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Microbes are the engines driving biogeochemical cycles. Microbial extracellular
enzymatic activities (EEAs) are the “gatekeepers” of the carbon cycle. The total EEA
is the sum of cell-bound (i.e., cell-attached), and dissolved (i.e., cell-free) enzyme
activities. Cell-free enzymes make up a substantial proportion (up to 100%) of the total
marine EEA. Although we are learning more about how microbial diversity and function
(including total EEA) will be affected by environmental changes, little is known about what
factors control the importance of the abundant cell-free enzymes. Since cell-attached
EEAs are linked to the cell, their fate will likely be linked to the factors controlling the
cell’s fate. In contrast, cell-free enzymes belong to a kind of “living dead” realm because
they are not attached to a living cell but still are able to perform their function away
from the cell; and as such, the factors controlling their activity and fate might differ from
those affecting cell-attached enzymes. This article aims to place cell-free EEA into the
wider context of hydrolysis of organic matter, deal with recent studies assessing what
controls the production, activity and lifetime of cell-free EEA, and what their fate might
be in response to environmental stressors. This perspective article advocates the need
to go “beyond the living things,” studying the response of cells/organisms to different
stressors, but also to study cell-free enzymes, in order to fully constrain the future and
evolution of marine biogeochemical cycles.
Keywords: marine biogeochemical cycling, carbon cycle, organic matter hydrolysis, extracellular enzymatic
activity, cell-free enzymes, climate change, warming

IMPORTANCE OF MICROBES AND THEIR EXTRACELLULAR
ENZYMATIC ACTIVITIES (EEA)
The marine environment plays a critical role in global biogeochemical cycles (Daily, 2003; Harley
et al., 2006; Hutchins and Fu, 2017). Microbes are the engines driving Earth’s biogeochemical cycles
(Falkowski et al., 2008). These tiny organisms have the set of core genes coding for the enzymes
of the major reactions responsible for transforming energy and matter into (usable) substrates
essential for life (Falkowski et al., 2008). We live in a time of change, and anthropogenic impacts
can alter the structure and functioning of marine microbial communities, and consequentially, the
role of the ocean in the global biogeochemical cycles. Thus, if we aim to understand what the future
of marine biogeochemical cycling is going to be, we need to understand what the fate of microbes,
and their enzymes, will be.
When it comes to the consumption of organic matter for transformation and recycling,
microbes seem to have a preference for specific types of organic matter. According to the
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communities (Bochdansky et al., 1995), and viral lysis (Karner
and Rassoulzadegan, 1995).
The question then is whether the strategy of releasing
enzymes into the aquatic environment is energetically and
ecologically efficient. Extracellular enzymes released by bacteria
have been shown to produce sufficient products from particulate
organic carbon to support the growth of the bacteria in the
absence of any other significant source of organic carbon and
without direct contact between the cell and particulate substrate
(Vetter and Deming, 1999). These empirical results obtained
by Vetter and Deming (1999) support the predictions they
formulated in a model (Vetter et al., 1998), suggesting that
dissolved extracellular enzymes are advantageous when bacteria
are attached to particles and when the substrate is within a
well-defined distance from the enzyme source. Furthermore,
other model simulations later revealed that when enzymeproducing microbes competed with non-producers: (1) nonproducers were favored by higher enzyme costs, (2) producers
were favored by lower rates of enzyme diffusion, and (3)
non-producers and producers coexisted in highly organized
spatial patterns at intermediate enzyme costs and diffusion rates
(Allison, 2005). These studies are also in agreement with the
recently proposed solutions to the ‘public good dilemma’ in
bacterial biofilms (Drescher et al., 2014). In that study, the
secretion of public goods (i.e., chitinases) that potentially could
be exploited by non-producing cells was explained by two
mechanisms: cells can produce thick biofilms that confine the
goods to producers, or fluid flow can remove soluble products of
chitin digestion, denying access to non-producers. More recently,
another model suggested that not only might cell-free enzymes
be a profitable strategy to microbes live near or attached to
particles, but went further to indicate that cell-free enzymes
might be a viable strategy even for free-living cells, if substrate
utilization is viewed as a cooperative effort (Traving et al.,
2015). These authors also suggested that even small amounts
of long-lived cell-free enzymes released by cell-free microbes
could contribute significantly to the dissolved enzyme activity
pool.
Once these enzymes are free, they can retain activity (i.e.,
are able to carry out their function) until they reach a specific
substrate and then hydrolyze it. There are not many studies
looking at the lifetime of these cell-free enzymes in seawater,
but the ones available suggest that they can have half-life times
of up to 20 days (Ziervogel et al., 2010; Steen and Arnosti,
2011; Baltar et al., 2013), and that deep water enzymes seem
to have longer lifetimes than surface ones (Baltar et al., 2013).
These observations are especially interesting because although
it was originally thought that only cell-bound activity would
be relevant in the marine environment (Rego et al., 1985;
Chrost and Rai, 1993), evidence have been accumulating clearly
indicating that the fraction of dissolved EEA is comparable
to the bound fraction (Karner and Rassoulzadegan, 1995; Li
et al., 1998; Baltar et al., 2010, 2013, 2016; Duhamel et al.,
2010; Allison et al., 2012). In fact, in many cases, it has been
observed that the proportion of dissolved EEA can reach a
value of 100%, meaning that all the enzymatic activity, in
those waters at the time of sampling, was being performed

