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Low bioavailability of organic carbon (C) and energy are key constraints to microbial biomass and ac-
tivity. Microbial biomass, biodiversity and activity are all involved in regulating soil ecosystem services
such as plant productivity, nutrient cycling and greenhouse gas emissions. A number of agricultural
practices, of which tillage and fertiliser application are two examples, can increase the availability of soil
organic C (SOC). Such practices often lead to reductions in soil aggregation and increases in SOC loss and
greenhouse gas emissions. This review focuses on how the bioavailability of SOC and energy influence
the ecology and functioning of microorganisms in agricultural soils. Firstly we consider how manage-
ment practices affect the bioavailability of SOC and energy at the ecosystem level. Secondly we consider
the interaction between SOC bioavailability and ecological principles that shape microbial community
composition and function in agricultural systems. Lastly, we discuss and compare several examples of
physiological differences that underlie how microbial species respond to C availability and management
practices. We present evidence whereby management practices that increase the bioavailability of SOC
alter community structure and function to favour microbial species likely to be associated with increased
rates of SOC loss compared to natural ecosystems. We argue that efforts to restore stabilised, sequestered
SOC stocks and improve ecosystem services in agricultural systems should be directed toward the
manipulation of the microbial community composition and function to favour species associated with
reduced rates of SOC loss. We conclude with several suggestions regarding where improvements in
multi-disciplinary approaches concerning soil microbiology can be made to improve the sustainability of
agricultural systems.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Soils provide essential ecosystem functions and services such as
food production, regulation of atmospheric concentrations of
greenhouse gases, prevention of soil erosion, regulation of the
quality and quantity of water availability, and the maintenance of
animal, plant and microbial biodiversity (Ciais et al., 2013; Diaz
et al., 2006; Pimentel, 2000; Tilman et al., 1997). Soil organic car-
bon (SOC) dynamics play a fundamental role in regulating
ecosystem functions and services (Lorenz and Lal, 2014). The ben-
efits of SOC are many and include: a source of associated essential
elements for biological activity, such as nitrogen (N), phosphorus
(P) and sulphur (S), collectively termed soil organic matter (SOM);
improved ion exchange capacity; soil water retention; improved
soil aggregation and reduced erosion; and as a sink for potential
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greenhouse gases (Lal, 2014). It is well documented that the con-
version of native vegetation to soils used for agricultural purposes
results in losses of 25e50% of SOC (Lal, 2008). Continual reductions
in SOM pose a significant threat to future food security, atmo-
spheric concentrations of greenhouse gases and biodiversity
maintenance (FAO, 2015). Over the past two decades, a number of
excellent reviews describing the physical and chemical factors
involved in the stabilisation and turnover of SOM have beenwritten
(Baldock and Skjemstad, 2000; Cotrufo et al., 2013; Dungait et al.,
2012; Schmidt et al., 2011; Sollins et al., 1996; von Lützow et al.,
2007). However, a notable component lacking in these reviews
has been that of microbiology, which is interesting when one
considers that microbiologists were among the first to describe
Earth's biogeochemical cycles (Beijerinck, 1888, 1895;
Winogradsky, 1887, 1890). The purpose of this review is to better
integrate concepts such as microbial ecology and physiology into
the soil physico-chemistry governing SOM turnover. We aim to
dispel the supposition of the soil microbial ‘black box’ by discussing
atter transformation in agricultural soils, Soil Biology & Biochemistry
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several physiological properties that contribute to a cellular
mechanistic basis for decreases in SOC in agricultural systems.
Consequently, we address the key soil physico-chemical factors
controlling SOC turnover in relatively less depth than the impact of
land management practices on soil microbial ecology and physi-
ology. We conclude by arguing that the aim of restoring stabilised,
sequestered SOC stocks would be improved by considering the
responses of microbial ecology and physiology to the effects of
specific management practices, ideally leading to methods for the
targetedmanipulation of the system to favour specific phylogenetic
and functional taxa.
2. Bioavailability and processing of potential energy in
agricultural systems

Agricultural ecosystems across the globe are incredibly diverse
in terms of edaphic and climatic properties, land use (e.g. cropping,
pasture), and land management (e.g. tillage, type and quantity of
fertiliser application, crop rotation, cropping intensity, mono-
versus polyculture) (Matson et al., 1997; Reeves, 1997; Tilman
et al., 2002; West and Post, 2002). Furthermore, there is substan-
tial spatial variability, not only across landscapes but also with soil
depth. Despite this variability, there are several characteristics
which soils tend to develop after transitioning from native vege-
tation to agriculture, such as: a) loss of aggregate stability and
increased erosion; b) acidification; c) over-supply or insufficient
replacement of N and P relative to crop removal; d) changes in the
molecular composition of plant biomass input; e) reductions in
both composition and abundance of functional biodiversity of local
plant, animal and micro-organisms; and f) SOM loss (Don et al.,
2011; FAO, 2015; Flynn et al., 2009; Matson et al., 1997; Pimentel
et al., 1992; Sala et al., 2000; Smith et al., 2016; Vitousek et al.,
2009). Each of these has the potential to change the quantity
and/or composition of SOM which is available for microbial meta-
bolism. The predominant factor limiting the activity of heterotro-
phic microorganisms is the availability of organic C (Blagodatsky
and Richter, 1998). For this reason, changes in organic C availabil-
ity have profound consequences for soil biological processes
Fig. 1. A conceptual diagram of important interactions between: the environment and SO
ronment, which affect cell viability and activity; SOM and microorganisms, such as relative m
controls on SOM bioavailability; and finally edaphic properties and microorganisms, such a
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(Schmidt et al., 2011). Fig. 1 provides a conceptual framework
illustrating the interactions between the environment, SOM,
edaphic properties andmicroorganismswhich will be continuously
referred to in this section.
2.1. Soil physical properties affecting SOM bioavailability

