     Despite a rapid short term response of EEA to temperature change, the seasonal   patterns 

of all 3 EEA, when plotted with field temperatures, all had good linear relationships. The fit of 

integrated EEA from different seasons in the Ea curve demonstrated that temperature accounted 

for most of the annual variation in sediment EEA. In other words, after normalizing EEA of all 

seasons to the same temperature, EEA is at a stable level throughout the year. This may imply 

that microbe’s in temperate regions tend to keep a relatively stable EE level despite temperature 

variation. With the exception of the spring bloom pulse, the enzyme activity variation along with 

temperature changes seems to be enough to deal with the different OM supplies with season. 

This phenomenon also implies that high molecular weight organic matter hydrolysis is a rapid 

process in Peconic Bay sediments rather than being a limiting step in OC remineralization. 

During the spring bloom period (Feb – Mar), however, labile substrate deposition enhances EEA 

above that expected from T variation alone and lowers the estimated Ea derived from a simple 

plot of all EEA measurements versus 1/T over the annual period. The mechanism for net 

enhancement of EEA is either stimulated EE synthesis or a shift of EE to a low Ea isoenzyme or 

both.   

5. Conclusion  

           The EEA patterns during incubation showed a rapid response of bacteria to temperature 

change. Bacteria synthesized varied amounts of EEs at different temperatures. At high 

temperatures, the microbes tend to require an increased organic carbon/phosphate demand but 

the increase in N demand is within the capacity that LAP could accommodate. At low 

temperatures, however, bacteria tend to produce more peptidase but require less phosphatase and 

gluocosidase.    
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          Temperature sensitivity curves show that the initial response of the bacteria community to 

temperature change is always to alter their yield of EE. With longer exposure to a temperature 

change, community structure may alter or a succession of isoenzymes may occur shortly after a 

temperature shift.   

         The long time scale temperature dependence, as reflected the seasonal observations of 

EEA in Great Peconic Bay sediment, however, showed that bacteria communities seem to be 

insensitive to long time scale temperature changes. They chose to keep a relatively stable EE 

level that can apparently accommodate varied OM supplies in different seasons.   
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Table 3.1  pH and percentage activity changes of three EEs during incubation.  The initial pH on day 1 is 7.10 

          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature 

ºC 

LAP PA BGA pH 

Day 3 Day 5 Day 3 Day 5 Day 3 Day 5 Day 3 Day 5 

2 17.3 14.1 -6.9 -16.5 -9.1 -23.1 6.55 6.92 

6.8 4.4 -4.2 0.3 -12.4 3.9 -10.2 6.49 6.91 

12.7 -4.7 -28.0 2.3 -33.9 32.2 -7.1 6.49 6.80 

19.2 -25.6 -38.0 8.7 -20.7 30.1 0.5 6.44 6.76 

22.3 -26.2 -45.5 17.7 -9.5 6.9 -9.4 6.38 6.71 

25.8 -18.3 -45.2 28.1 -6.2 10.5 -13.8 6.41 6.71 

28.5 -22.1 -49.5 34.2 -7.0 33.9 -4.5 6.47 6.77 
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Table 3.2  Activation energies (Ea) of three EEs at different days. The Ea values at day 5 were calculated for all temperatures and two 

temperature stages (as shown in Fig. 3.6) respectively.  

 

 

 

 

 

 

  

 

 

 

 

 

Activation 

Energy(Ea) 

kJ/mol 

Day1 Day3 Day5 

(all) 

Day5 

(high T) 

Day5 

(low T) 
LAP 49.2 39.1 28.6 40.5 22.1 

PA 26.7 36.7 30.6 45.6 21.5 

BGA 40.0 47.3 44.2 56.0 40.3 
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Figure 3.1.  Temperature dependence of  activities of LAP(Leucine-Aminopeptidase) standards 

added in deactivated sediments.  
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Figure 3.2.  The Ln(EEA) vs 1/T curve of standard LAP added in deactivated sediments. 

Activation energy (Ea) and Q10 were calculated from the slope of the regression line. 
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Figure 3.3.   Change of activities of three EEs (LAP, PA and BGA) and Total CO2 during 4 days 

incubation 
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Figure 3.4. Temperature sensitivity curves of three EEs on Day 1 
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Figure 3.5. Temperature sensitivity curves of three EEs on Day 3 
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Figure 3.6. Temperature sensitivity curves of three EEs on Day 5 
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Figure 3.7.   Percentage new produced (%*d-1) of three EEs at different temperatures compared 

to the respective activities on day 1 during incubation 
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Figure 3.8   Temperature sensitivity curves of three EEs of Peconic Bay sediments. EEAs were 

0-12 cm integrated activities. Temperatures are in situ temperatures.  
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Chapter 4  Seasonal, 2-D sedimentary extracellular enzyme activities and controlling 

processes in Great Peconic Bay, Long Island 
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1. Introduction   

In most marine ecosystems, a large portion of the energy and nutrient flow is channeled 

through the microbial community. The recycling of organic matter starts with the consumption 

and degradation of detrital organic carbon by a diverse community of heterotrophic micro-

organisms. Due to the limitation in transport, however, microbes cannot assimilate molecules 

larger than ~600 Da (Weiss et al. 1991). High molecular weight organic materials must be 

fragmented by extracellular enzymes (EE) before being incorporated into the cell. EE catalyzed 

hydrolysis is thus a crucial initial step in organic matter remineralization (Arnosti et al. 1994, 

Burdige & Gardner 1998). Understanding rates of extracellular enzymatic activity (EEA) as well 

as the factors that control enzyme production, performance and distribution are essential to 

carbon cycling budgeting in marine ecosystems (Boetius & Lochte 1994, Arnosti 2011). As such 

, a number of studies of EEA and controlling mechanisms have been conducted over the past 

decades in a wide range of marine environments from tropical to polar regions (Chrost 1991, 

Hoppe et al. 2002, Arnosti 2011), and the water columns(Huston & Deming 2002, Hoppe 2003, 

Baltar et al. 2009) and sediments(Meyer-Reil 1986, Mayer 1989, Boetius & Lochte 1994). 

Compared to the water column, there are far fewer investigations of EEA in sediments (Arnosti 

2011), despite the fact that EEA in sediments is typically two to three orders of magnitude higher 

than in the water column (Hoppe et al. 2002). This disparity is mainly due to the physical and 

chemical complexity of the sediment matrix, making the EEA measurement process more 

complicated and thus more problematic. Traditional methods typically involve dilution of 

sediment with seawater into slurries which destroys the physical structure of the sediment and 

leads to potential overestimation of EEA. New techniques with fewer artifacts are required for 

accurate sediment EEA studies (Arnosti 1995).  

