Current Research, Technology and Education Topics in Applied Microbiology and Microbial Biotechnology
A.
Méndez-Vilas (Ed.)
_______________________________________________________________________________________

Bacterial Extracellular Enzymatic Activity in Globally Changing Aquatic
Ecosystems
A. Cunha, A. Almeida, F.J.R.C. Coelho, N. C. M. Gomes, V. Oliveira, and A. L. Santos
Department of Biology & CESAM, University of Aveiro, Campus de Santiago, 3810-193 Aveiro, Portugal
Heterotrophic bacteria are key players in the processes of organic matter recycling, decomposition and mineralization in
aquatic environments. Although only small and chemically simple compounds can be passively transported through
bacterial membranes, substrates for bacterial utilization in aquatic environments are dominated by particulate or highmolecular-weight dissolved organic matter. Complex substrates must first be hydrolyzed outside the cell into smaller size
molecules by extracellular enzymes and this process represents a limiting step in nutrient cycling. Bacterial extracellular
enzymatic activity is regulated at the ecosystem level, by environmental factors and at the micro-environment level by
enzyme-substrate interactions. Over the last century, changes in the atmosphere concentration of CO2 and other greenhouse gases caused changes in climate patterns that have repercussions in ecosystem function and biodiversity.
Microorganisms are generally able to respond very quickly to environmental changes because of their close contact with
the surrounding environment and rapid growth. As mediators in important biogeochemical processes, namely
decomposition and transformation of organic matter, release of inorganic nutrients for higher trophic levels and
detoxification of xenobiotics, bacterial enzyme activities have the potential to be used as descriptors of biological
responses to changing environmental conditions. The present paper reviews the currently available information on
environmental regulation of bacterial extracellular enzymatic activity in aquatic environments and discusses the potential
implications of direct and indirect effects global changes on heterotrophic bacterial communities and on the processes of
organic matter recycling.
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1. Introduction
Heterotrophic microorganisms represent a key trophic level in the processes of organic matter decomposition, nutrient
cycling and carbon flow through aquatic food webs, as described by the microbial loop model [1]. The main sources of
organic matter (OM) to the microbial loop are phytoplankton exudation and leakage of algal or bacterial cell material
during grazing [1]. Benthic resuspension, plant/algae exudation and terrestrial or riverine inputs represent significant
additional sources of OM, which can be used as carbon and energy sources [2].
Passive transport through bacterial cell wall and cell membrane is restricted to very small and chemically simple
compounds. Although different in the chemical composition and in architecture, the cell wall of gram positive and gram
negative bacteria only allows the transport of rather small molecules [3]. Gram positive cell wall is not as restrictive, in
terms of permeability, as the outer membrane of gram negative bacteria [4] where trimeric proteins (porins) form
channels between the outer membrane and the periplasmic space. The substrate uptake limit of the cell (~600 Da) is
defined by the geometry of the porins [4].
Particulate organic matter (POM) and dissolved organic matter (DOM) are dominated by high-molecular-weight
compounds [5-6]. In order to allow transport across the outer membrane, complex substrates must first be hydrolyzed
outside the cell into smaller sized molecules [7-8]. This process is conducted by extracellular enzymes which enable
heterotrophic bacteria to obtain substrates suitable for incorporation from a diverse array of complex compounds [9].
Because extracellular enzymes catalyze the rate limiting steps of nutrient cycling, i.e., the extracellular degradation
of complex molecules into easily assimilable units [10-11], any factors affecting their activity or disrupting the
production or availability of extracellular enzymes will impact the entire remineralisation pathway [9]. In addition,
changes on the patterns of organic matter utilization by bacteria may also impose carbon cycle-mediated feedbacks on
global climate [12].

2. Enzyme production and activity
Extracellular enzymes, that react outside the intracellular compartment, are mainly hydrolases (e.g., glycosidases,
peptidases, esterases), that is, enzymes that cleave C-O and C-N bonds that link monomers [13]. Extracellular enzymes
can also catalyze oxidative reactions, typically cleaving C-C and C-O bonds. These oxidative enzymes can be roughly
divided into oxygenases and peroxidases that use molecular oxygen and hydrogen peroxide, respectively, as electron
acceptors.