A number of soil physical properties are important in regulating
SOM bioavailability for microbial metabolism, such as the rate of
aggregate formation, the distribution, size and network connec-
tivity of pore space, soil mineralogy and surface area to volume
ratio of soil minerals. Aggregate formation follows a complex cycle
whereby macroaggregates (>250 mm in diameter) are formed by
free microaggregates (<250 mm in diameter) binding together via a
combination of electrostatic interactions between clay minerals,
polyvalent cations, particulate organic matter (>53 mm particle
diameter, POM) and fungal mycorrhizal and root structures
(Edwards and Bremner,1967; Gupta and Germida, 2015; Tisdall and
Oades, 1982). Once this occurs, new microaggregates are formed
within macroaggregates as microorganisms convert encapsulated
POM into ‘microbial-derived binding agents’ such as extracellular
polymeric substances (EPS) necessary for biofilm formation and
particle aggregation (Angers et al., 1997; Flemming andWingender,
2010; Sandhya and Ali, 2015; Six et al., 2000a; Tisdall and Oades,
1982). Finally, the macroaggregate structure is destabilised once
the original organic binding agents are sufficiently degraded,
freeing microaggregates which can repeat the cycle (Six et al.,
2000a). The importance of this process for regulating SOM
bioavailability is made evident by physical disturbance of macro-
aggregates. Land management practices such as conventional
tillage result in significant decreases in SOM despite similar inputs
of plant biomass to non-tilled soil (Hutchinson et al., 2007;
McLauchlan, 2006; Six et al., 2000a, 2000b). Aggregate integrity
and SOC stocks can be recovered, at least partially, by conversion of
cropping soils to pasture (Conant et al., 2001; Don et al., 2011;
Gebhart et al., 1994) or by adopting no-till management practices
(Reeves, 1997; West and Post, 2002). Furthermore, aggregate for-
mation through particle flocculation can be disrupted by
M, primarily as factors affecting plant biomass input; microorganisms and the envi-
olecular complexity of SOM; SOM and edaphic properties, including aggregate integrity
s pore size and connectivity restricting access to SOM or cell movement.

atter transformation in agricultural soils, Soil Biology & Biochemistry
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management practices which affect soil pH, such as liming and use
of ammonium nitrate fertilisers (Haynes, 1999). Fig. 1 depicts an
interaction between SOM bioavailability and edaphic properties,
whereby the protection of SOM (in green) is partially dependent on
aggregate formation or disruption (in brown).

Another important physical aspect is the distribution, size and
network connectivity of pore spaces within and between aggre-
gates, which can vary from micropores (<0.1 mm in diameter) to
macropores (�20 mm to centimetres in diameter) (Adu and Oades,
1978; Baldock and Skjemstad, 2000; Foster, 1988). This is particu-
larly dependent on soil clay content (physical particle diameter of
<2 mm), whereby increasing soil clay content increases micropore
abundance and in turn can reduce the rate of OM decomposition
(Chenu and Plante, 2006; Chotte et al., 1998; Killham et al., 1993).
Where SOM is protected within pores inaccessible to microbial
cells, C bioavailability is dependent upon abiotic factors which
regulate diffusion of extracellular enzymes and soluble substrate,
such as temperature, water-filled pore space (WFPS) and lowwater
potential arising from low pore connectivity (Kemmitt et al., 2008).
For example, where low pore connectivity results in low water
potential, biodiversity of bacterial communities increase likely due
to reduced diffusion of SOM, extracellular enzymes and increased
spatial separation of microbial cells (Carson et al., 2010). However,
increasing WFPS can also decrease the rate of decomposition of
bioavailable SOM by limiting oxygen (O2) diffusion and therefore
aerobic heterotrophic metabolism, for example reduced turnover of
SOM in pores < 6 mm in diameter relative to 6e30 mm in diameter
(Baldock et al., 2004; Killham et al., 1993). Although soils of
increasing clay content are often associated with both increasing
amounts of microbial biomass C (MBC) and SOC (Banu et al., 2004;
Constancias et al., 2015; Dalal, 1998), this correlation does not
necessarily result in greater rates of C mineralisation (Wardle,
1992). This is indicative of the role of clay in hindering SOM
bioavailability. Fig. 1 depicts an interaction between microbial cells
and soils of differing pore connectivity (as an edaphic property),
whereby increased pore connectivity affects SOM bioavailability
and increased microbial cellular activity, with active cells in light
blue and inactive cells in dark blue.