In addition, surface sediments, especially those underlying oxygenated waters, normally 

display greater small scale (mm to cm) spatial and temporal heterogeneity. Organic rich, surface 

sediment typically possesses sharp vertical gradients of O2, pCO2, labile organic substrates and 

other biogeochemical properties as the consequence of early diagenetic reactions. Furthermore, 



 

71 
 

the activities of benthic organisms create a complex, three-dimensional mosaic of redox zones 

and labile substrates that make sediment heterogeneity much greater than in seawater (Aller 

1994, Hulthe et al. 1998, Papaspyrou et al. 2006). Understanding the influence of such small 

scale heterogeneity on organic matter distribution and decomposition is fundamental for the 

more accurate estimation carbon flux through surface sediments. Traditional EEA measurement 

techniques, however, are incapable of characterizing the distributions of reactions at high 

resolution. 

      Over the past ten years, planar optical sensors have been applied to quantify chemical 

distributions in marine sediment with high spatial and temporal resolution, and have documented 

significant small-scale heterogeneities (Glud et al. 1996, Glud et al. 2001, Wenzhofer & Glud 

2004, Zhu et al. 2005, 2006, Glud 2008, Glud et al. 2009). For example, Zhu et al. (2006) used a 

two-dimensional planar fluorosensor to study sediment pCO2 distributions in bioturbated 

sediment, revealing heterogeneity at the submillimeter scale. Glud (2008) applied continuous O2 

imaging showing that short-lived anoxic microniches developed during the degradation of 1-2 

mm size diatom aggregates within zones of oxic sediment. Such small scale patterns and events 

are normally impossible to capture by traditional measurements, but were revealed by planar 

sensors. A novel thin-layer foil for a planar optical sensor was also recently developed to resolve 

heterogeneous patterns of EEA in sediments (Cao et al. 2011). This new system is capable of 

imaging two dimensional distribution of sediment EEA with fewer artifacts than traditional 

techniques. The output of this planar sensor reveals real-time proteolytic enzyme activity 

patterns at high resolutions (~50-100 µm). Substantial heterogeneity and millimeter scale “hot 

spots” of EEA have been observed using this sensor system. In the present study, this 2-D 

enzyme sensor system was used to investigate seasonal EEA patterns of Leucine aminopeptidase 

at two subtidal muddy sediment sites in Great Peconic Bay, an estuarine environment on the 

eastern end of Long Island, New York. EEAs (aminopeptidase, β-glucosidase, and phosphatase) 

were also measured by traditional incubation techniques for comparison. The underlying 

hypothesis was that EEA distributions would track seasonal patterns in temperature (general 
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metabolic activity), substrate supply (nutrient remineralization rates), and macrofaunal activity 

(particle reworking patterns); measurements of which were made at the same sites and time.    

2. Materials and Methods  

2.1. Study site and sampling   

      Sediment samples were collected seasonally at two sites in Great Peconic Bay (Figure 

4.1) during 7 cruises spanning the period from spring 2009 to fall 2010. Great Peconic Bay is 

part of the Peconic estuary system, which is situated between the North and South Fork at the 

east end of Long Island, NY (USA). It is a shallow (<9 m), well-mixed tidal estuarine basin with 

little or no seasonal stratification. Circulation is dominated by tidal effects which are much 

greater than freshwater inputs. Salinities are in the range of 25  28 and temperature varies 

seasonally from -1 to 28 °C.  Site 1 (40º 56.055’N, 72º 29.887’W) is located at the center of the 

Bay and had a water depth of (~7 m). Site 2 (40º57.298’N, 72º29.983’W) is to the north of site 1 

and had the same water depth (~7 m). Both sites are characterized by fine grain muddy bottoms 

(Katuna 1974). Samples from sites 1 and 2 were collected each season during the period from 

July 2009 to June 2010. Sediment samples were collected using acrylic box corers (dimensions = 

30 12.5 30 cm) by scuba divers. Cores were stored in containers filled with unfiltered sea water 

from the sampling site, both on board and during transportation to the laboratory. After reaching 

the laboratory, cores were immediately stored in a cold room at in situ temperature. EEA 

analysis and supporting measurements were conducted within 24 hours after sampling. Pore 

water depth profiles of NH4
+, NO3

-, ∑CO2 , PO4
3- were measured and anoxic incubations were 

set-up in the laboratory to estimate respective solute production or consumption rates within 24 

hours of sampling. Sediment bacterial abundances were documented during two seasons (fall 

2009 and winter 2009-2010) at both sites.   

2.2. Pore water analyses and bacteria counts  
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Sediment cores were sectioned rapidly at 1 – 3 cm vertical intervals. The sampled 

intervals were transferred with minimal exposure to air (seconds) into centrifuge bottles 

continuously purged with N2. The sediment was centrifuged under N2, and the supernatant pore 

water was sucked into syringes (no gas head space) and filtered through 0.2 µm polysulfone 

inline filters. We have found this procedure, when carried out rapidly, to produce analytical 

results indistinguishable from cores handled exclusively within a N2-filled glove bag. Pore water 

was analyzed for ∑CO2 within 24 hours of collection by the flow injection analysis with 

conductivity detection (Aller & Mackin 1989, Hall & Aller 1992). Pore water samples for NH4
+ 

and NO3
- analyses were frozen immediately after filtering, and samples for reactive PO4

3- 

analysis were acidified before later measurements . Nutrients were analyzed by colorimetric 

methods modified for a 96-well microplate reader (NH4
+ (Solorzano 1969); NO3

-/NO2
- (Miranda 

et al. 2001, Doane & Horwath 2003); PO4
3- (Presley 1971)). Sediment porosity was estimated 

from wet – dry weights assuming a solid phase density of 2.6 g cm-3. Production estimates for 

∑CO2 and NH4
+ were derived from serial anoxic incubations of 18 cm long whole cores that 

were incubated in sealed glass tubes and kept in oxygen-free, impermeable bags over 1 - 4 weeks 

(Aller & Mackin 1989); (Waugh, et al., in prep.). Epifluorescence direct counts of bacteria were 

made following staining with acridine orange after Hobbie et al. (1977) and Watson et al. (1977). 