Extracellular enzymes can be further classified according to their physical relation with the cell as ectoenzymes and
truly extracellular enzymes. Ectoenzymes are associated with viable cells [7] and include enzymes inserted in or
spanning the plasma membrane, associated with the cell wall or, in gram negative bacteria, attached to the outer
membrane surface or retained within the periplasmic space by the strict exclusion limit of the outer membrane [14].
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Ectoenzymes ensure a close association between the hydrolysis products and the cells, and prevents that both enzyme
and hydrolysis products may be easily lost to the environment [15]. Strict-sense extracellular enzymes occur in free
form and catalyse reactions detached from their producers. Bacterial extracellular enzymes may be actively secreted by
intact viable cells, released into the environment by viral lysis, or result from ectoenzymes that leak from the bacterial
cell when the later is being predated [16]. Extracellular enzymes are proportionally more important in the
decomposition of particulate or colloidal material in the dark ocean [17].
2.1. Extracellular enzymatic activity in aquatic environments
In the spectrum of enzymes studied in the aquatic environment, special attention has been given to ectoenzymes
responsible for the hydrolysis of the major components of DOM. Fluorophore-labeled artificial substrates have been
extensively used for sensitive assays of ectoenzyme activities in aquatic environments. Methyl coumarinyl- or
methylumbelliferyl-substrates are non-toxic and yield highly fluorescent water-soluble products with optical properties
significantly different from those of the substrate [18].
β-glucosidase (β-Glc) and leucine aminopeptidase (Leu-amp) are widely distributed in aquatic environments and
their activity is known to be mainly associated with heterotrophic bacteria. They have been used as model ectoenzymes
for studying bacterial degradation of natural polymeric compounds such as carbohydrates and proteins in the aquatic
environment [19]. β-glucosidase is produced by heterotrophic bacteria in waters and sediments of both freshwater and
marine environments. This enzyme exhibits a relaxed substrate specificity hydrolysing β-linked disaccharides of
glucose, celluhexose and carboxymethylcellulose [20]. Leu-amp hydrolyses a large number of peptides and amino acid
amides of the L-configuration, with particular affinity to L-leucyl-peptides and L-leucyl-amides [7].
Phosphatases are also widely studied enzymes in aquatic environments. Their activities can originate from
bacterioplankton but also from phytoplankton and zooplankton [21]. Phosphorus acquisition, especially in P-limited
areas, is dependent on the available enzymes to hydrolyse dissolved organic compounds. Phosphatases are the group of
phosphohydrolases that most intensively participate in phosphate release in aquatic environments [16]. Generally the
term phosphatase encloses a variety of enzymes that catalyze the hydrolysis of esters and anhydrides of phosphoric acid
[22]. These enzymes are characterized by different half-saturation constants, temperature and optimum pH [23].
Alkaline phosphatase (APA) encloses a group of isoenzymes that react optimally in pH range 7.6 – 9.6 [16]. APA
catalyses the hydrolysis of a variety of phosphate esters, including esters of primary and secondary alcohols, sugar
alcohols, cyclic alcohols, phenols, and amines, liberating inorganic phosphate [7].
The identities of the particular members of mixed assemblages capable of producing different extracellular enzymes
in natural environments is still largely unknown, since most molecular analyses of community composition focus on
rRNA sequences that provide little information on the degradative capabilities of uncultured organisms [24]. Through
microcosm approaches, a relation between the structure of bacterial communities, assessed by Fluorescent In Situ
Hybridization (FISH), and the rates of EEA could be inferred from the covariance of several ectoenzymes with the
relative abundances of the alpha-, beta- and gamma-proteobacteria, and Cytophaga-like bacteria [25]. The study of
functional gene diversity might help to elucidate both the genetic potential for producing enzymes in microbial
communities and the factors that regulate the transcription of those genes [26-28]. However, the study of functional
genes present in environmental DNA only gives insights on the genetic potential for the production of extracellular
enzymes but not about gene expression biochemistry of decomposition.
2.1.1. Water column
Most of the information on extracellular enzymatic activity in the sea refers to hydrolytic enzymes such as proteases,
glucosidases, chitinase, lipase and phosphatases. Generally, the magnitude of activity ranges of these enzymes in
seawater is in the order aminopeptidase › phosphatase › β-glucosidase › chitobiase › esterase › α-glucosidase [30].