“size-reactivity” model, heterotrophic microbes preferentially
degrade high molecular weight dissolved organic matter (DOM)
because it tends to be more bioavailable than the low molecular
weight DOM (Benner and Amon, 2015). But, that food
selectivity comes at a price: heterotrophic prokaryotes will
need to hydrolyze most of those molecules into subunits
small enough to be incorporated, because most molecules need
to be smaller than 600 Da to pass through the prokaryotic
cell wall (Weiss et al., 1991). For that purpose they use
extracellular enzymes; so due to the central role of those
enzymes they are referred to as the ‘gatekeepers’ of the C
cycle (Arnosti, 2011). However, an alternative polysaccharide
uptake mechanism of bacteria was recently revealed, which
allows them to directly incorporate large molecular weight DOM
compounds (Cuskin et al., 2015; Reintjes et al., 2017). Yet,
not all high molecular weight DOM can be transported by
this mechanism (i.e., biochemical and microbiological studies
suggest that the binding/hydrolysis/transport is very selective
for specific polysaccharides), and that mechanism still involve
extracellular hydrolysis – but the binding proteins hang onto
the pieces, such that they are transported into the cell with
no loss to the external environment (Cuskin et al., 2015).
Nevertheless, extracellular enzymatic activities (EEAs) are found
from epipelagic to bathypelagic waters, commonly observing an
increasing ratio of EEA to cell abundance with depth (Hoppe and
Ullrich, 1999; Hoppe et al., 2002; Baltar et al., 2009).

THE LIVING AND THE ‘LIVING DEAD’:
CELL-ATTACHED VERSUS CELL-FREE
EEA
Extracellular enzymes exist in two forms; cell-bound (i.e.,
cell-attached), and dissolved (i.e., cell-free, operationally defined
as passing through a 0.22 µm filter). The total EEA is
the result of the combination of cell-associated and cell-free
enzymes (Figure 1). Using the Internet as an analogy, we
could say that cell-bound EEA would be the equivalent of
a “wired” Internet connection, whereas cell-free EEA would
be a “wireless” connection (i.e., would still provide the end
product – data transfer/hydrolysate – even if not physically
connected to the hardware/cell). Different sources of cell-free
enzymes have been suggested, including the active release by
bacteria in response to an appropriate substrate (Alderkamp
et al., 2007) and bacterial starvation (Albertson et al., 1990),
and changes in cell permeability (Chrost, 1990). These studies
indicate that marine bacteria can release enzymes into the
environment not only to facilitate the hydrolysis of specific
substrates during exponential growth on specific substrates, but
also that starved cells during stationary phase showed a greater
release of extracellular enzymes than at the onset of starvation.
In fact, even during this starvation period, de novo protein
synthesis occurs for the production and/or release of the cell-free
enzymes into the surrounding environment, highlighting the
importance of this process for some marine bacteria (Albertson
et al., 1990). Besides direct release, there are other indirect
sources of cell-free enzymes, including grazing on bacterial