2.3.  EEA measured by traditional incubation methods  

        The activities of three extracellular enzymes were measured in homogenized intervals of 

sediment: β-glucosidase (BG), Leucine-aminopeptidase (LAP), and phosphatase (PA), 

corresponding to the decomposition of organic C, N, P substrates respectively. The procedure  

generally followed Hoppe (1983) with minor modifications (Aller & Aller 1998). Briefly, 

sediment cores were subcored using a small butyrate tube (O.D. = 7.5 cm). The subcored 

sediment was extruded and sliced at 0.5  2 cm intervals, with thinner intervals near the top of 

the core. Sediment layers were quickly transferred into 50-ml centrifuge tubes filled with N2 gas. 

Tubes were then transferred to a N2 filled anaerobic chamber, where the sediment in each tube 

was well mixed by hand and after which about 0.6 g of sediment was transferred into 15-ml 
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centrifuge tubes. The sediment in each 15-ml centrifuge tube was slurried by adding 5.0 ml of 

0.2 µm pore size filtered deoxygenated sea water. Specific fluorogenic substrates were then 

added, and the tubes were incubated for one hour with continuous shaking in the dark at the 

temperatures of core collection ( T = 0 to 24). The extracellular enzyme kinetic parameters (Vmax 

and Km) were measured in two summer seasons that had relatively high activity levels. The final 

concentration of each fluorogenic substrate added to slurries was determined based on Vmax and 

Km, respectively. These final concentrations are: L-leucine 7-amido-4- methylcoumarin 

hydrochloride (Leu-MCA) 1.6 mM, 4-methylumbelliferyl glucoside (MUF-G) 1.0 mM and 4-

methylumbelliferyl phosphate (MUF-P) 1.8 mM. Incubations were stopped by adding 5.0 ml pH 

10.5 glycine buffer for MUF based substrates or 5.0 ml of 30% acetone for MCA based 

substrates (Belanger et al. 1997). Mixtures were then centrifuged at 4500 rpm for 15 min, and the 

supernatants were then filtered through 0.2 µm pore size polysulfone filters. Fluorescence was 

measured at 450 nm (with excitation 365 nm) for MUF or at 440 nm (with excitation 360 nm) for 

MCA using a Hitachi F-4500 fluorescence spectrophotometer. All samples were measured in 

duplicate, and one control (boiled sediment) was also incubated to correct for background 

fluorescence and for abiotic cleavage of the artificial substrates. Potential background 

interference by organic detritus in sediment as discussed by Arnosti (2011) was found to be 

negligible after filtration. Control measurements showed very low fluorescent signals at all times 

for BG and LAP. For PA, however, substrate MUF-P was found to undergo slow but steady 

hydrolyzation even in enzyme deactivated sediment (boiled or microwaved). To our knowledge, 

no similar phenomenon has been reported previously, and the exact mechanism that causes such 

abiotic hydrolysis remains unclear, but it is certainly worthy of attention for those utilizing 

MUF-P in sediment. In our current study, fluorescence signals from MUF-P were corrected by 

subtraction of background rates measured in boiled sediment controls. Photobleaching of MUF is 

not a problem in our sensing system.  

2.4.  EEA Controlled-release foil sensing system   
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 Our planar sensing system is based on the controlled release of a fluorogenic substrate 

from a thin hydrogel membrane (hydromed D4) into contacting sediment interface, while the 

resulting fluorescence generated by enzyme hydrolysis is monitored over time. The sensor foils, 

which in this application utilize Leu-MCA as substrate, reveal in situ, real-time proteolytic 

enzyme (Leucine-aminopeptidase) activity patterns across the planar surface at high spatial 

resolution (~50 100 µm). Leu-MCA was chosen because of the importance of proteolytic 

enzymes in organic matter decomposition and because the fluorescence response of the 

fluorophore MCA is independent of pH within the range normally expected in marine sediments. 

Because the sensor foils are transparent, enzyme activity patterns can be related directly to 

visible physical and biological structures in bioturbated sediments, optimizing our ability to 

interpret the relationship of bacterial activities to sedimentary structure. Details about membrane 

preparation and performance are described in Cao et al. (2011). 

2.5.  Instrumentation and deployment 

 A schematic drawing of the optical system for 2-D Leucine-Aminopeptidase (LAP) 

activity measurements is shown in Figure 4.2.  The sensor membrane is deployed in a manner 

similar to other planar sensors: a thin foil with the enzyme substrate is inserted vertically several 

centimeters (usually ~ 10 cm) into sediment or placed horizontally onto a sediment surface. In 

both cases images were taken perpendicularly to the plane of the sensor foil. A companion foil 

that is prepared the same as sensor foil but contains fluorophore MCA instead of substrate(Leu-

MCA) was used to correct for diffusive loss of fluorescence signal out of the image plane (Cao et 

al. 2011). Images were obtained with a theoretical pixel resolution of 50 × 50 m. To further 

avoid reflected light, the fluorescence image was recorded with excitation light at an angle of 

incidence of ~ 30°and emission at 90°to the target plane. Images were taken at one 

minuteintervals over a 45-90 minute period. Captured images were analyzed with Image-Pro 

Plus (version 4.1) and Matlab(version 7.0.4). More details about sensor deployment and 

calculations are described elsewhere (Cao et al. 2011).  
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3. Results 

3.1.  Nutrients and Environmental parameters  

      Depth integrated nutrient inventories over the top 15 cm as well as depth integrated 

production rates of ∑CO2 and NH4
+ at each season for both sampling sites, are shown in Table 

4.1 (detailed data from Waugh et al., in preparation). The net NH4
+ production rates measured 

with incubations were corrected for reversible adsorption assuming an adsorption coefficient of 

1.3 (Mackin & Aller 1984).  Nutrient concentrations are of the same magnitude at the two 

sampling sites and have similar patterns of seasonal variation. For both sites, lower nutrient 

concentrations occurred in winter and higher concentrations in summer and fall. Dissolved N/P 

ratios ranged from 1.7 to 16.3, lower than the canonical Redfield ratio of 16/1 in most seasons 

(assuming quasi-steady state at ?sampling time). Ratios of N/P were lower in summer and spring 

for both sites (1.6-3.2), compared with significantly higher ratios (5.1-16.3) in fall and winter. 

Production rates of ∑CO2 and NH4
+ also showed varied organic carbon and nitrogen 

decomposition rates over seasons. Production rates were higher in spring and summer (> 5 ) 

than in fall and winter.  

3.2.  Seasonal patterns of EEA  

   Activities of three extracellular enzymes β-glucosidase (BG), leucine aminopeptidase 

(LAP) and phosphatase (PA) were measured by traditional incubation techniques (slurries).  