The biochemical role of extracellular enzymes in the sea is similar to other aquatic environments but the
hydrographic conditions in the ocean are characterized by distinct vertical and horizontal zonations [30]. Consequently,
patterns of polymer hydrolysis rates change horizontally and vertically, between different water masses [17, 31-32],
along estuarine gradients [25, 33] and, at a finer scale, between the surface microlayer and underlying water [34]. At the
micro-scale, the marine environment is a highly diluted medium interspersed with hot spots of organic matter
concentration, aggregation and decomposition [30]. Marine snow aggregates are colonized by heterotrophic
microorganisms that express high levels of hydrolytic activities, making them sites of intense carbon remineralisation
[35] with cell-specific β-Glc and Leu-amp activities several orders of magnitude higher than in surrounding water [36].
Temporal variation also imposes seasonal [37], diel [34] and tidal [38] patterns of hydrolytic potential, particularly in
coastal ecosystems, detectable in the activity rates of particular extracellular enzymes. The differences are related with
shifts in the availability of labile organic matter, leading to variations in cell-specific extracellular enzymatic expression
[17].
In lacustrine environments, although β-Glc and Leu-amp frequently display the highest activity levels,
phosphohydrolases also exhibit high levels of activity since the occurring amounts of readily usable orthophosphate (Pi)
in most non-polluted lakes are insufficient to fulfil the phosphate requirements of microplankton [16]. Surface and deep
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lake waters exhibit marked seasonal patterns of ectoenzyme production and activity, being maximal activities in surface
waters detected during the late stage of phytoplankton blooms and during bloom senescence [39-40]. During summer
thermal stratification, extracellular enzyme activity is particularly lower in bottom water layers, being the activity
dependent on the rates of sedimentation of detritus produced in the euphotic layers above. Diurnal fluctuations of
extracellular enzyme activity in lakes have also been reported [19].
In rivers, the overall activities of all the microbial extracellular enzymes are dominated by cell-bound ectoenzymes
and particularly high rates of proteolytic activity are associated to flood events [41]. Although fungi are the most active
group in the degradation of particulate plant-derived material, bacterial extracellular enzymes also contribute to leaf
litter decomposition in freshwater streams [42].
2.1.2. Sediments
In aquatic ecosystems, dissolved enzymes and polymeric substrates may also be transported from the shallow
permeable sediment to water layers above the sediment, enhancing EEA in the water column [43-44]. Extracellular
enzymatic activity responds very promptly to inputs of organic matter from sedimentation events [45] and decreases
with depth in the sediment column [46-47]. A clear proportionality between induction of enzyme production and supply
of organic matter was demonstrated in laboratory experiments with deep-sea sediments, for enzymes degrading
structural polysaccharides (β-glucosidase, chitobiase) [48].
The rhizosphere, usually defined as the sediment immediately in contact with the roots or under the influence of rootderived compounds, represents a particular sediment environment where exudates from the roots of salt marsh
vegetation provide bacteria with high-quality sources of carbon and energy and enhance bacterial heterotrophic activity
[49-50]. A positive correlation between root biomass and EEA has been found in salt marsh sediments [51]. Rates of
activity of the extracellular enzymes β-glucosidase, α-glucosidase, aminopeptidase, arylsulphatase and phosphatase
were generally higher in the sediments of the vegetation banks than in control uncolonized sediments, where EEA had
vertically more stable rates [52]. Sediment texture descriptors such as grain size, % of fines or water content showed
significant relations with hydrolysis rates [52].

3. Environmental regulation of extracellular enzymatic activity
The prevailing conditions in the water column and in the sediment aqueous phase are unfavourable for enzymes: the
substrate concentration is usually low and highly variable [53], the complexation of substrates with humic substances,
colloidal organic matter and detritus can difficult the association of an enzyme with its substrate [54] and enzymes may
be lost from the producer cell and become exposed to inhibitors, be denatured by physical and chemical factors or
hydrolyzed by proteases [55]. This complexity of factors interacts in the regulation of bacterial extracellular enzymatic
activity, modulating enzyme expression and subjecting polymer degradation kinetics to the influence of environmental
physical and chemical parameters.