Soil mineralogy, and again in particular clayminerals, contribute
further to SOM protection through increasing the surface area to
volume ratio of potential sites where organo-mineral complexes
can be formed. Extensive investigations with cross polarisation-
nuclear magnetic resonance spectroscopy have identified strong
associations of 13C carbohydrate, aliphatic, carbonyl, alkyl and O-
alkyl C functional groups with clay and silt particles (Baldock et al.,
1990; Barron et al., 1980; Golchin et al., 1994). Such organo-mineral
complexes are the predominant control on long-term stabilisation
of SOM (Kogel-Knabner et al., 2008). Amorphous non-crystalline
minerals with high surface area (such as allophane, imogolite and
ferrihydrite) are particularly efficient at protecting SOM (Kramer
et al., 2012; Torn et al., 1997) compared to crystalline clays (such
as halloysite, kaolinite, gibbsite, goethite and hematite). However,
soils of increasing crystalline clay content remain relatively more
efficient at limiting the bioavailability of SOM than soils of
increasing sand and silt content (Badgery et al., 2013; Hassink,
1997). The mineralogy itself also determines SOM bioavailability,
which is dependent on polyvalent cations at the mineral surface.
Adsorption of SOM to aluminium, iron and manganese oxides via
ligand exchange is preferential in acidic soils, whereas polyvalent
cation bridges are formed between SOM and calcium and magne-
sium in neutral or alkaline soils (von Lützow et al., 2007). Thus,
depending on the soil mineralogy, land management practices that
affect soil pH will alter the adsorption of soluble SOM to soil min-
erals and thereby influence SOM bioavailability (Haney et al., 2001;
Jardine et al., 1989; Zech et al., 1994).
Please cite this article in press as: Finn, D., et al., Microbial energy and m
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2.2. Bioavailability dependent on SOM chemical properties

While the view that SOM turnover is dependent on the inherent
quality of SOM is developing into the view that turnover is more
dependent on the ecosystem as awhole (Schmidt et al., 2011), some
degree of recalcitrance to microbial metabolism due to chemical
structure cannot be ruled out (Dungait et al., 2012). For example,
the initial stage of POM mineralisation is primarily dependent on
plant litter chemistry, which can be plant species specific (Bejarano
et al., 2014; Finn et al., 2015; Hobbie, 2005; Mathers et al., 2007).
This is attributed to the relative abundance of alkyl, N-alkyl,
methoxyl and carboxyl C functional groups (associated with labile
amino acids, organic acids and lipids) and O-alkyl and di-O-alkyl C
functional groups (associated with cellulose, hemicellulose, tannin
and lignin) that comprises plant litter. The composition of POM
determines its bioavailability by controlling the enzymatic rate of a
specific reaction or the multitude of reactions required to solubilise
it for cellular uptake (Bosatta and Ågren, 1999). Fig. 1 depicts the
final stage of cellulose catabolism in an interaction between SOM
and microbe: cellobiose is hydrolysed to glucose by cellobiohy-
drolase, as cleaving of disaccharides to monosaccharides (in green)
and subsequent uptake of soluble substrate by the cell (light blue).
Conversion or rotation to pasture improves SOM stocks within the
top 15 cm of soil by increasing relatively recalcitrant below-ground
plant biomass, with greater improvements when specific grass
species are present, for example greater SOM stocks under native
pasture than exotic grass species (Allen et al., 2013; Conant et al.,
2001; Pineiro et al., 2010; Skjemstad et al., 1990). This could be a
consequence of specific species either allocating greater C and N to
relatively more recalcitrant root structures, or perhaps if certain
native grasses demonstrate improved rates of primary productivity
compared to exotic grass species. Similarly, agroforestry manage-
ment practices with tree species that have a high root biomass:
above-ground biomass ratio can significantly increase SOM stocks
(Lorenz and Lal, 2014).

Quantitatively, the majority of SOM is within the <53 mm
silt þ clay fraction, herein termed humus (Skjemstad et al., 2004).
Humus is chemically distinct from POM, with a lower abundance of
carbohydrate and cellulose and an enrichment of amides, lipids and
organic acids (Baldock et al., 1997, 2013; Grandy and Neff, 2008).
This indicates that the majority of SOM consists of microbially-
derived OM or as the products of microbial metabolism. In bulk
soil, humus is the primary source of energy for micro-organisms
(Kuzyakov and Blagodatskaya, 2015) and a diverse range of
micro-organisms are capable of metabolising aromatic humic
compounds (Park and Kim, 2015). However, the turnover of the
humus C pool is considerably slower (and presumably less
bioavailable) than POM (Balesdent et al., 1988; Coleman and
Jenkinson, 1996; Jenkinson and Rayner, 1977). As described above,
a number of soil physical properties restrict the bioavailability of
SOM. Furthermore, the sheer complexity of the chemical structures
that comprise humus, and the low volume of soil inhabited by
microorganisms (<1%), means there is considerable separation
between microorganism, extracellular enzyme and specific sub-
strate in space (Foster, 1988; Schmidt et al., 2011). Finally, the
relatively ‘low-quality’ (considered as less uptake of soluble SOM
per enzymatic reaction due to structural complexity) of humus is a
major limiting factor in the rate of humus decomposition (Bosatta
and Ågren, 1999). In short, humus represents a less bioavailable
pool of SOM than POM. As a management practice, the addition of
low-quality decomposed or composted OM (i.e. manure, biosolids)
has been shown to significantly improve SOM stocks compared to
the addition of the equivalent amount of fresh POM (Haynes, 1999;
Jenkinson, 1990; Johnston, 1975; McLauchlan, 2006; Powlson et al.,
2011).
atter transformation in agricultural soils, Soil Biology & Biochemistry
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2.3. Bioavailability dependent on POM input and retention