Vertically integrated activities (0-12 cm) are shown as bar graphs in Figure 4.3. Also plotted is 

the percentage of EEA in the top 2 cm for depth integrated values. The relative magnitudes of 

activities of the three enzymes is LAP>PA>BG, consistent with most previous studies of coastal 

sediment EEA (Poremba & Hoppe 1995). All three enzymes showed similar seasonal patterns 

with EEA lowest in winter, beginning to increase during early spring, peaking in summer, and 

then gradually decreasing. Site 1 has higher enzyme activities than site 2 among all series except 

in May 2010, when EEA of all three enzymes was higher at site 2. BG has a higher proportion of 

its activity in the top 2 cm of sediment than the other 2 enzymes.  
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3.3. Bacterial abundance  

     Bacterial abundances were several times higher in winter than in the fall, in spite of much 

lower nutrient concentrations, decomposition rates, and EEA during that season (Figure 4.4, 

Table 4.1). While bacterial abundances generally decreased with increased depth in the sediment, 

in winter a subsurface (3-6 cm) maximum region was found at both sites.  

3.4.  2-D Enzyme activity distribution patterns  

      Seasonal enzyme activity distributions of surface sediment at site 1 are shown in Figure 

4.5. Enzyme activities in individual pixels were converted to pseudo–color images which readily 

show both horizontal and vertical heterogeneities of enzyme activities.  

      A clear seasonal variation can be observed in the seasonal LAP profiles at site 1, between 

April 2009 and May 2010 (Figure 4.5). Late spring and summer (May – July) had much higher 

overall EEA than fall - winter and early spring at all depths. In April, 2009, maximum values 

were generally found between 0.5-1 cm depths. A relatively continuous layer with high values 

was apparent at around 0.5 cm depth and isolated microzones of elevated activity, termed hot 

spots, were found at about 1 cm depth. The activities decreased rapidly with depth and showed 

less horizontal heterogeneity in deeper sediment layers. EEA was generally higher EEA at all 

sampled depths in July than in April, although the zone of maximal activity still occurred within 

the top 2 cm. Fluorescence signals on the left bottom part of the sensor foil were blocked by 

sediment particles accidently penetrating the space between the membrane and core wall, and 

this area was excluded from calculations. In the fall, the overall EEA magnitudes are comparable 

with those in April, however, the spatial distribution is quite different. The 2-D EEA image in 

the fall (October) lacks a downward gradient and thus shows more vertical homogeneity. The 

surface EEA in the fall is lower than in April, while EEA in deeper sediment is higher than in 

April. From fall to late winter, vertical gradients became more distinctive as the EEA at the 

sediment surface increased and the EEA in the deeper regions decreased. The maximum EEA in 

surface sediment during February corresponded to deposition of planktonic debris from the late 
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winter - spring bloom. From winter to late spring (Feb to May), EEA gradually increased 

throughout the upper ~ 10 cm of the deposit. The EEA in deeper sediment during May, though 

much lower than that in surface maximum zone, is much higher than that at the same depth in 

February.  

     Seasonal enzyme activity distributions at site 2 are shown in Figure 4.6. Generally site 2 

and 1 showed similar seasonal EEA distribution patterns. In addition, two burrow structures were 

captured in summer and fall samples at site 2. EEA was low in the water-filled burrow centers 

but was enhanced in immediately surrounding sediment. An early spring bloom occurred during 

late winter sampling (March). Phytoplankton detritus deposited from the late winter - spring 

bloom formed a fluffy layer with a thickness of ~2 cm on surface sediment. EEA was greatly 

enhanced in this layer.  Below the fluff layer, EEA remained at the low activity more typical of 

winter. The EEA profile in May at site 2 is similar to that at site 1, with a difference in the 

position of the maximum EEA layer. Site 1 has the highest EEA on the very surface, while at site 

2, a maximum activity occurred within a subsurface layer at 1~2 cm.  

 4. Discussion  

4.1. Comparison of enzyme activity profiles determined by fluorosensor and traditional 

incubations  

    The EEA distributions obtained by 2D planar imaging can be compared with EEA 

determined using traditional techniques by horizontally averaging the 2-D images to derive 

equivalent vertical EEA profiles. Vertical profiles derived from the two techniques showed 

similar general features with maximum EEA at or just below the sediment surface and a decrease 

with depth during most seasons (Figure 4.7, four site 1 measurements were shown). However, 

profiles from traditional incubations have relatively higher activity at the sediment surface as 

well as sharper downward gradients. While such differences may come from natural 

heterogeneities between cores, the consistency in the relative differences implies methodological 

artifacts in one or both techniques.  
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 We believe that the most likely basis for these differences is the manipulation of sediment 

during the traditional EEA method. The traditional method involves slicing sediment cores, 

followed by slurrying and serial incubation of the slurry. Both steps may introduce artifacts. 

When slicing sediment cores, the process of drawing off the overlying water to expose the 

sediment surface typically causes a small degree of dewatering and compaction of the uppermost 

sediment layer, which could result in an over estimation of the per wet weight sediment EEA. 

When sediment is slurried, additional pore water is added and the combined material well mixed. 

During this process the micro-structure of the sediment is largely destroyed. The porosity is thus 

increased, and tortuosity decreased. These changes influence the adsorption equivalence of both 

enzyme and substrate as well their mobility in pore water. Desorption of enzyme and substrate 

from attached forms plus enhanced diffusion rate in water increases the chances of enzyme 

meeting a target substrate molecule (Arnosti 1996), leading to an overestimation of EEA(Hansen 

et al. 2000). Considering the relative higher organic matter content, bacteria abundance and EEA 

in the top sediments (Figure 4.4) are higher than deeper layers, if a similar proportion of EEA 

increase over depth due to slurrying is assumed, the top layers will have a larger increase of EEA 

in absolute amount because of their higher initial levels.      

4.2. Annual pattern of EEA in Great Peconic Bay  

As far as we are aware, this study is the first to examine seasonal 2-D EEA distributions 

in sediments, and dynamic coastal deposits in particular.  The results demonstrate significant 

seasonal variations in both the average magnitude of EEA and its distribution in surface 

sediment. Average EEA calculated from sensor images profiles (Figures 4.5, 4.6) showed lower 

values in fall and winter (~ 0.09 – 0.1 µmol·cm-2·h-1). The deposition of spring bloom detritus 

during late winter – spring results in enhanced EEA focused into the surface most sediment 

layer. As temperature rises and reactive substrates penetrate into deeper layers by biogenic 

reworking, the average EEA (0-12cm) increases and reaches an annual maximum during summer 

(0.15 – 0.2 µmol·cm-2·h-1). The activity subsequently decreases again during fall.  
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 Distributions of EEA in surface sediment also showed significant seasonal patterns. In 

winter and early spring, benthic infauna are depleted in number and relatively inactive. During 

these seasons, the surface sediment showed generally less lateral heterogeneity in EEA. In 

summer and fall, however, enhanced heterogeneity at multiple spatial scales was observed 

mostly due to elevated particle reworking and bioirrigation by benthic faunas. A sharp contrast is 

apparent in EEA profiles between spring and fall (Fig. 4.5; Apr., Oct.). The two seasons have 

comparable magnitude of average EEA, but the distributions are different. In spring, primary 

production increases rapidly resulting in pulsed deposition of reactive organic matter (OM) and 

stimulation of bacterial growth at the sediment surface; however, the activity of the benthic fauna 

clearly lags the deposition of the bloom detritus as illustrated by the very presence of a distinct 

layer. The late winter EEA showed obvious decreases with depth (an almost two layer structure) 

but not much horizontal heterogeneity. In fall, the primary production drops (Lonsdale et al. 

