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Editorial on the Research Topic

Environmental Bioenergetics

Energy is continuously transformed in the environment through the metabolic activities of
organisms. Catabolic reactions generate energy (energy-yielding) which are used to fuel anabolic
reactions for maintenance and growth (energy-requiring). These transformations of energy (i.e.,
bioenergetics) underpin most biogeochemical cycles on Earth and allow the delivery of a wide
range of life-supporting ecosystem services. It has long been understood that the amount and
types of energy available in an environment influence the rates of biological activity and the
complexity of interactions in that system. Traditionally, energy fluxes and stocks have not been
described in a quantitative manner, and it is not well-understood how physicochemical theorems
such as thermodynamic principles are manifested in environmental systems. Theoretical ecological
frameworks (Odum, 1969; Addiscott, 1995) have suggested that the more complex ecosystems
become in terms of their food webs, the more efficient they are, i.e., relatively less energy is
wasted when utilizing resources. However, this has not been rigorously tested experimentally, but
in recent years, scientists in a number of fields have increasingly shown interest in quantifying
how bioenergetics constrain and define ecosystem functioning. For example, organic matter in
soils has distinct energetic signatures, e.g., energy densities and activation energies (Barré et al.,
2016; Williams et al., 2018), and microbial bioenergetics provides empirical data for mechanistic
models of carbon turnover in soils, work that is relevant to climate change (Sparling, 1983;
Herrmann et al., 2014; Barros et al., 2016; Bölscher et al., 2017). Furthermore, geochemists have
quantified the amount of chemolithotrophic energy available for microorganisms in a number of
extreme environments to infer the dominant metabolic activities (e.g., McCollom and Shock, 1997;
Shock et al., 2010; Osburn et al., 2014). These activities are challenging to monitor due to their
inaccessibility and incredibly slow rates of energy processing. Although all of these efforts represent
significant progress in the field of biogeochemistry, bioenergetics analysis of natural systems is
still in its infancy. Nonetheless, there is increasing interest in using bioenergetics tools to better
characterize biogeochemical cycling in water, soils, and sediments in terrestrial, freshwater, and
marine ecosystems.

In this general context, this Research Topic aims to gather contributions from scientists
working in diverse disciplines who have a common interest in evaluating bioenergetics at various
spatio-temporal scales in a variety of different environments. The scientific disciplines involved
include microbial chemistry, geomicrobiology, extreme microbiology, and soil biogeochemistry,
and these articles show the diversity of topics demonstrating the environmental breadth
of bioenergetics.
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MICROBIAL CHEMISTRY

In two companion papers, Jin and Kirk and Jin and Kirk explore
how pH affects the thermodynamics and kinetics of microbial
respiration using geochemical reactionmodeling. Their approach
is an expansion of the work proposed by Bethke et al. (2011),
and by using such a reductionist approach, they show that
pH is an important factor in shaping the composition and
functioning of microbial communities. In another reductionist
approach, Harris et al. examine the capability of nine Shewanella
strains to transport extracellular electrons to insoluble electron
acceptors such as metal oxides. Five strains are capable of this
behavior with some strains showing a preference for a particular
metal oxide. Such fundamental studies provide information on
underlying basic processes occurring in complex interactions in
the environment.

GEOMICROBIOLOGY

Interactions between microorganisms and minerals play an
important role in the transformation of rocks in natural systems
(Banfield and Nealson, 1997; Shock, 2009). In this Research
Topic, Dhami et al. explore the intersection of microbial ecology,
geochemistry and the mechanical properties of minerals, and
conclude that physicochemical conditions are important in
selecting microbial communities under different environmental
conditions. Liu et al. address how biologically produced minerals
exert influence over the transport of metal ions and thus how
microbial behavior modifies ecosystems. Finally, in a modeling
article, Vallino and Huber put forward a complementary holistic
approach based on thermodynamics. They evaluate the principle
of maximum entropy production by combining a metabolic
network, a transport model and an entropy production and
optimization procedure. In this approach, field observations and
modeling are combined and the results support their hypothesis
that biological systems evolve and organize to maximize entropy
production over a wide range of spatio-temporal scales.

EXTREME MICROBIOLOGY

Marine (sediment, oceanic basement, seep habitats) and
continental (crust, ores, and aquifers) environments are energy-
limited habitats. Haas et al. explore the biogeochemistry of
anoxygenic photosynthesis in a thick microbial mat in Magical
Blue Hole in The Bahamas. When iron is present, sulfur
cycling slows down considerably. Yet, despite extreme light
limitations, green sulfur bacteria were able to carry out
anoxygenic photosynthesis, producing a potential biomarker for
extreme low-light environments. In a review paper, Bradley et al.
summarize diagenetic models (Arndt et al., 2013) commonly
used to evaluate microbial energetics in marine sediments (e.g.,
growth rate, yield maintenance, and the physiological state of
microorganisms), and provide a new model where all factors
including dormancy are encompassed. Such a modeling tool will
advance our understanding of why microbial communities can
persist under unfavorable conditions on geological timescales.
Marine sediments therefore can serve as a model system for how

life could persist on extra-terrestrial settings. In a review paper,
Jones et al. present an overview of how energetic limitation in
subsurface environments can serve as potential analogs for life
on other planetary bodies. The value of these contributions go
beyond our understanding of processes on planet Earth.

SOIL BIOGEOCHEMISTRY

Soil organic matter serves as carbon and energy source for
microorganisms, and the use of the average nominal oxidation
state of carbon has been suggested as a universal metric of the
bioenergetics potential of microbial metabolism decomposing
organic matter in soils (LaRowe and Van Cappellen, 2011; Nunan
et al., 2015; Gunina et al., 2017). In the current Research Topic,
Boye et al. extend this approach to make progress on sustainable
land-use management issues such as the degradation of organic
matter in oxygen-limited rice paddy systems. Using energy
balances of redox-processes, their results indicate that water-
soluble carbon is key driver of microbial processes with major
impacts on ecosystem functioning. Arcand et al. explore the
functional importance of soil biota, including their composition,
in organic and conventional management systems. Combining
isothermal calorimetry with 13C-DNA stable isotope probing,
they demonstrate that long-term agricultural management can
alter microbially driven carbon processes in soils. Furthermore,
Williams and Plante propose a bioenergetics framework for
assessing the persistence of organic matter in soil systems.
The framework is based on a return-on-investment ratio, the
ratio between energy invested in relation to energy density
(Harvey et al., 2016). Their framework contradicts traditional
humus theory that organic matter is composed of inherently
stable macromolecules; instead it supports the idea that organic
matter is a continuum of progressively decomposing organic
compounds (Lehmann and Kleber, 2015).

CONCLUSIONS

The 12 articles comprising this Research Topic only begin to
scratch the surface of the very broad emerging research area
of environmental bioenergetics. By taking an energetic view
of microbial metabolism in various environments, we may
(i) further our understanding of the link between microbial
communities and their activities in relation to geochemical
processes, and (ii) improve our prediction of microbial feedback
mechanisms and ecosystem responses to climate change. The
publication of this volume comes at a key moment in which
the delivery of ecosystem services is of high importance (IPBES,
2019) and the need to achieve the UN Sustainable Development
Goals for 2030 (UN-DSDG, 2019) becomes an increasingly
urgent issue. We aspire that this collective work will inform and
stimulate more studies on this Research Topic in the coming
years, and we advocate that environmental bioenergetics research
(including development of new concepts and frameworks) needs
to be integrated with targeted scientific research to address the
pressing challenges humankind is currently faced with.
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