Frontiers in Microbiology | www.frontiersin.org

2

January 2018 | Volume 8 | Article 2438

Baltar

Cell-Free Enzymes and Their Fate

FIGURE 1 | Total extracellular enzymatic activity (EEA) is the result of the combination of cell-associated and cell-free enzymes. Using the analogy of internet
connection; cell-bound EEA would be the equivalent of a “wired” connection, whereas cell-free EEA would be a “wireless” connection. Moreover, the cell-bound EEA
will be closely linked to the living cell’s behavior, whereas the cell-free enzymes will not necessarily be related to the factors affecting the microbial cells that originally
produced them, and will remain active for a prolonged period of time, away from the cell. Thus, using another analogy, we could say that the cell-attached EEA
would be more closely related to an “alive” activity, whereas cell-free EEA would be in the “living dead” realm.

is not “alive” anymore because it is separated from the living
cell, but still remains in some way “alive” in the sense that
it can still perform its function when it encounters the right
substrate.
However, it is important to realize that particle encounter
is not necessarily the end of the line for an enzyme, and
a large fraction of the cell-free enzymes may be trapped by
particles including colloids or liposomes. In fact, the lifetime
of cell-free enzymes can be extended if they are associated
with particles (Gianfreda and Scarfi, 1991; Ziervogel et al.,
2007), since surface associations can offer an improved resistance
to physicochemical degradation (Lähdesmäki and Piispanen,
1992), and protection from remineralization (Lozzi et al.,
2001). Evidence of bacterial cell-free enzymes embedded in
an exopolymeric matrix have been reported (Decho, 1990),
where cell-free EE attached to this matrix can form a complex
similar to the enzyme–humic complexes in soils (Chrost, 1990).
Also, some enzymes might be associated with particles due to
trapping of digestive enzymes within partially degraded bacterial
membranes which act as micelles (liposomes) (Nagata and
Kirchman, 1992).

by cell-free enzymes (e.g., Karner and Rassoulzadegan, 1995;
Baltar et al., 2010, 2016). Thus, a disconnect between rates of
EEA and community composition is not surprising (D’ambrosio
et al., 2014). When cell-free enzymes are responsible for a high
proportion of the total EEA, a disconnection is produced between
the microbes and the enzymatic activities; that is, a decoupling
of in situ hydrolysis rates from actual microbial dynamics.
Thus, a high proportion of dissolved EEA could indicate a
greater importance of the history of the water mass than of
the actual processes occurring at the time of sampling (Karner
and Rassoulzadegan, 1995; Baltar et al., 2010, 2016; Arnosti,
2011).
Potential differences in temporal scales of activity for
cell-attached and cell-free enzymes raises the question about
controls on these pools of enzymes. The cell-bound EEA will
be closely linked to the living cell’s behavior (i.e., be affected by
the same factors controlling the growth, activity and diversity of
living cells). In contrast, the cell-free enzymes will not necessarily
be affected by the same factors influencing the cells, but will
remain active for a prolonged period of time, and probably be
affected by different factors (or in a different way in response
to the same factors) than the cell-bound EEA. Bearing this in
mind, using another analogy, we could say that the cell-bound
EEA is an activity of the “living,” since that activity is performed
attached to a cell which is alive, and thereby that activity will
change in response to the cell’s needs and in response to the
cells/community dynamics (Figure 1). Whereas the cell-free EEA
is closer to an activity of the “living dead,” in the sense that it

Frontiers in Microbiology | www.frontiersin.org

FATE OF THE ‘LIVING DEAD’ CELL-FREE
EEA
The activities of extracellular enzymes control the rate at which
organic matter is processed in the ocean. Given the evidence of
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More research is needed to fully constrain the factors
and the mechanisms controlling the activity and lifetime of
cell-free EEA as other factors, like pH, might be relevant.
Moreover, the activities measured using externally-added
substrates such as Leucine-MCA (7-amido-4-methylcoumarin)
or MUF (4-Methylumbelliferyl)-β-glucose as substrates,
reflect the activity of an unknown number/type of different
enzymes that cleave the same substrate (Steen et al., 2015).
Furthermore, enzymes of different primary and tertiary structure
may hydrolyze the same substrate, but these enzymes would
likely be susceptible to different degrees to UV radiation, heat
inactivation, etc. Nevertheless, based on the evidence available
thus far, and bearing in mind the projected warming ocean
environment and the variable UVR light regime, it seems like
there could be major changes in the activity of cell-free EEA and
their contribution to organic matter remineralization in the near
future.