3.1.Biochemical regulation
Microbes should produce enzymes only when simple sources of organic C are insufficient [56]. When particular
nutrients are present in limited amounts, microbes can produce enzymes to liberate them from organic matter [57]. The
production of the majority of ectoenzymes by most aquatic microorganisms is repressed when the cells are grown on
sources of readily utilizable dissolved organic matter. The synthesis of ectoenzymes only becomes derepressed once the
concentration of readily utilizable substrates in the water falls below a critical level. By using the repression strategy for
ectoenzyme synthesis, microorganisms can avoid the wasteful production of inducible enzymes [58-59]. The synthesis
of many ectoenzymes in aquatic environments may also be inhibited by the accumulation of the hydrolysis end-product
in the cell or in the surrounding environment [16, 60].
Control of EEA expression is sometimes very complex. Microbes may produce extracellular enzymes despite of
substrate availability in the environment [7, 61-62]. In the presence of substrate, constitutive enzymes generate low
concentrations of reaction products that induce additional enzyme synthesis. Once the concentration of products is
sufficient to meet the demand, enzyme production becomes suppressed and returns to constitutive levels [7]. For
example, APA and β-Gluc are subjected to substrate induction and catabolite repression [16].
In some cases, a clear response to nutrient availability cannot be established. For example, extracellular protease
activity (assessed from Leu-amp activity) in natural and planktonic communities and semi-natural culture systems has
been reported to either be reduced by the addition of dissolved inorganic nitrogen [7, 63-64], or not affected [65].
Environmental regulation might be, in such cases, the main factor governing enzyme activity. A positive correlation
between aminopeptidase activity and N limitation has been observed and interpreted as an indication of the utilization
of organic N-sources for bacterial growth [37].
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3.2.Environmental regulation
A model of the environmental regulation of extracellular enzyme activity proposes that at the ecosystem level, enzyme
production is mainly regulated by environmental factors such as temperature and that at the microenvironmental level,
though still influenced by environmental factors, extracellular enzyme activity is mostly controlled by enzyme-substrate
interactions such as inhibition, adsorption, stabilization and humification [66-68].
3.2.1.Temperature
One important indirect effect of temperature is its interference on the affinity of enzyme systems since, at low
temperatures, the affinity of enzyme systems decreases [69-70].The activity of protein- and polysaccharide-degrading
bacterial extracellular enzymes of arctic isolates and in marine sediments increases with the temperature, showing
optima well above the ambient environmental temperatures [71-74]. The membrane-bound transporters of mesophilic
and psychrotolerant marine bacteria respond with decreased substrate affinities to temperatures at the lower end of their
specific temperature range [75-76].
Several studies have demonstrated that the temperature sensitivity of extracellular enzymes changes seasonally [7779], which has been explained by the synthesis of different isoenzymes (enzymes with the same function but different
structure) through time, produced either by different organisms or by a single species capable of producing multiple
isoenzymes [80]. There is also some evidence for biogeographical patterns in enzyme temperature sensitivity. For
example, many studies have observed that enzymes from microbes inhabiting cold environments have unusually low
temperature optima [81-83].
3.2.2.Salinity
Salinity seems to be only poorly correlated with the metabolic activity of bacterioplankton [84]. Analysis of the relation
between the activity of Leu-amp and salinity in coastal systems has been shown to be positive in some environments
[84] and negative in others [85-86]. In general, in low salinities bacterioplankton expresses higher levels of βglucosidase (β-Gluc) activities, while in higher salinities bacterioplankton seems to be more adapted to protein
degradation [33, 85].
Information on the regulatory role of salinity on sediment microbial communities is less available. Because more
energy is required for the production of osmolites and less is used for the release of extracellular enzymes, decreased
extracellular enzymatic activity can be detected at higher salinity sediments [87]. However, the inverse pattern has also
been reported [88-89].
3.2.3.pH
Contrarily to intracellular enzymes that act in the buffered cytoplasm of the cell, extracellular enzymes are directly
affected by the pH of the extracellular environment, because changes in the concentration of hydrogen ions in the
environment modify the ionization state of amino acids and the three-dimensional structure of the active site of the
enzyme [90]. Deviations from the optimal pH result in a decrease in enzyme activity rates [7, 71, 91].