To maintain SOM stocks and soil aggregates, POM must be
degraded to humus and subsequently stabilised via edaphic factors
(Cotrufo et al., 2013; Dungait et al., 2012). Energy starvation due to
poor bioavailability of POM is itself a control on SOM turnover, and
is the predominant factor limiting microbial activity (Blagodatsky
and Richter, 1998). During starvation, the number of viable micro-
bial cells within a population decreases rapidly, which is not
necessarily coupled to cell lysis or loss of MBC (Morita, 1993). A
viable subpopulation of cells remains active, often in a dormant
state resistant to environmental stress. Starved cells can respond
immediately to the input of energy (even after starvation periods of
eight months) (Amy and Morita, 1983) with the lag phase prior to
the resumption of exponential growth dynamics dependent on the
length of the starvation period. In situ these irregular bursts of
bioavailable energy are termed pulse events and can last hourse-
days in the rhizosphere or weeksemonths in the bulk soil,
dependent on environmental factors such as soil moisture, tem-
perature and plant biomass input (Kuzyakov and Blagodatskaya,
2015; Matzner and Borken, 2008; Rousk and Baath, 2011). The
frequency of these events, and the activity of the microbial com-
munity, will determine cell viability and therefore the turnover of
SOM. The interaction between environment and microbe in Fig. 1
depicts different rates of SOM processing (in green) between mi-
crobial communities with varying numbers of viable (light blue)
and non-viable (dark blue) cells. Under favourable conditions, POM
is partially decomposed. Presuming these compounds are stabilised
via organo-mineral interactions, or become physically inaccessible
to further decomposition, or the relative recalcitrance of microbial
products makes their further decomposition less favourable,
partially decomposed POM will promote soil aggregation and
increased SOM stocks.

Stubble or crop residue retention, coupled with reduced tillage,
as a source of POM is a well-proven method for maintaining soil
aggregation and SOM stocks in agricultural soils bymaintaining the
viability and biological function of soil microorganisms (Jordan
et al., 2010; Mulumba and Lal, 2008; Prove et al., 1990).
Conversely, fallow periods with crop species that demonstrate a
low input of plant biomass to soil result in significant losses of SOC
(Campbell et al., 2000).

2.4. Effects of ecological stoichiometry and biodiversity

Plant biomass as litter (leaf, root and wood) or rhizodeposits are
the primary source of humus (Kogel-Knabner, 2002). The differ-
ential allocation of C, N and P in biomass, dependent on plant
species, can affect humus formation and SOM turnover by influ-
encing the ecological stoichiometry of the system (Zechmeister-
Boltenstern et al., 2015). Ecological stoichiometry controls micro-
bial and fungal CUE, as a measure of the ratio of C anabolism versus
catabolism (Manzoni et al., 2012). For example, there is a large
discrepancy between the C:N ratio of plant biomass (15e300)
compared to fungal and microbial biomass (<10) (Anderson and
Domsch, 1980; Bertrand et al., 2011; Gleixner, 2013; Mouginot
et al., 2014; Shen et al., 1984; Zechmeister-Boltenstern et al.,
2015). This discrepancy can result in reductions in humus immo-
bilisation relative to mineralisation, with greater C mineralisation
when plant material of increasing C:N ratio is decomposed (Craine
et al., 2007; Manzoni and Porporato, 2009; Moorhead and
Sinsabaugh, 2006). Furthermore, when nutrients such as N and P
are limiting, pre-existing SOM can be preferentially mineralised as
a resource for limiting nutrients, known as SOM priming
(Kuzyakov, 2010).

