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Editorial on the Research Topic

Extracellular Enzymes in Aquatic Environments: Exploring the Link Between Genomic

Potential and Biogeochemical Consequences

Microbes drive the Earth’s biogeochemical cycles, exerting profound control over the global cycling
of carbon and other elements (Falkowski et al., 2008). In aquatic systems, the importance of
microbial extracellular enzymes to the mobilization, transformation, and turnover of organic and
inorganic compounds in aquatic environments has been proved since the 80’s (Hoppe, 1983;
Chróst, 1989) and was summarized in the book “Microbial enzymes in aquatic environments”
(Chróst, 1991). Since then, the field has advanced considerably, with new observations, assay
methods, and molecular-level studies (Arnosti et al., 2014) and the measurement of extracellular
enzyme activities has become standard in many labs. We now have rates of enzymatic activities in
a wide variety of freshwater and marine environments, from polar to tropical and from surface to
deep ocean, and from isolates obtained even from extreme environments. Additionally, in recent
years measurement of enzyme activities has become an important tool to assess the impact of
anthropogenic changes on microbial communities and biogeochemical cycles, such as in the events
of oil spills, acidification, or global warming (e.g., Piontek et al., 2010; Sala et al., 2016; Ziervogel
et al., 2016; Freixa et al., 2017).

In this special issue, twelve articles highlight new findings on extracellular enzyme activities in
aquatic environments, bringing together experimental and field studies conducted in marine and
freshwater ecosystems as well as physiological, biochemical, and molecular studies on microbial
communities or species isolated from those environments.
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The first part of the volume is devoted to field studies,
both in marine and freshwater ecosystems. To begin, the
perspective article by Baltar advocates the need to go “beyond
the living things” and study cell-free enzymatic activities to fully
constrain the future and evolution of marine biogeochemical
cycles. In marine environments, Hoarfrost and Arnosti show
that the spectrum of substrates hydrolyzed in mesopelagic
and deep waters of the Atlantic Ocean is positively related
to the strength of stratification depth patterns, which may
influence the efficiency of the biological carbon pump. Apart
from their enzyme activities, knowing the types of bacteria
that metabolize polymers can help make the critical connection
between the taxonomic composition of microbial communities
and their biogeochemical function. Liu et al. show, by using
stable isotope probing, that a more diverse group of bacteria
is involved in metabolizing peptides in normoxic surface
water than in hypoxic bottom seawater from the Gulf of
Mexico. In freshwaters, kinetic measurements of 5 substrates for
exo- and endo-acting extracellular peptidases in 28 freshwater
bodies in the Pocono Mountains (Mullen et al.) show variable
ratios between aminopeptidases (APs) and trypsin, highlighting
that measuring only Leu- AP activity may underestimate
the total peptidolytic capacity in an environment. Spatial,
but not seasonal, variability is also observed in a multi-
season investigation in two North Carolina rivers examining
the activities of extracellular enzymes used to hydrolyze
polysaccharides and peptides (Bullock et al). Collectively, these
studies expand our understanding of the role of microbial
enzymes in the biogeochemistry of aquatic ecosystems.

Experimental approaches are increasingly used to tease
apart the complex role aquatic microbial enzymes have on the
biogeochemistry and functioning of ecosystems. Traving et al.
in a mesocosm experiment observed the effect of increased
loads of dissolved organic matter (DOM) in bacterioplankton
community composition and a stimulation of protease activity.
This suggests that parts of future elevated riverine DOM
supply to the Baltic Sea will be efficiently mineralized by
microbes and will have consequences in bacterioplankton
and phytoplankton community composition and function.
Indeed, organic matter released by phytoplankton fuels bacterial
growth and the transformation of this DOM plays a role in
the formation of chromophoric DOM which is ubiquitous
in the ocean. Kinsey et al. investigated CDOM formation
mediated by microbial processing of phytoplankton-derived
aggregates. Measurements of hydrolytic enzyme rates along
with the fluorescent properties of organic matter suggest that

bacterial degradation activity changes the composition of

chromophoric dissolved organic matter to more humic-like
compounds. Another experimental study by Kamalanathan
et al. reports on the role of bacterial extracellular enzymes
during exposure to hydrocarbons and dispersant in mesocosm
tanks and observed enhanced EPS (extracellular polymeric
substances) production and extracellular enzyme activities in
the oil amended treatment. These studies, which span both the
field and laboratory, highlight the role of microbial enzymes in
processing organic matter and the ramifications for diversity,
resource remineralization, and community responses to
anthropogenic perturbations.

Two of the papers in this issue address methodological
concerns or improvements on enzyme activity measurements.
Obayashi et al. use kinetic experiments to suggest improvements
in material and methods for measurements of extracellular
protease activities, and specifically highlight the relevance
of using low protein binding materials. Also, Vrba et al.
propose the fluorescence-labeled enzyme activity (FLEA) assay
based in a novel substrate, ELF97 phosphate, that allows
tagging extracellular phosphatase activity on single cells in an
epifluorescence microscope and has shown to be useful in green
algae cultures. This assay is shown being a strong tool for
exploring plankton P metabolism.