high activities of cell-free enzymes, understanding the controls
on the lifetimes and activities of these cell-free enzymes is
essential.
There are very few studies on this topic but they are already
starting to reveal some of the key factors controlling the relative
importance of cell-free EEA, and temperature seems to be a major
one. In a Baltic Sea seasonal (1.5 y-long) study, a significant
inverse relation was found between the proportion of dissolved
relative to total EEA (Baltar et al., 2016). In a lab experiment,
incubating microbial communities from the Great Barrier Reef
waters (Australia) at three different temperatures (i.e., in situ,
+3 and −3◦ C), a significant inverse relation was found again
between temperature and the relative proportion of dissolved to
total EEA (Baltar et al., 2017). These results are consistent with
the increased observed in the proportion of dissolved relative
to total EEA with depth as the temperature drops along the
whole water column in a (sub) tropical Atlantic Ocean transect
(Baltar et al., 2010). These studies signpost, from different angles
(i.e., seasonal, climate change lab, and transect cruise studies),
temperature as the main factor affecting the relative importance
and activity of cell-free EEA. All those studies seem to indicate
that the warmer the temperature the lower the proportion of
dissolved EEA. This is also consistent with the longer lifetime
of cell-free enzymes found for deep relative to the surface waters
(Baltar et al., 2013).
Another factor that seems to be significantly contributing
to controlling the lifetimes of cell-free enzymes is ultraviolet
radiation (UVR). Very few studies are available on this topic
too. The effect of UVR on cell-free enzymes directly was tested
in Arctic seawater, finding that although natural illumination
did not produce significant effects of photodegradation, a
reduction in cell-free enzyme activity was found at artificially
high UVR doses (i.e., UV-B intensity 5–10 times higher than
in situ) (Steen and Arnosti, 2011). Interestingly, these authors
found a significant effect of UVR on leucine aminopeptidase
and alkaline phosphatase but not on beta-glucosidase at any
treatment level. A recent study with cell-free enzymes from
New Zealand waters revealed that environmentally relevant UVR
irradiances reduced cell-free enzyme activities up to 87% in
36 h when compared to dark controls, likely a consequence
of photodegradation (Thomson et al., 2017). This study also
revealed that the magnitude of the effect of UVR on cell-free
enzymes varied depending on the UVR fraction. Interestingly,
consistent with the findings from Steen and Arnosti (2011), the
effect of UVR differed depending on the enzyme; significantly
decreasing the activity of cell-free leucine aminopeptidase and
alkaline phosphatase, but not affecting β-glucosidase. This
indicates that UVR (at ambient levels of radiation) can be a key
factor reducing the activity (and lifetime) of cell-free enzymes
(Thomson et al., 2017). Also, the fact that UVR effects vary
among different enzymes indicates that UVR might change
the spectrum of the EEA and thereby the composition of the
resulting organic matter pool. Moreover, this effect of UVR on
the cell-free EEA might help explain why the proportion of
dissolved EEA tends to be lower in surface waters, and why the
proportion of cell-free EEA is higher in winter and lower in
summer.
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CONCLUSION AND FUTURE OUTLOOK
It is clear now that, in any given marine location at any given time,
cell-free EEA can be at least as important as cell-attached EEA.
This has some strong implications on how we look and interpret
many of the microbial parameters we measure since it can imply
a decoupling between the community composition/function
and the actual hydrolysis rates we measure. For instance, this
complicates the study of functional redundancy in the marine
environment if based on these extracellular enzymes, since
changes in the microbial community composition might happen
at a different temporal scale to the changes in EEA. Thus, it is
important to consider the need to determine the cell-free fraction
of EEAs (and not only the total fraction), if our aim is to link EEA
to other microbial parameters.
In the near future, the advance in technology (e.g.,
gene- and protein-based techniques as well as organic matter
characterization tools, etc.) will allow for a deeper understanding
of the function and fate of cell-free EEA. For example,
abundant periplasmic proteins were recently discovered using
metaproteomics on seawater concentrates of the cell-free fraction
(Xie et al., 2017). Based on that, these authors suggested that
free proteins released from microbes could be important to
ecosystem function (Xie et al., 2017). They admitted not having
a clear explanation for the high presence of periplasmic proteins
in the “non-bacterial” world. But, having in mind what has
been discussed in this article, it is possible that many of those
so-called “non-bacterial world” proteins by Xie et al. (2017)
could indeed be cell-free (here described as “living dead”)
extracellular enzymes. This is an example of how the use of
novel technologies can help to make new discoveries in this
field. However, we should not only focus on the development
of new technologies but also complement those with the use
of classical rate measurements. A more refined characterization
of the DOM pool (e.g., LC–MS/MS) coupled with a combined
determination of hydrolysis rates and gene/protein expression
might open new avenues and discoveries in this field of research.
Furthermore, these kinds of experiments, performed under
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different anthropogenic stressors, might also help elucidate how
the role of these enzymes might change in response to different
climatic scenarios. These studies will probably confirm that
the ‘engines’ of the marine biogeochemical cycles are not only
the microbial cells but that there are other processes taking
place away from cells which are also an important part of that
engine.
To conclude, the findings discussed in this article advocate for
the need to go beyond the “living things,” – and study not only
how the living cells/organisms will respond to anthropogenic
perturbations, but also how the “living dead” cell-free active
molecules will, if we really aim to fully constrain the future of
marine biogeochemical cycles.