Above and belowground biodiversity of plant, soil fauna, fungal
Please cite this article in press as: Finn, D., et al., Microbial energy and m
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and bacterial species plays a role in decomposition and humus
formation. Fungal activity (often assumed to have a relatively high
CUE compared to bacteria) contributes to SOM gains in no-till
systems, whereas bacterial decomposition (assumed to have a
relatively low CUE compared to fungi) predominates in tilled sys-
tems (Beare et al., 1992), however a relationship between CUE and
the ratio of fungal biomass to bacterial biomass is not always pre-
sent (Thiet et al., 2006). In environments with increasing above-
ground plant species diversity, there are improvements in soil
biological function of carbohydrate, carboxylic acid, amine and
protein cycling (Loranger-Merciris et al., 2006), total plant C and N
inputs (Tilman et al., 1997; Zak et al., 2003) and agroforestry
management significantly improves ecosystem properties such as C
and N turnover (Wood et al., 2015). In agricultural systems, incor-
poration of crop rotations and increasing the diversification of crop
rotations can also yield benefits to soil function (McDaniel et al.,
2014; Reeves, 1997; West and Post, 2002). Rotation benefits are
crop species specific, with species that demonstrate low biomass
inputs and elicit poor CUE (e.g. flax, Linum usitatissimum L.)
contributing less to SOC gains than species with low plant C:N ratio
and which elicit higher CUE (e.g. lentil, Lens culinaris L.) (Campbell
et al., 2000). Thusmanagement practiceswhich affect the efficiency
of biological humus formation will ultimately affect the quantity
and quality of bioavailable SOM. Fig. 1 depicts environmental af-
fects (water availability as blue droplets, temperature as the sun
and N availability as N, but environmental affects also include
management practices such as fertilisation and aboveground plant
species biodiversity) on SOM by controlling the amount of SOM
provided by aboveground plant species.

2.5. Fertilisation effects on SOM turnover

Fertilisation practices aim to prevent reductions in soil N and
phosphorous (P) in agricultural systems, however fertilisation can
alter the stoichiometry of the system through oversupply or
insufficient replacement of N and P relative to crop removal
(Matson et al., 1997; Vitousek et al., 2009). This has the potential to
significantly alter microbial viability and activity (Berg and
Matzner, 1997; Carreiro et al., 2000; Fog, 1988; Sinsabaugh et al.,
2002). The consequences of this can be either increases in SOM
stocks (Cusack et al., 2010, 2011; Frey et al., 2014) or decreases
(Khan et al., 2007) or no interactions at all (Grandy et al., 2013;
Robertson et al., 2015). These variable results are presumably due
to CUE and priming system properties, dependent on stoichiometry
(including both plant biomass input and SOM) that vary between
soils. For example, N fertilisation of low TOC and high C:N ratio soils
can lead to priming and SOM loss, whereas N fertilisation of high
TOC and low C:N ratio soils can have minimal change in C miner-
alisation (Finn et al., 2015). By standardising input plant residue
ratios of C, N, P and sulphur with inorganic forms in order to match
stoichiometric ratios of soil humus (10 000: 833: 200: 143 for C, N,
P and sulphur, respectively) Kirkby et al. demonstrate significant
improvements in humification efficiency in vitro, and thus in-
creases in SOM (Kirkby et al., 2013). The variation in how SOM
stocks respond to fertilisation is also dependent on cropping
practices and whether soil pH is affected by long-term inorganic N
fertilisation (Geisseler and Scow, 2014). An alternative to fertilisa-
tion is the use of rotationswith N fixing legumeswith low plant C:N
ratio, which can contribute to improved soil N, however this is
dependent upon the quantity of N-rich plant residue input (Conant
et al., 2001; Drinkwater et al., 1998; Peoples and Baldock, 2001).
Comparisons of soils under forest, corn/soybean/wheat rotation
and soybean monoculture demonstrate increasing microbial CUE
with increasing N input and most markedly under N fixing soybean
monoculture (Lee and Schmidt, 2014). As in Section 2.3, insufficient
atter transformation in agricultural soils, Soil Biology & Biochemistry
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or oversupply of N and/or P can affect the interaction between both
environment and microbe and environment and SOM, through
plant species (Fig. 1) by influencing the viability and activity of the
microbial and plant communities.

3. Soil microbial ecology in agricultural systems

Microbial biodiversity and community composition play a sig-
nificant role in a number of processes of agricultural importance,
such as: a) a significant positive effect on ecosystem functions
including plant productivity (Delgado-Baquerizo et al., 2016;
Hartmann et al., 2008); b) regulation of soil C and N cycling,
particularly in the rhizosphere (Bender et al., 2016; Delgado-
Baquerizo et al., 2016; Schimel and Schaeffer, 2012); and c) regu-
lation of live-weight gain in ruminant livestock production
(Hungate, 1966; Russell and Rychlik, 2001). A thorough discussion
of microbial ecological theory is beyond the scope of this review.
Here we focus on hypotheses relevant to how microbial commu-
nities are shaped by SOC bioavailability. We discuss examples of
howmicrobial communities are affected by conversion of natural to
an agricultural ecosystem, and effects of specific land management
practices.

3.1. Carbon and energy flow measured as CUE

Describing ecological systems through metabolism and energy
flow is a concept that has been favoured over time (Odum, 1968).
This is because, at its foundation, energy flow is unidirectional due
to the second law of thermodynamics. This makesmeasurements of
energy flow more informative of ecosystem dynamics than mea-
surements of constantly cycling pools of OM, i.e. MBC (Odum,
1968). For example, OM input as rhizodeposits to a rhizosphere
microbial community may have no net effect on total MBC, and so
would appear to be a rather static system, despite active uptake,
catabolism and anabolism of OM. Of particular interest to C and
energy flow in terrestrial systems is CUE, considered as a ratio of C
anabolism versus catabolism. It is likely that soil microbial CUE in
situ converges at approximately 0.3, which is roughly half of the
estimated thermodynamic maximum for microbial growth
(Sinsabaugh et al., 2013). However this figure varies greatly be-
tween studies, dependent on temperature, molecular composition
of substrate, water, C:N:P, O2 availability, protozoal grazing of mi-
croorganisms and potentially the ratio of fungal biomass to bacte-
rial biomass, however this is currently unclear (Frey et al., 2001; Lee
and Schmidt, 2014; Manzoni et al., 2012; Thiet et al., 2006). An
increase in the quantity of easily decomposable C, as in cropping
systems relative to forestry systems, demonstrates a negative
relationship with CUE (Sinsabaugh et al., 2016). Decreases in the
relative CUE of an ecosystem leads to loss of SOC stocks
(Zechmeister-Boltenstern et al., 2015).