2006), causing decreased OM supply relative to summer. However, the benthic fauna are still 

surviving?, reworking and irrigating sediment, forming burrow structures and redistributing 

organic matter that brings reactive substrate into deeper layers.   

4.3. Surface sediment heterogeneity and decomposition “hot spots” discriminated by EEA 

imaging 

     The 2-D EEA sensor allows the discrimination of small scale heterogeneities, which 

appeared to be common during certain seasons. Previous studies applying 2-D optical sensors in 

surface sediment have also revealed various scales of heterogeneity. For example, CO2 patterns 

reflect macrofaunal burrow structures at the millimeter – centimeter scale (Zhu et al. 2006), and 

O2 images exhibit microsites of preferential consumption, that is, hot spots of remineralization 

activity (Glud 2008).  

     The information derived from the EEA sensor system differs from other optical sensors 

such as O2, pH, or pCO2 planar sensors, in that, firstly, it directly measures reaction rates in 

contrast to concentrations. Secondly, as shown by previous studies, EEA is dominantly 
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associated with solid particles and is not directly subject to solute transport processes such as 

molecular diffusion and bioirrigation (Arnosti 2011, Cao et al. 2011). Thus, EEA imaging 

directly and uniquely reflects biosubstrate properties of sediment particles, including the size, 

density and activity level of reactive organic aggregates. EEA imaging also reveals reaction 

heterogeneity under completely anoxic in addition to oxic conditions, which is incapable for O2 

sensors.  

These specific properties can cause EEA images to look different from 2-D patterns 

obtained by pH or pCO2 fluorescence sensors (Zhu et al. 2005, 2006). One of the most obvious 

differences is that most 2-D EEA distributions (Figure 4.5& 4.6) showed a granular pattern at the 

millimeter scale rather than the relatively smooth patterns obtained by the solute concentration 

sensors at micrometer scales. Conversion of solute concentration gradients such as H+ (pH) into 

net reaction rates can also produce more granular patterns but unlike the more direct EEA 

measurements these may be due in part to calculation artifacts (noise amplification) (Zhu et al. 

2006). In spite of the recognition and ubiquity of heterogeneity associated with organic 

aggregates in sediments, the significance of aggregates during early diagenesis has not been well 

studied, particularly under anoxic conditions where O2 sensors do not reveal reactivity patterns 

(Jorgensen 1977). We examined the effect of microniche heterogeneity on local statistical 

distributions of EEA during different seasons. In most seasons, when EEA data of all pixels from 

a specified depth interval (Figure 4.8, top figure; an example of May 2010 site 1 sample 0-2 cm 

layer) are plotted as a histogram, the resulting distribution shows a typical symmetrical, normal 

distribution pattern, with a skewness of -0.03. This symmetry suggests that aggregates and 

reactive substrate are relatively uniformly mixed by physical and chemical processes. In those 

seasons, although there are microsites of high EEA levels, they appear randomly and 

approximately normally distributed about a mean value and are compensated by equivalent sites 

of low EEA activities.   

 There are seasons and zones within the sediment, however, where relatively high EEA 

microniches are larger and distinctly skew EEA distributions in a non-random fashion. For 
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example, when EEA data from the top 2 cm during spring 2009 site 1 were plotted (Figure 4.8 

bottom), the distribution is skewed to higher values (white + black bar), with a skewness of 0.77. 

This skewed distribution implies that additional highly reactive organic sources were introduced. 

These additional high EEA spots are a distinct departure from a symmetrical random 

distribution. The comparison between these two samples also shows higher relative standard 

deviation (RSD %) in EEA distributions during April than in May (34.7% vs 10.1%), consistent 

with these differences in the distribution patterns.  

It is clear that the microscale distribution of EEA can change seasonally and that distinct 

microniches of elevated activity are more or less obvious. How such phenomena are best defined 

and quantified? We identified microniches by both size and relative activity. Firstly, we set an 

EEA threshold of 1.34* the mean value within a depth interval (that is, EEA positively exceeds 1 

standard deviation). Secondly, the imaged area of the enhanced EEA pixel group had to exceed 1 

mm2 in order to differentiate the region from the regular background EEA grain scale. In the case 

of the April distributions, hot spots defined in this manner accounted for 9.9% of the image area 

and contributed 15.7% of overall EEA activity (black regions, Figure 4.8 bottom). If these hot 

spots are excluded from the distribution, the skewness drops to 0.27 (white bar), indicating a 

more symmetrical compared to May. It should be pointed out that the contribution of functional 

hot spots in this example may still be underestimated as smaller high EEA zones (<1 mm2 ) are 

excluded in calculation. The positive value of skewness (0.27) after hot spot subtraction may be 

a sign of this underestimation.  

 Based on these definitions, three sediments samples were found to have zones of 

significant hot spots accounting for a substantial portion of total decomposition activity. Two of 

these cases were in regions surrounding burrow structures; the other is the previously discussed 

example which we believe reflects initial stages of the penetration and mixing of phytoplankton 

debris into the deposit following the spring bloom (Figure 4.5a& Figure 4.6a,b, the hot spots 

zones in figure 4.6b is not intuitive from figure because of the scale setting). This observation 
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may lead to a conclusion that hot spots are not naturally and universally present in sediments, but 

are closely related to animal behaviors and bloom events in overlying water.   

4.4. Hot spots associated with burrow structures   

 Benthic fauna significantly change surface sediment structure. Through processes 

including particle manipulation, grazing, excretion/secretion, nutrient release, irrigation and 

particle transport (Aller & Aller 1998), macrobenthos greatly influence pathways, rates, and 

extents of organic matter remineralization and associated reactions, causing a complex transport 

of particles (sediment reworking) and fluids (bioirrigation), and creating a three dimensional 

zonation pattern of geochemical processes (Ziebis et al. 1996, Glud 2008). Furthermore, 

abandoned tubes or burrows are often surprisingly stable and can last for months to years after 

being vacated, acting as traps for labile organic material (Aller & Aller 1986); (Zhu et al. 2006). 