AUTHOR CONTRIBUTIONS

REFERENCES

Cuskin, F., Lowe, E. C., Temple, M. J., Zhu, Y., Cameron, E. A., Pudlo, N. A., et al.
(2015). Human gut bacteroidetes can utilize yeast mannan through a selfish
mechanism. Nature 517, 165–169. doi: 10.1038/nature13995
Daily, G. (2003). “What are ecosystem services,” in Global Environmental
Challenges for the Twenty-First Century: Resources, Consumption and
Sustainable Solutions, ed. D. E. Lorey (Lanham, MD: Rowman & Littlefield),
227–231.
D’ambrosio, L., Ziervogel, K., Macgregor, B., Teske, A., and Arnosti, C. (2014).
Composition and enzymatic function of particle-associated and free-living
bacteria: a coastal/offshore comparison. ISME J. 8, 2167–2179. doi: 10.1038/
ismej.2014.67
Decho, A. W. (1990). Microbial exopolymers secretions in ocean environments:
their role(s) in food webs and marine processes. Oceanogr. Mar. Biol. Ann. Rev.
28, 73–153.
Drescher, K., Nadell, C. D., Stone, H. A., Wingreen, N. S., and Bassler, B. L. (2014).
Solutions to the public goods dilemma in bacterial biofilms. Curr. Biol. 24,
50–55. doi: 10.1016/j.cub.2013.10.030
Duhamel, S., Dyhrman, S. T., and Karl, D. M. (2010). Alkaline phosphatase activity
and regulation in the North Pacific Subtropical Gyre. Limnol. Oceanogr. 55,
1414–1425. doi: 10.4319/lo.2010.55.3.1414
Falkowski, P. G., Fenchel, T., and Delong, E. F. (2008). The microbial engines
that drive Earth’s biogeochemical cycles. Science 320, 1034–1039. doi: 10.1126/
science.1153213
Gianfreda, L., and Scarfi, M. R. (1991). Enzyme stabilization: state of the art. Mol.
Cell. Biochem. 100, 97–108. doi: 10.1007/BF00234161
Harley, C. D., Randall Hughes, A., Hultgren, K. M., Miner, B. G., Sorte, C. J.,
Thornber, C. S., et al. (2006). The impacts of climate change in coastal marine
systems. Ecol. Lett. 9, 228–241. doi: 10.1111/j.1461-0248.2005.00871.x
Hoppe, H.-G., Arnosti, C., and Herndl, G. J. (2002). “Ecological significance of
bacterial enzymes in the marine environment,” in Enzymes in the Environment:
Activity, Ecology, and Applications, eds R. G. Burns and R. P. Dick (New York.
NY: Marcel Dekker, Inc), 73–108.
Hoppe, H.-G., and Ullrich, S. (1999). Profiles of ectoenzymes in the Indian Ocean:
phenomena of phosphatase activity in the mesopelagic zone. Aquat. Microb.
Ecol. 19, 139–148. doi: 10.3354/ame019139
Hutchins, D. A., and Fu, F. (2017). Microorganisms and ocean global change. Nat.
Microbiol. 2:17058. doi: 10.1038/nmicrobiol.2017.58
Karner, M., and Rassoulzadegan, F. (1995). Extracellular enzyme activity:
indications for high short-term variability in a coastal marine ecosystem.
Microb. Ecol. 30, 143–156. doi: 10.1007/BF00172570
Lähdesmäki, P., and Piispanen, R. (1992). Soil enzymology: role of protective
colloid systems in the preservation of exoenzyme activities in soil. Soil Biol.
Biochem. 24, 1173–1177. doi: 10.1016/0038-0717(92)90068-9
Li, H., Veldhuis, M. J. W., and Post, A. F. (1998). Alkaline phosphatase activities
among planktonic communities in the northern Red Sea. Mar. Ecol. Prog. Ser.
173, 107–115. doi: 10.3354/meps173107
Lozzi, I., Calami, L., Fusi, P., Bosetto, M., and Stotzky, G. (2001). Interaction of
horseradish peroxidase with montmorillonite homoionic to Na+ and Ca2+:
effects on enzymatic activity and microbial degradation. Soil Biol. Biochem. 33,
1021–1028. doi: 10.1016/S0038-0717(01)00005-0