The CUE is often measured as a ratio of microbial biomass
production: biomass production þ C mineralisation (Equation (1))
(however see Manzoni et al., 2012 for more methods of measuring
CUE).

CUE ¼ DMBC / DMBC þ RC (1)

whereby CUE is the carbon use efficiency of the system, DMBC is
the change inmicrobial biomass C (typically measured asmg C kg�1

soil by techniques such as chloroform-fumigation (Vance et al.,
1987)) and RC is cumulative respiration by the MBC (typically
measured as mg C kg�1 soil by techniques such as alkali traps or gas
chromatography (Singh et al., 2012; Wang et al., 2004)). Note that
this approach cannot be used where plant roots are also actively
respiring.
Please cite this article in press as: Finn, D., et al., Microbial energy and m
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A limitation of measuring CUE is that only the C retained by the
system is measured rather than individual steps in the flow of C.
Consequently, CUE calculations can be underestimated depending
on the degree of protozoal grazing of microbial cells and/or mac-
ropod predation of fungi, or by cryptic growth on microbial nec-
romass (Beare et al., 1992; Chapman and Gray, 1986; Frey et al.,
2001). This can pose difficulties in describing CUE in terms of mi-
crobial ecological significance. A possible means to disentangle
these interactions is with stable isotope probing approaches, which
track the flow of 13C, 15N and/or 18O through the nucleic acids of
individual microbial taxa (and potentially through trophic levels) to
determine organisms involved in the metabolism of a specific
substrate, or to identify ecological interactions such as co-
metabolism between taxa or predation due to dissemination of
labelled elements throughout the community over time (Neufeld
et al., 2007; Whiteley et al., 2007).

3.2. Ecological coherence at high taxonomic rank

Ecological coherence suggests that more closely related taxa
share a greater similarity of specific traits relative to more distantly
related taxa (Philippot et al., 2010). Large-scale (1374 bacterial ge-
nomes) distance-based network analyses comparing functional
traits predicted from annotated genomes support strong clustering
of shared function in specific phyla, such as Firmicutes, Chlamydia
and Acidobacteria (Zhu et al., 2015). Ecological coherence at high
taxonomic rank has been used to describe ecological groupings of
soil bacterial taxa, with the relative abundance of ‘copiotrophic’
Beta-Proteobacteria and Bacteroides linked to increased rates of
soil C mineralisation and ‘oligotrophic’ Acidobacteria linked to
decreased rates of soil C mineralisation (Fierer et al., 2007). Copi-
otrophs are defined as species with a highmaximum growth rate in
energy rich environments yet relatively poor CUE, whereas oligo-
trophs are considered as species with a lowmaximum growth rate,
high CUE and tend to dominate energy poor environments. A
number of studies appear to support ecological coherence of Pro-
teobacteria, Actinobacteria and Bacteroides as generally associated
with copiotrophic behaviour, and Verrucomicrobia, Firmicutes and
Acidobacteria as associated with oligotrophic behaviour (Fierer
et al., 2012; Goldfarb et al., 2011; Wessen et al., 2010). Thus, soils
which favour the enrichment of copiotrophs will demonstrate a
relatively low CUE over the same period of time as a soil dominated
by oligotrophs, and subsequently higher rates of C mineralisation
and reduced SOC stocks over time would be predicted.

There are potential limitations to the ecological coherence hy-
pothesis. These include: a) phyla do not always demonstrate the
same ecological behaviour between studies, for example Actino-
bacteria and Firmicutes have also been reported to have no rela-
tionship with C mineralisation (Fierer et al., 2007); b) specialised
functions, such as lignin catabolism and denitrification, can be
widely dispersed across phyla and so ecological coherence is
function specific (Goldfarb et al., 2011; Schimel and Schaeffer,
2012); c) high levels of functional diversity can be present within
a phylum, such as the Gamma, Alpha and Beta-Proteobacterial
classes (Zhu et al., 2015); and d) our understanding of the distri-
bution of functional traits related to C and nutrient turnover re-
mains quite poor. This is evident from the recent discoveries of
aerobic methane oxidation in Verrucomicrobia and the importance
of aerobic ammonia oxidation by Archaea, which were functions
historically thought specific to Proteobacteria (Dunfield et al., 2007;
Prosser and Nicol, 2012), and non-photosynthetic Cyanobacteria
(Soo et al., 2014). In plant ecology, an alternative to the arguably
simplistic copiotroph/oligotroph hypothesis has been proposed.
The competitor-stress tolerator-ruderal (or universal adaptive
strategy) hypothesis not only considers maximum growth rate in
atter transformation in agricultural soils, Soil Biology & Biochemistry
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response to energy availability but also adaptive capacity to envi-
ronmental perturbation and/or stress (Grime and Pierce, 2012).
There may be value in testing such a hypothesis in soil microbial
ecology, as the Actinobacteria in particular demonstrate rapid
adaptation to soil perturbation (as described below). Indeed, the
competitor-stress tolerator-ruderal hypothesis has been used to
convincingly argue ecological coherence within aerobic methano-
trophic Proteobacterial species (Ho et al., 2013).