Previous studies have shown elevated EEA activities around both recently infilled as well as 

actively irrigated macrofaunal burrows (Boetius 1995, Aller & Aller 1998, Wenzhofer & Glud 

2004). In the present study, we also found elevated EEA associated with burrows (Figure 4.6; 

July, Nov.), but regions of enhanced EEA were characterized by relatively abundant hot spots 

rather than continuously elevated EEA distributions. These patterns may reflect burrow 

properties of particular species or may be a more accurate general indication of enhanced EEA 

around burrows. Fecal material and excretion of mucus may also promote the formation of hot 

spots. In any case, there are insufficient data on in situ burrow structures at this point to 

determine the possible generality of the distributions. More examples and the best a 3D 

observation of distributions will be needed. Nevertheless, the results from this study have 

provided intuitive and valuable information on EEA and organic matter distributions around 

burrow structures  

4.5. Impacts of algal blooms and pulse deposition of detritus 

 Site 2 sediment collected in March 2010 had a fluff layer with a thickness of ~2 cm at the 

surface (Figures 4.6& 4.9). This fluff layer largely consisted of phytoplankton detritus deposited 
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from an early spring bloom that presumably occurred a few days to weeks before sampling. A 

clear boundary can be found between the fluff layer and deeper sediments. Within this layer, 

LAP activity reached an abnormally high level for that season. The average value even exceeded 

the surface EEA in summer. Below this fluffy layer, however, EEA remained at the low activity 

more typical for winter. The integrity and distinctive nature of the surface fluff layer shows that 

surface sediment had not yet been reworked or extensively irrigated by benthos. The lack of 

substrate dispersion from particle bioturbation and minimal bioirrigation, results in a close 

correspondence between EEA and remineralized metabolites, as demonstrated by pCO2 patterns 

obtained at the same site (more details about the principle and deployment of the pCO2 sensor 

can be found in Zhu and Aller (2010). High pCO2 is clearly superimposed with high EEA in the 

fluff layer (Figure 4.9). This superposition demonstrates that EEA directly reflects metabolic 

activity. As discussed previously, as biogenic transport processes such as bioirrigation become 

more intense, and reactive substrates penetrate and are dispersed into the deposit, solute 

concentrations and metabolite build up patterns may not readily reflect local remineralization 

activity. Another very interesting fact is that in contrast with the highly elevated aminopeptidase 

activity in the surface-most fluff layer, the glucosidase activity within the top 2 cm layer remains 

at a low level (Figure 4.3). Such decoupling between GA and LAP is a very good example of the 

regulated response of bacteria to the characteristics or the “quality” of the polymeric organic 

material pool. While directly bioavailable carbohydrate monomers may be abundant in the fresh 

phytoplankton debris layer as a result of cell lysis, bacteria tend not to expend much energy on 

gluocosidase excretion but rather on stimulating proteinase excretions to satisfy their N demand.  

   The late winter – spring – late spring EEA distributions in Great Peconic Bay provide an 

illustration of the non-steady state seasonal remineralization processes previously documented in 

estuarine surface sediments (e.g., (Bruno et al. 1980, Hunt 1983, Graf 1992, Gerino et al. 1998, 

Breuer et al. 1999) . As spring bloom material is deposited on the seabed and reworked into the 

underlying deposit by meio- and macroinfauna, microniche hot spots develop as seen during 

April in our samples. The low temperatures and relatively low infaunal activity at the time both 
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hinder the complete decomposition and enhance temporary preservation of the phytoplankton 

detritus.  

4.6. Factors controlling EEA in Great Peconic Bay sediments.  

    Our results show that sedimentary EEA activity varies significantly seasonally due in part 

to temperature and in part to substrate availability (Figures 4.4-4.6, 4.10). At a fixed substrate 

composition, the temperature dependence of LAP in slurried sediment follows an Arrhenius rate 

law with an apparent activation energy (Ea) of ~30.6 kJ/mol (Cao, et al., in prep.). When the 

natural log of the depth integrated EEAs measured in all cores either by traditional or optical 

sensor methods is plotted versus 1/T (T = absolute temperature of collection), the apparent 

activation energy derived from the slopes is much smaller: 18.9 kJ/mol (Figure 4.10, all points 

included). However, if the EEA value obtained during the winter – spring transition is removed, 

the apparent activation energy is ~35.7 kJ/mol (Figure 4.10, open circle excluded), and more 

comparable to experimental measurements. The fit of integrated EEA from different seasons in 

the Ea curve demonstrated that temperature accounted for most of the annual variation in 

sediment EEA. In other words, after normalizing EEA for each season to the temperature, EEA 

is stable during most of the year. This phenomenon implies that the hydrolysis of the labile 

portion of organic polymers is a rapid process in Peconic Bay surface sediments rather than 

being a limiting step in OC remineralization. The level of LAP present is sufficient to 

accommodate the range of substrate variation over most of the year. During the spring bloom 

period (Feb – Mar), however, labile substrate deposition enhances EEA above that expected 

from T variation alone. The mechanism for net enhancement of EEA is either stimulated LAP 

synthesis or a shift of dominant LAP to a low Ea isoenzyme or both.   

  The activities of the three classes of enzymes measured correlated with each other, 

suggesting coupled controlling factors in general (Figure 4.11). When EEAs versus their 

respective end member nutrient product concentrations were plotted: LAP vs. DIN, BG vs. ∑CO2 

and PA vs. PO4
3- among all seasons from all depth intervals, no significant relationships were 
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found (data not shown). In contrast, EEA and direct measurements of metabolite production such 

as depth integrated NH4
+ and ∑CO2 production rates, clearly correlate (Figure 4.12 A, B). The 

results indicated that the metabolism of microbes in GPB sediment is closely coupled with 

polymer hydrolysis. Small organic units cut from polymers are fast assimilated and utilized by 

microbes. Previous studies have found inorganic P is the dominant regulating factor of 

phosphatase activity (Hoppe 2003). However, the pattern is not obvious in this study, probably 

because bacteria may also produce PA targeting the organic part (C) of P containing polymers, 

rather than P requirements per se, especially in C-limited subsurface sediments (Hoppe & Ullrich 

1999). 