The author confirms being the sole contributor of this work and
approved it for publication.

ACKNOWLEDGMENTS
FB was supported by a Rutherford Discovery Fellowship
(Royal Society of New Zealand). The author would like to
acknowledge the support and insightful comments of the
reviewers, which clearly helped improve the overall merit of the
manuscript.

Albertson, N. H., Nyström, T., and Kjelleberg, S. (1990). Exoprotease activity of two
marine bacteria during starvation. Appl. Environ. Microbiol. 56, 218–223.
Alderkamp, A. C., Rijssel, M. V., and Bolhuis, H. (2007). Characterization
of marine bacteria and the activity of their enzyme systems involved in
degradation of the algal storage glucan laminarin. FEMS Microbiol. Ecol. 59,
108–117. doi: 10.1111/j.1574-6941.2006.00219.x
Allison, S. D. (2005). Cheaters, diffusion and nutrients constrain decomposition by
microbial enzymes in spatially structured environments. Ecol. Lett. 8, 626–635.
doi: 10.1111/j.1461-0248.2005.00756.x
Allison, S. D., Chao, Y., Farrara, J. D., Hatosy, S., and Martiny, A.
(2012). Fine-scale temporal variation in marine extracellular enzymes of
coastal southern California. Front. Microbiol. 3:301. doi: 10.3389/fmicb.2012.
00301
Arnosti, C. (2011). Microbial extracellular enzymes and the marine carbon
cycle. Annu. Rev. Mar. Sci. 3, 401–425. doi: 10.1146/annurev-marine-120709142731
Baltar, F., Arístegui, J., Gasol, J. M., Sintes, E., Aken, H. M. V., and Herndl,
G. J. (2010). High dissolved extracellular enzymatic activity in the deep
central Atlantic Ocean. Aquat. Microb. Ecol. 58, 287–302. doi: 10.3354/ame
01377
Baltar, F., Arístegui, J., Gasol, J. M., Yokokawa, T., and Herndl, G. J. (2013).
Bacterial versus archaeal origin of extracellular enzymatic activity in the
Northeast Atlantic Deep Waters. Microb. Ecol. 65, 277–288. doi: 10.1007/
s00248-012-0126-7
Baltar, F., Arístegui, J., Sintes, E., van Aken, H. M., Gasol, J. M., and Herndl,
G. J. (2009). Prokaryotic extracellular enzymatic activity in relation to biomass
production and respiration in the meso- and bathypelagic waters of the
(sub)tropical Atlantic. Environ. Microbiol. 11, 1998–2014. doi: 10.1111/j.14622920.2009.01922.x
Baltar, F., Legrand, C., and Pinhassi, J. (2016). Cell-free extracellular enzymatic
activity is linked to seasonal temperature changes: a case study in the Baltic Sea.
Biogeosciences 13, 2815–2821. doi: 10.5194/bg-13-2815-2016
Baltar, F., Morán, X. A. G., and Lønborg, C. (2017). Warming and organic
matter sources impact the proportion of dissolved to total activities in marine
extracellular enzymatic rates. Biogeochemistry 133, 307–316. doi: 10.1007/
s10533-017-0334-9
Benner, R., and Amon, R. M. (2015). The size-reactivity continuum of major
bioelements in the ocean. Annu. Rev. Mar. Sci. 7, 185–205. doi: 10.1146/
annurev-marine-010213-135126
Bochdansky, A. B., Puskaric, S., and Herndl, G. J. (1995). Influence of zooplankton
grazing on free dissolved enzymes in the sea. Mar. Ecol. Prog. Ser. 121, 53–63.
doi: 10.3354/meps121053
Chrost, R. J. (1990). “Microbial ectoenzymes in aquatic environments,” in Aquatic
Microbial Ecology. Biochemical and Molecular Approaches, eds J. Overbeck and
R. J. Chróst (New York, NY: Springer), 47–78.
Chrost, R. J., and Rai, H. (1993). Ectoenzyme activity and bacterial secondary
production in nutrient-improverished and nutrient-enriched mesocosms.
Microb. Ecol. 25, 131–150. doi: 10.1007/BF00177191