Similarly to the enzymatic temperature optima, the pH optima of in situ extracellular enzymes do not always match
the ambient pH. Changes in pH induced by photosynthesis can also affect enzyme activity. Several studies have
reported that, in freshwater habitats, Leu-amp has a narrow pH optimum of ca. 7.5, with low activity at pH <6-7 and
rapid decline in activity above pH 8.5-9 [91-93] whereas algal activity within periphyton communities can cause pH to
exceed 9 [94-99]. However, for periphytic Leu-amp, displaying higher pH optima (> 9.75), a stimulation of enzymatic
activity by photosynthetic activity can also occur [60].
3.2.4.Other Factors
Trace metals and UV-B radiation are two ecologically relevant factors that control in situ activity of, at least, APA in
sea water. APA activities in phytoplankton cultures, cell-free enzyme preparations and field collected samples where
bacterioplankton is represented, are inhibited by environmentally occurring concentrations of free copper ions [100].
This trace metal has been speculated to inhibit or totally block the direct utilization of selected DOP compounds by
natural microbial assemblages [100]. Marine APA activity is also sensitive to environmental levels of UV.
Photodegradation of APA activity may limit the ability of the cells to obtain inorganic phosphate from the ambient
DOM pool, enhancing the effects of P limitation in well-lighted, near surface habitats [101]. Experimental irradiation of
natural marine bacterioplankton assemblages also caused a significant reduction in lipase and Leu-amp activities [102].
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4. Global changes and extracellular enzymatic activities
Changes in the composition of the atmosphere and the relative increase of the so called “greenhouse gases”, has altered
the global radiative balance by decreasing the long-wave radiation flux leaving the troposphere [103].This change is
thought to be responsible for climate effects that range from global warming to changes in winds, clouds, sea level,
precipitation, storm frequency and intensity, long-term climate models, ecosystem function and biodiversity [104].
Microorganisms are generally highly responsive to environmental changes because their large surface in relation to
their small volume facilitates close contact with the surrounding environment. Furthermore, with relatively short
generation times, microbial communities could be among the fastest components of an ecosystem to respond to
changing environmental conditions [105-106].
4.1. Warming and changing weather patterns
Without the interference of other environment factors, increases in temperature should, within limits, result in increased
enzymatic activity [107]. However, adding to the direct effects of temperature on the rates of biological processes,
warming is also expected to affect pelagic ecosystems by changing the patterns of vertical mixing and nutrient
allocation in the water column [70]. This might cause a shift in the spectrum of extracellular enzymatic activities acting
in surface and in deeper ocean layers. Other environmental factors, such as nutrient concentration or primary
productivity which co-vary with temperature, may themselves have a larger effect on bacterial activity [108]. Enhanced
photosynthetic rates of polar phytoplankton have been observed in response to increasing temperatures [109-111] and,
since heterotrophic bacteria are the major potential users of most of phytoplankton primary productivity [112], warming
could thus result in the increase in the relative proportion of primary production processed via the dissolved pool and a
stimulation of polysaccharide degrading extracellular enzymes [113-114].
Climate change-related increase in the frequency of extreme weather events might have even greater effects on
microbes and their activity than overall changes in temperature. Extreme meteorological events, such as typhoons, mix
the stratified water column and considerably change the structure of phyto- and bacterioplankton communities.
However, the later seem to recover more rapidly than phytoplankton [115] and shifts in the patterns of organic matter
recycling and of the extracellular enzymes initiating the degradation of polymeric material will most probably be
mediated by primary production. Dust deposition from desert storms occurs at wide spatial scales and, by representing a
significant source of mineral nutrients and organic carbon to aquatic ecosystems, has a positive effect on bacterial
growth and abundance [116]. However, the input of metals such as arsenic and copper, associated with desert dust [117]
might also have an inhibitory effect on some extracellular enzymes. Polar ice melting was found to affect the spectra of
bacterial extracellular enzymes and to increase the relative importance of polysaccharide hydrolysis [32].
4.2. UV Radiation
Trends of increased UV radiation levels are predicted to persist for sometime because the effects of global warming on
the stratosphere may delay the recovery of ozone layer [108]. UV-B (λ 280-320 nm) is the most biological significant
wavelength range within the ultraviolet spectrum, causing both indirect (mediated by reactive oxygen species) and
direct damage (UV-mediated photoproduct generation) because of the strong absorption of wavelengths below 320 nm
by DNA. Several bacterial extracellular enzymes have shown decreased activity upon UV-B exposure [118-121], which
sustains the hypothesis of direct photolysis of enzymes by UVR [119].