 Even though the suite of EEA in Great Peconic Bay seems to be co-regulated in general, 

the ratios between enzymes may still reflect a nutrient limitation regime shift among seasons. It 

has been suggested that the EEA ratios between enzyme groups can be potential nutrient 

limitation indicators (Hill et al. 2010). In this study, when enzyme ratios (LAP/PA) were plotted 

against ratios of inorganic nutrients (N/P derived from inventories 0 – 15 cm) (Figure 4.12C), we 

found that during warm seasons (April – mid Oct), the N/P ratio is low compared with that in 

cold seasons (late Oct – March). In these two periods, no clear relationship was found between 

LAP/PA and N/P. In the cold seasons, the N/P is much higher, probably due to lower biological 

activity and relatively enhanced chemical sinks for P; a weak but significant correlation (P<0.01) 

was found between LAP/PA vs. N/P indicating a decreased P supply and potential P deficiency.   

As noted previously, a major reason that EEA correlates with metabolite production rate 

but not product solute concentrations is the different transport processes affecting particles and 

solutes. EEA measures the instantaneous potential rate of substrate hydrolysis associated with 

reactive particle distributions. Reactive particle transport occurs on slower time scales than 

solute transport and by different mechanisms, for example, particle reworking and 

sedimentation.. Solute concentrations are strongly affected by diffusion and bioirrigation in 

addition to production – consumption reactions. The sediment-water interface region 

demonstrates these differences directly: the most reactive substrate is present and decomposition 
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rates are often highest, but metabolite levels (e.g., ∑CO2) are usually minimal due to diffusive 

losses into contacting overlying water.  

 Another interesting relationship between metabolite production rates and EEA is that the 

regression intercepts suggest measureable EEA in the absence of net metabolite production into 

pore water (Figure 4.12A, B). These intercepts may reflect the level of EEA required to support 

biomass synthesis (e.g., incorporation of NH4
+ into biomass rather than release to solution), or 

may be artifacts of the measurement methods since the current techniques measure EEA 

maximum potential.    

  

5.   Conclusions  

  Sedimentary extracellular enzyme activity (EEA) varies seasonally in estuarine sediments 

of Great Peconic Bay: highest during the spring bloom and summer, and lowest during the fall 

and early winter. Seasonal variation is determined by both temperature and the availability of 

reactive organic substrates, with EEA varying directly with both. Although traditional EEA 

measurements document these overall seasonal patterns, high resolution, 2-D EEA distributions, 

obtained using a novel optical sensor that preserves sedimentary structure, reveal controlling 

factors, substrate transport patterns, and metabolic phenomena more accurately and in ways not 

possible using traditional slurry techniques. A high degree of horizontal heterogeneity in EEA 

was present, particularly during warm seasons. Hot spots of metabolic activity associated with 

aggregates of reactive organic material can be discriminated statistically. These microniches of 

enhanced EEA were most obvious during initial penetration of reactive detritus into underlying 

sediment following the spring bloom, and around burrow structures during other times. EEA is 

closely associated with metabolites (pCO2) when bioturbation is minimal, for example, in the 

highly reactive fluff layer deposited as a pulse during the spring bloom. However, EEA and 

solute build up patterns are decoupled during much of the year because of the different transport 

mechanisms and rates of transport affecting reactive particle substrates and solutes in bioturbated 
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deposits. EEA correlates directly with depth integrated remineralization rates (∑CO2, NH4
+ 

production). The 2-D EEA methodology provides a unique means to directly and independently 

measure the complex, unsteady processes affecting reactive organic matter substrate distributions 

in both oxic and anoxic zones of sedimentary deposits.  
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Table 4.1. Integrated (0-15cm) nutrient inventories and depth integrated (0 – 15 cm) production 

rates in different seasons*  

     

Seasons Temperature 

   ( °C) 

NH4
+ 

(mmol/m2) 

PO4
3- 

(mmol/m2) 

∑CO2 Production 

(mmol/m2/d) 

NH4
+Production 

(mmol/m2/d) 

Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 

Summer2009 22.3 23.7 5.3 8.0 1.4 2.6 16.6 18.8 1.8 6.4 

Fall 2009 17.5 11.1 15.9 8.9 1.0 1.9 8.7 4.2 0.2 0.5 

Winter2010 -0.29 3.4 3.03 7.4 0.7 1.3 1.2 3.3 0.2 0.2 

Spring 2010 15.1 22.1 4.9 5.2 3.8 2.3 10.1 37.7 1.8 6.7 

 

*Original data from Waugh, et al (in preparation) 
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Figure 4.1. Location of sampling sites in Great Peconic Bay, at the eastern end of Long Island, 

New York, USA.  

 

 

 

 



 

91 
 

 

 

 

 

 

 

 

 

Figure 4.2.  Imaging instrumentation used for two-dimensional Leucine-aminopeptidase 

measurements (modified after (Zhu et al. 2005) showing position of enzyme substrate (green) 

against the sediment. 
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Figure 4.3. Vertically integrated activities (as bars) over the top 12 cm of A: leucine 

aminopeptidase (LAP) B: phosphatase (PA), and C: β-glucosidase (BG) in different sampling 

seasons overlain by the percentage of EEA in the top 2 cm for depth integrated values. While 

LAP activity overall was greater than PA activity followed by BG activity all three enzymes 

showed similar seasonal patterns activities lowest in winter, highest in the summer and Site 1 

more active than Site 2. 



 

93 
 

 

 

Figure 4.4.  Comparison of bacterial abundances during fall and winter 2009 at Sites 1 and 2.  

Overall higher concentrations and elevated concentrations at the surface during winter are 

consistent with lower grazing rates. 
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Figure 4.5.  2-Dimensional extracellular leucine aminopeptidase (LAP) distribution patterns plotted as pseudo–color images in cores 

collected in different seasons of Site 1. From left to right: April 2009, July 2009, Oct.2009, Feb. 2010, May 2010.  X and Y axes are 

actual length scale within the sediment. Point 0 on the Y axis indicates the position of the water-sediment interface. Because the 

sediment surface is seldom level, the exact position of the interface is estimated. Color bar reflects EEA(in µmol*h-1*g-1). The average 

EEA over the image area is indicated at the lower left in each panel 



 

95 
 

 