Frontiers in Microbiology | www.frontiersin.org

5

January 2018 | Volume 8 | Article 2438

Baltar

Cell-Free Enzymes and Their Fate

extracellular enzymes. Microb. Ecol. 36, 75–92. doi: 10.1007/s00248990
0095
Weiss, M., Abele, U., Weckesser, J., Welte, W., Schiltz, E., and Schulz, G. E. (1991).
Molecular architecture and electrostatic properties of bacterial porin. Science
254, 1627–1630. doi: 10.1126/science.1721242
Xie, Z.-X., Chen, F., Zhang, S.-F., Wang, M.-H., Zhang, H., Kong, L.-F.,
et al. (2017). Metaproteomics of marine viral concentrates reveals key viral
populations and abundant periplasmic proteins in the oligotrophic deep
chlorophyll maximum of the South China Sea. Environ. Microbiol. doi: 10.1111/
1462-2920.13937 [Epub ahead of print].
Ziervogel, K., Karlsson, E., and Arnosti, C. (2007). Surface associations of enzymes
and of organic matter: consequences for hydrolytic activity and organic matter
remineralization in marine systems. Mar. Chem. 104, 241–252. doi: 10.1016/j.
marchem.2006.12.001
Ziervogel, K., Steen, A. D., and Arnosti, C. (2010). Changes in the spectrum
and rates of extracellular enzyme activities in seawater following aggregate
formation. Biogeosciences 7, 1007–1015. doi: 10.5194/bg-7-1007-2010

Nagata, T., and Kirchman, D. L. (1992). Release of macromolecular organic
complexes by heterotrophic marine flagellates. Mar. Ecol. Progr. Ser. 83,
233–240. doi: 10.3354/meps083233
Rego, J. V., Billen, G., Fontigny, A., and Someville, M. (1985). Free and attached
proteolytic activity in water environments. Mar. Ecol. Progr. Ser. 21, 245–249.
doi: 10.3354/meps021245
Reintjes, G., Arnosti, C., Fuchs, B. M., and Amann, R. (2017). An alternative
polysaccharide uptake mechanism of marine bacteria. ISME J. 11, 1640–1650.
doi: 10.1038/ismej.2017.26
Steen, A. D., and Arnosti, C. (2011). Long lifetimes of beta-glucosidase, leucine
aminopeptidase, and phosphatase in Arctic seawater. Mar. Chem. 123, 127–132.
doi: 10.1016/j.marchem.2010.10.006
Steen, A. D., Vazin, J. P., Hagen, S. M., Mulligan, K. H., and Wilhelm, S. W. (2015).
Substrate specificity of aquatic extracellular peptidases assessed by competitive
inhibition assays using synthetic substrates. Aquat. Microb. Ecol. 75, 271–281.
doi: 10.3354/ame01755
Thomson, B., Hepburn, C. D., Lamare, M., and Baltar, F. (2017). Temperature
and UV light affect the activity of marine cell-free enzymes. Biogeosciences 14,
3971–3977. doi: 10.5194/bg-14-3971-2017
Traving, S. J., Thygesen, U. H., Riemann, L., and Stedmon, C. A. (2015). A model
of extracellular enzymes in free-living microbes: which strategy pays off? Appl.
Environ. Microbiol. 81, 7385–7393. doi: 10.1128/AEM.02070-15
Vetter, Y. A., and Deming, J. W. (1999). Growth rates of marine bacterial
isolates on particulate organic substrates solubilized by freely released
extracellular enzymes. Microb. Ecol. 37, 86–94. doi: 10.1007/s00248990
0133
Vetter, Y. A., Deming, J. W., Jumars, P. A., and Krieger-Brockett, B. B.
(1998). A predictive model of bacterial foraging by means of freely released

Frontiers in Microbiology | www.frontiersin.org

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2018 Baltar. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

6

January 2018 | Volume 8 | Article 2438