3.3. Broad versus narrow functional biodiversity

Understanding the role of functional biodiversity on geochem-
ical processes to develop a predictive framework is of practical
interest for microbial ecologists and biogeochemists alike.
Currently, many geochemical models express microbial function-
ality as a single parameter which is assumed to remain constant
under all environmental conditions and also assumes that all mi-
crobial communities function identically (Allison and Martiny,
2008). Biodiversity (either taxonomic diversity of the entire com-
munity or functional diversity of specific taxa that comprise a
function) is commonly measured as the Shannon-Weaver diversity
index (H0), which is a function of the total number of taxa (richness)
and their abundance distribution (evenness) (Prosser, 2012). A
growing body of literature appears to suggest that the relationship
between biodiversity and the rates of individual functions is
sometimes significant and other times not. However, there is gen-
eral consensus that biodiversity is positively related to function at
the ecosystem level, and this has been demonstrated across na-
tional and international scales with strong correlations for func-
tions such as N mineralisation and with system properties such as
plant productivity, net primary productivity and litter decomposi-
tion (Delgado-Baquerizo et al., 2016; Wagg et al., 2014). The inter-
action between biodiversity and ecosystem function is of relevance
to agricultural ecosystems, as land management significantly af-
fects taxonomic and functional biodiversity (Constancias et al.,
2015; de Menezes et al., 2015; Mendes et al., 2015).

Microbial functions can be categorised as either: a) ‘broad’
functions which a relatively large proportion of the community can
carry out, i.e. disaccharide hydrolysis; or b) ‘narrow’ functions
which are performed by a relatively small proportion of the com-
munity, i.e. nitrification, nitrogen fixation and methane oxidation
(Schimel and Schaeffer, 2012). Differentiating these functional
categories is important as narrow functions may demonstrate
greater sensitivity to environmental perturbation, possibly due to
functional redundancy, resilience or resistance, or a combination of
these. Functional redundancy is defined as a function which mul-
tiple distinct taxa can perform; resilience is the capacity for a
function to remain stable despite perturbation; and resistance is
the rate at which a function recovers from perturbation (Allison and
Martiny, 2008). Narrow functions can be knocked out in low di-
versity soils. For example, comparative analyses of soils with rela-
tively low and high 16S rRNA gene biodiversity (H' ¼ 3.25 ± 0.02
and 3.68 ± 0.04, respectively, as measured with denaturing
gradient gel electrophoresis) perturbed with benzene lost the ca-
pacity to metabolise the organic pollutant 2,4-dichlorophenol in
the lower diversity soil, whereas the higher diversity soil recovered
2,4-dichlorophenol metabolism by nine weeks of incubation
(Girvan et al., 2005). Broad functions can show significantly
reduced resistance in low diversity soils. For example, by
decreasing diversity in soils with chloroform incubation
(H' ¼ 2.03e2.36 and 1.83e1.95 of non-treated and treated soils,
respectively), or mercury exposure (H' ¼ 3.83 ± 0.02 and
3.48 ± 0.02 for non-treated and treated soils, respectively) and then
perturbing with copper sulphate or heat shock, the lower diversity
soils demonstrated significantly greater lag periods before the
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recovery of OM decomposition (Griffiths et al., 2000; Muller et al.,
2002).

However, it should be noted that examples of no perturbation
effects on narrow (nitrite oxidation) or broad (denitrification)
functions across biodiversity gradients also exist (Wertz et al.,
2007). Additionally, community reconstruction experiments
comparing diversity effects of broad groups of soil organisms
(including microorganisms only, microbes þ mesofauna and
microbes þ mesofauna þ macrofauna) can show no diversity ef-
fects on broad functions such as OM decomposition, plant biomass
production and plant carbon dioxide uptake (Fitter et al., 2005).
These contradictory results may be due to methodological limita-
tions in appropriately assessing microbial diversity with culture-
based or 16S rRNA gene fingerprinting techniques. Furthermore,
many studies have assumed a relationship between taxonomic
diversity and function, as opposed to the diversity of a specific
functional gene and a function, again likely due to methodological
limitations or poor understanding of the distribution of certain
functions. This may be further complicated in that phenotypic ac-
tivity can indeed be dependent on taxonomy. For example only
specific methanotroph species, such as thosewithin the Upland Soil
Cluster-a group, appear to actively oxidise methane at atmospheric
concentrations whereas other species, such as Methylosarcina spp.,
only actively oxidise atmospheric concentrations of methane after
being induced with high concentrations of methane, for example in
water-saturated rice paddy soils that favour methanogenesis (Baani
and Liesack, 2008; Cai et al., 2016). Thus for certain ecosystem
functions a combination of functional gene diversity, taxonomic
diversity and knowledge of the conditions which induce protein
expression between species may be necessary to elucidate a rela-
tionship between function and diversity. This may explain why
relationships are more readily apparent for some functions, such as
enzymes involved in decomposition (Trivedi et al., 2016) but not
necessarily with others, such as methane oxidation (Rocca et al.,
2015). In short, much scope remains for appropriate ecological
hypothesis testing of the role of functional diversity in soil
geochemical processes (Prosser et al., 2007).