The last part of the issue is focused on the characterization
of new enzymes: a novel salt-tolerant esterase from deep-sea
sediment of the South China Sea (Zhang et al.) and a new S8
serine protease from marine sedimentary Photobacterium sp.
A5-7 (Li et al.).

The broad-range of articles presented in this topic deepens
our understanding on the controls, activities, and biogeochemical
consequences of microbial enzymes in aquatic environments.
This body of work has, not only increased our knowledge, but
also identified challenges and questions that remain open and
should be addressed in the future.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This study was supported by grant ANIMA (CTM2015-65720-R)
funded by the Spanish Government to MS and by the NSF grant
OCE-1464392 to AS.

REFERENCES

Arnosti, C., Bell, C., Moorhead, D. L., Sinsabaugh,. R. L., Steen, A.

D., Stromberger, M., et al. (2014). Extracellular enzymes in terrestrial,

freshwater, and marine environments: perspectives on system variability and

common research needs. Biogeochemistry 117, 5–21. doi: 10.1007/s10533-013-

9906-5

Chróst, R. J. (1989). Characterization and significance of beta-glucosidase activity

in lake water. Limnol.Oceanogr. 34, 660–672. doi: 10.4319/lo.1989.34.4.0660

Chróst, R. J. (1991). Microbial Enzymes in Aquatic Environments. New York, NY:

Springer Verlag, 317.

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

Freixa, A., Acuña, V., Casellas, M., Pecheva, S., and Romaní, A. M. (2017).

Warmer night-time temperature promotesmicrobial heterotrophic activity and

modifies stream sediment community. Global Change Biol. 23, 3825–3837.

doi: 10.1111/gcb.13664

Frontiers in Microbiology | www.frontiersin.org 2 June 2019 | Volume 10 | Article 1463

https://doi.org/10.3389/fmicb.2017.02438
https://doi.org/10.3389/fmars.2017.00200
https://doi.org/10.3389/fmicb.2017.00353
https://doi.org/10.3389/fmicb.2018.00368
https://doi.org/10.3389/fmicb.2017.02589
https://doi.org/10.3389/fmicb.2017.00351
https://doi.org/10.3389/fmars.2017.00430
https://doi.org/10.3389/fmicb.2018.00798
https://doi.org/10.3389/fmicb.2017.01952
https://doi.org/10.3389/fmicb.2018.00271
https://doi.org/10.3389/fmicb.2017.00441
https://doi.org/10.3389/fmicb.2016.02016
https://doi.org/10.1007/s10533-013-9906-5
https://doi.org/10.4319/lo.1989.34.4.0660
https://doi.org/10.1126/science.1153213
https://doi.org/10.1111/gcb.13664
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Sala et al. Enzymes, Microorganisms, Aquatic Environments, Activity

Hoppe, H. G. (1983). Significance of exoenzymatic activities in the ecology

of brackish water: measurements by means of methylumbelliferyl

substrates. Mar- Ecol. Prog. Ser. 11, 299–308. doi: 10.3354/meps0

11299

Piontek, J., Lunau, M., Handel, N., Borchard, C., Wurst, M., and Engel,

A. (2010). Acidification increases microbial polysaccharide degradation

in the ocean. Biogeosciences 7, 1615–1624. doi: 10.5194/bg-7-1

615-2010

Sala, M. M., Aparicio, F., Balagué V., Boras, J. A., Borrull, E., Cardelús, C.,

et al. (2016). Contrasting effects of ocean acidification on the microbial

food web under different trophic conditions. ICES J. Mar. Sci. 73, 670–679.

doi: 10.1093/icesjms/fsv130

Ziervogel, K., Joye, S. B., and Arnosti, C. (2016). Microbial enzymatic activity

and secondsary production in sediments affected by the sedimentation pulse

following the Deepwater Horizon oil spill. Deep Sea Res. II 129, 241–248.

doi: 10.1016/j.dsr2.2014.04.003

Conflict of Interest Statement: The authors declare 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 © 2019 Sala, Piontek, Endres, Romani, Dyhrman and Steen. 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) and the copyright owner(s) 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.

Frontiers in Microbiology | www.frontiersin.org 3 June 2019 | Volume 10 | Article 1463

https://doi.org/10.3354/meps011299
https://doi.org/10.5194/bg-7-1615-2010
https://doi.org/10.1093/icesjms/fsv130
https://doi.org/10.1016/j.dsr2.2014.04.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

	Editorial: Extracellular Enzymes in Aquatic Environments: Exploring the Link Between Genomic Potential and Biogeochemical Consequences
	Author Contributions
	Funding
	References