Figure 4.6. 2-Dimensional extracellular leucine aminopeptidase (LAP) distribution patterns plotted as pseudo–color images in cores 

collected in different seasons of Site 2. From left to right: July 2009, Nov.2009, Mar. 2010, May 2010.  X and Y axes are actual length 

scale within the sediment.  Point 0 on the Y axis indicates the position of the water-sediment interface. Color bar reflects EEA. The 

average EEA over the image area is indicated at the lower left of each panel.    
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Figure 4.7. Vertical profiles of horizontally averaged enzyme activity obtained from 2-D sensor 

images (black line) compared with results from traditional incubations (black dots). 
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Figure 4.8.  Histograms showing surface sediment (0-2 cm) EEA distributions without (top) and 

with (bottom) hot spots. The x axis is the range of EEA and the y axis represents the number of 

pixels that are within each EEA interval. Red lines in each figure are normal distribution 

simulations based on sample mean and variance.  
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Figure. 4.9. Aminopeptidase activity (LAP) (Image B) and pCO2 (Image D) in vertical sections 

from two cores taken during the spring bloom (late Feb – Mar 2010) in Great Peconic Bay at Site 

1. Image A and C are raw visible images under green light corresponding to each sensor image 

respectively (black color in visible images is Fe-sulfide). Note that the vertical and horizontal 

scales are in cm.  The depositional focusing of reactive particles and the relative lack of 

bioirrigation results in the close correspondence of reactive particle and metabolite distributions 

near the sediment-water interface (red rectangle outlines).   
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Figure 4.10. Natural log of the depth integrated EEAs plotted against 1/T.  T is absolute 

temperature. The hollow circle is the Feb 10 EEA while the filled circles are EEAs from the 

other 5 seasons as shown in Fig. 4.3.   The solid line is a linear regression of the solid circles.  

The dashed line is the regression of all points.     
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Figure 4.11. Comparison of the activities of the three classes of enzymes with each other during 

all sampling seasons demonstrating correlations and suggesting coupled controlling factors. 
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Figure 4.12. EEAs versus their respective end member nutrient production rates : The 

relationship between BG and ∑CO2 production (integrated as equivalent flux) (A) and between 

LAP and NH4 production (B) show clear correlations, whereas there is no clear relationship 

between N/P and LAP/PA (C) although the N/P is lower during the warmer seasons compared 

with that in colder seasons.  The lines plotted in (A) and (B) are the type 2 (geometric mean) 

regressions (∑CO2 flux = 0.87(BG) – 36.2; r2 = 0.79; NH4
+ flux = 0.0068(LAP) – 1.76; r2 = 

0.73). 
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Chapter 5.  Summary and future perspectives 
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1.  Summary of major findings 

The development of a new sensor system  

 A novel planar sensor system to measure two-dimensional EEA in marine sediments was 

developed .The underlying principle of the new extracellular enzyme sensor is the incorporation 

of a fluorogenic enzyme substrate into a polymer carrier and the controlled release of that 

substrate into a contacting medium while transport and reactions are continuously monitored. 

The sensor foils, which in this application utilize Leu-MCA as the substrate, reveal real-time 

proteolytic enzyme (Leucine-aminopeptidase) activity patterns across the planar surfaces at high 

spatial resolution (~50-100 µm)  

Seasonal EEAs and controlling processes in Great Peconic Bay   

          Sedimentary extracellular enzyme activities (EEA) were measured seasonally by both the 

new sensor systems and the traditional incubation methods. Results showed that EEA varies 

seasonally in estuarine sediments of Great Peconic Bay: highest during the spring bloom and 

summer, and lowest during the fall and early winter. Seasonal variation is determined by both 

temperature and the availability of reactive organic substrates, with EEA varying directly with 

both. Spatial heterogeneity was less obvious in cold seasons mainly due to low bio-activities. In 

warm seasons, however, higher degree of horizontal heterogeneity was observed as the result of 

increased organic deposits and active macrobenthos.  Hot spots of metabolic activity associated 

with aggregates of reactive organic material can be discriminated statistically. These microniches 

of enhanced EEA were most obvious during initial penetration of reactive detritus into 

underlying sediment following the spring bloom, and around burrow structures during other 

times. EEA is closely associated with metabolites (pCO2) when bioturbation is minimal, for 

example, in the highly reactive fluff layer deposited as a pulse during the spring bloom. 

However, EEA and solute build up patterns are decoupled during much of the year because of 

the different transport mechanisms and rates of transport affecting reactive particle substrates and 

solutes in bioturbated deposits. EEA correlates directly with depth integrated remineralization 

rates (∑CO2, NH4
+ production).  
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Change of extracellular enzyme activities as a response of bacteria to temperature variation 

   An incubation experiment was conducted to study the EEA change as a response of 

bacteria communities to rapid variation in temperature. The results showed that bacteria 

responded quickly to temperature changes.  Bacteria tend to synthesize a higher portion of LAP 

at low temperatures and a greater portion of Glucosidase and Phosphatase at temperatures higher 

than the in situ temperature they live. Temperature sensitivity curves showed that the initial 

response of the bacteria community to temperature change is always to alter their yield of EE. 

With longer exposure to a temperature change, community structure may alter or a succession of 

isoenzymes may occur shortly after a temperature shift.   

         The long time scale temperature dependence as reflected seasonal observations of EEA in 

Great Peconic Bay sediment, however, showed that bacteria communities seem to be insensitive 

to long time scale(monthly to seasonal) temperature changes. They chose to keep a stable EE 

level to accommodate varied OM supplies in different seasons. .  

2. Future perspectives 

Future works may focus on the development of new sensors to measure activities of other 

extracellular enzymes such as phosphatase and gluocosidase. The potential new sensors can also 

apply the controlled release membrane as the substrate release. The difficulty in new sensor 

design, however, is to look for the suitable substrates. Most current fluorogenic substrates have  

pH sensitive fluorophore subunits, which make them unreliable to measure EEA in  sediments 

pH insensitive fluorogenic substrates for phosphatase and glucosidase activity measurements 

have been reported (Sun et al. 1997, Sun et al. 1998). These substrates are perfect for the enzyme 

sensor system. Their prices, however, are currently too high for practical applications. To 

synthesizing these substrates in house would be the best solution. 

In this study, the new sensor system was applied to study the annual EEA distributions in 

Great Peconic Bay. Future works should utilize this new sensor to measure EEA in other surface 

sediments under varied conditions. More EEA profiles will help to the further understanding of 

the sources and properties of degradation hot spots. The EEA profiles should also be compared 

with profiles measured by other sensors such as dissolved CO2 and O2 sensors to better uncover 

the coupling of different links in OM degradation   
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           The incubation experiments to study the temperature response of sediment bacteria should 

also be continued. The experiment reported in this dissertation has been an excellent pioneer 

work. Future experiments should include more parameters such as bacterial abundances and 

molecular biological measures to better explain the mechanism that determine the response of 

bacteria to temperature changes.     
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