UV-B radiation can also affect bacterial extracellular enzymatic activity indirectly by enhancing the release of
dissolved organic carbon by algae [122] therefore compensating for the UV-B inhibition of bacterial activity at the
cellular level [123]. However, other authors have reported reduction and alterations in the molecular composition of
photosynthetic extracellular release upon irradiation of phytoplankton [124-127], resulting in phytoplankton exudates
more refractory to bacterial utilization [128-130] which would induce a shift in the spectrum of active enzymes. Algal
exudates can also act as photosensitizers, initiating secondary photochemical reactions that lead to bacterial enzyme
inactivation [131]. Alternatively, UV radiation can alter the bioavailability of organic matter rendering it more
susceptible to microbial degradation, effectively substituting extracellular enzymes in the processing of DOM [119,
121]. However, reports of decreased availability of organic matter for bacterial metabolism by photochemical
transformation indicate that the overall effect depends on the quality of DOM [132-133].
UV exposure is likely to have multi-level effects, rather than being limited to affected individuals or single processes
[121, 134]. However, the complex relationship between UV radiation, DOM nature and bacterial activity [130] limits
the accurate prediction of future trends in bacterial extracellular enzymatic activity and mineralization rates in a context
of increased UV radiation.
4.3. CO2 and ocean acidification
Carbon dioxide reacts with seawater and is hydrated to carbonic acid (H2CO3), which subsequently dissociates to
bicarbonate (HCO3-), carbonate ions (CO32-) and protons (H+), in a process that is designated as the carbonate system.
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The sum of all dissolved carbon forms composes the dissolved inorganic carbon (DIC) pool. A small fraction of DIC
(<1%) remains in the form of dissolved CO2, while the rest is converted into HCO3- (~90%) and CO32- (~9%) with the
consequent release of H+ and progressive decrease of pH [135].
CO2 concentrations remain fairly constant in large water masses, like open oceans, but can vary considerably in
coastal ecosystems depending on the rates of heterotrophic activity and photosynthesis and on the limitations to gas
exchange with the atmosphere [136]. Ocean acidification can impact the physiological responses at the organism level,
impose changes in community structure and shifts in biogeochemical cycling, but most studies have been mainly
focused on phytoplankton assuming that bacterial responses in terms of extracellular enzymatic activity are expected to
be exerted by phytoplankton-bacterioplankton interactions.
Little is known about the direct consequences of ocean acidification on bacterial extracellular enzymatic activity.
Changing pH was shown to affect the functioning of permeases in cultures of isolated bacterial strains [137], suggesting
that changing ocean pH may affect the coupling between polymer hydrolysis and monomer uptake. Mesocosm studies
have shown that hydrolytic ectoenzymatic activity (β and α-glucosidases) was highest in the enhanced pCO2 conditions
[138]. Experimental ocean acidification experiments demonstrated a relative enhancement of extracellular glucosidase
implying that, in more acidic conditions, polymer hydrolysis may be diverted towards polysaccharide degradation,
making simple sugars more available for bacterial growth [139]. A possible consequence of increased glucose
availability at lowered seawater pH would be the stimulation of bacterial competition for inorganic nutrients in order to
keep a balanced growth and this could indirectly affect primary production in the ocean. By negatively affecting
primary producers in acidified seawater, in relation to heterotrophs [140], a polysaccharide-base DOM hydrolysis could
inhibit the vertical transport of particulate organic carbon to the deeper ocean layers, referred to as “biological carbon
pump” [141], resulting in a positive feedback on CO2 emissions. Elevated CO2 was found to increase the activities of
polysaccharide degrading enzymes in soils [142-143], suggesting that changes in the patterns of EEA of rhizosphere
bacteria in aquatic ecosystems can also be expected.
4.4. Pollution and bioremediation
The accumulation of pollutants resulting from anthropogenic activities has become a major problem that made the
necessity of new technologies for environmental decontamination more urgent. Bioremediation approaches involving
microbial degradative capacities are regarded as effective and environmental friendly alternatives [144]. The principle
of bioremediation techniques is the use of organisms, from bacteria to plants, or their derivatives, in the degradation of
pollutants [145]. Microorganisms have an enormous catabolic potential and molecular tools have been used to
characterize relevant groups or strains and their involvement in pollutant degradation processes [145-146]. Nonetheless,
the application of this knowledge into effective microbial bioremediation protocols is still on a preliminary phase [147].
Because enzymes are simpler systems than the whole microorganism, in the past years enzymatic bioremediation has
been seen as a possible alternative [148-149]. Some advantages in using enzymes instead of microorganisms or
chemicals have been pointed out. The degradation of pollutants does not generate toxic or bio-hazardous products, the
enzymes are themselves biodegradable by the indigenous microorganisms and the efficiency of the process can be
improved by recombinant-DNA technology [148, 150].
The role of bacterial extracellular enzymes in the degradation of organic matter and their broad range of substrates
makes them suitable candidates for remediation of pollutants from contaminated environments [151]. Bacterial
hydrolases are a class of enzymes that are able to degrade several pollutants, including recalcitrant plastic polymers. For
example, an extracellular esterase involved in the degradation of polyester polyurethanes was isolated from Comamonas
acidovorans TB-35 [152].
Specific or extreme environments, such as the surface microlayer, are potential natural reservoirs of extracellular
hydrolases with unusual properties, worth to explore for biotechnological and bioremediation applications. Higher rates
of peptide and polysaccharide hydrolysis were found in the surface microlayer in relation to subsurface waters [153154]. High rates of polymer degradation have also been found in the rhizospheres of salt marsh vegetation [51-52].
Although enzyme technology is appealing, there are some intrinsic limitations to their environmental application.
Enzymes cannot reproduce themselves like microorganisms, so they cannot increase their populations and respond to an
increase in the substrate amount. Also, they do not possess the same adaptability as microorganisms. Even though
enzymes can persist and hydrolyse polymers in a wide range of environments, they are not able to adjust their kinetic
parameters to function in environments different than their natural conditions [155]. Nonetheless, there is obvious
potential in the application of bacterial extracellular enzymes in emerging bioremediation techniques.

5. Future perspectives
Since the oceanic uptake of atmospheric CO2 is strongly affected by biological processes, marine research currently
undertakes strong efforts to explore the feedback potential provided by marine biota and biogeochemical cycles to
climate change. Extracellular hydrolysis and further decomposition and mineralization of organic carbon by
heterotrophic bacteria influence the flux of atmospheric CO2 to the ocean, but the combined effects of different drivers
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of global change have yet hardly been assessed, mostly because rigorous temporal and spatial sampling schemes are
required and the results of microcosm experiments are often difficult to extrapolate to the natural environment.
Therefore, the scientific knowledge is still insufficient to predict consequences of global change on extracellular
enzymatic activity, the marine environment and on the subsequent processes of carbon cycle.
A fairly reliable approach to study the responses of microorganisms to global environmental change would be the
analysis of existing environments where such shifts naturally occur. For example, the effects of enhanced CO2 and pH
could be addressed by studying zones with values close to the upper and lower limits of the ranges of natural variation
of these parameters, such as heterotrophic systems where respiration is much higher than primary production, or polar
waters which have lower calcium carbonate saturation rates [156]. Freshwater lakes and estuarine waters are less
buffered than the oceans and exhibit daily to seasonal changes in pH. Furthermore, coastal and estuarine environments
also show high spatial variability in pH, over short time scales.
UV-exposed environments, such as high altitude Andean lakes [157] have been proposed as representative of wider
variety of bacterial adaptative strategies. For example, it has been hypothesized that the importance of Actinobacteria in
the microbial community of lakes of different UV-transparency in the Tyrolean Alps is related to their higher UV
resistance [158]. Likewise, the bacteria from the surface microlayer are more exposed to solar radiation and have
enhanced resistance to solar radiation [159].
Understanding how microbial communities will adjust to multiple climate change drivers is important to make
accurate predictions of ecosystem response to changing climate scenarios. Multifactorial experiments of simulated
climate conditions have addressed the combined effects of atmospheric CO2, temperature and precipitation on soil
microbial community composition [160]. Similar experimental designs could be extremely valuable for the
characterization of the effects of multiple climate factors on bacterial extracellular enzymatic activities in the aquatic
environment and ultimately on the patterns of organic matter recycling in a context of global environmental changes.
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