3.4. The impacts of land management on soil microbial
communities

Fig. 2 is a visual example of significant changes in the relative
abundance of microbial species upon slash and burn conversion of
a tropical forest soil to a soybean (Glycine max) cropping agricul-
tural soil in the top 0e20 cm soil layer. Please consult the
Supplementary Material for further information regarding the
source material and statistical methods applied. Upon conversion
of forest to agriculture, there is an enrichment of microorganisms
primarily belonging to the Actinobacteria, Proteobacteria and Fir-
micutes, and to a lesser extent Bacteroides, Planctomycetes, nitrite-
oxidising Nitrospirae and ammonia-oxidising Archaea (Table 1).
The enrichment of phyla considered to be copiotrophic, such as
Actinobacteria, Proteobacteria and certain N-cyclers, is consistently
seen in response to nutrient input, such as N fertilisation (Fierer
et al., 2012; Frenk et al., 2015; Hartmann et al., 2015; Jimenez-
Bueno et al., 2016; Wessen et al., 2010). Soil acidification due to
the over-application of inorganic N fertilisers, such as ammonium
sulphate, has a significantly negative impact on all phyla, particu-
larly Verrucomicrobia (Wessen et al., 2010). Verrucomicrobia can
be highly abundant in oligotrophic soils and their abundance is
positively correlated with cycling of recalcitrant C compounds and
negatively correlated with N metabolism (Fierer et al., 2013).
Tillage, which as described in Section 2 has a great influence on
SOM bioavailability and leads to large SOC losses, favours the
abundance of Proteobacteria (de Vries et al., 2015; Souza et al.,
atter transformation in agricultural soils, Soil Biology & Biochemistry



Fig. 2. Heatmap of significantly different microbial species (y axis) after conversion from a tropical forest (green bar) to a soybean cropping agricultural (blue bar) soil. The color key
indicates relative abundance. The dendrogram indicates similarity between samples, labelled on the x axis. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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2013) while zero till systems favour oligotrophic N fixing micro-
organisms and Acidobacteria (Jimenez-Bueno et al., 2016; Souza
et al., 2013). Interestingly, Actinobacteria are diverse in both tilled
and zero till systems (de Vries et al., 2015; Jimenez-Bueno et al.,
2016; Souza et al., 2013), which suggests if there is ecological
coherence within the Actinobacteria, their ecological behaviour
may be better explained by the ruderal framework than the copi-
otrophic framework. Fig. 2 and Table 1 also indicate significant
decreases in Acidobacteria upon conversion from natural to agri-
cultural ecosystems. The Acidobacteria are considered to be oligo-
trophic, favouring the nutrient poor bulk soil (Uksa et al., 2015). In
agricultural systems, decreasing soil C:N ratio, changes in soil
acidity and changes in above-ground plant species have been
associated with a decrease in the relative abundance of certain
Acidobacteria (Fierer et al., 2012; Navarrete et al., 2015). Thus,
agricultural management practices which perturb soils and in-
crease the bioavailability of C have a profound effect on microbial
community composition. The result is that agricultural systems
tend to enrich for ecologically coherent groups at high taxonomic
rank that favour nutrient rich environments and which have rela-
tively poor CUE (copiotrophs). Conversely, the relative abundance
of ecologically coherent groups that have a relatively high CUE
tends to decrease in agricultural systems (oligotrophs). These
changes will lead to poorer CUE of the system and subsequent
decreases in SOC stocks.
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4. A physiological basis for SOM loss in agricultural systems

The discussed ecological shifts in response to a conversion of soil
to agriculture are a consequence of how microorganisms respond
to C bioavailability. This is dependent on their physiology. Fig. 3 and
Table 2 show significant shifts in functional subsystems after slash
and burn conversion of a tropical forest soil to a soybean cropping
agricultural soil. While the shift in many functions is less pro-
nounced than species shifts in Fig. 2, several important trends
should be noted. In the agricultural soil, the relative abundance of
functions involved in DNA, RNA and protein biosynthesis are
significantly higher. Of particular interest are increases in the
relative abundance of protein chaperones above detection limits
(P < 0.001) and universal GTPases (P ¼ 0.016) which are essential
for a variety of functions including conformational changes in
proteins, tRNA function, ribosome assembly, cell replication, spor-
ulation, cell elongation and filamentous growth (Caldon and March
2003). Unsurprisingly, following an increase in functions involved
in biosynthesis is an increase in functions involved in conversion
and generation of potential chemical energy, such as cytochrome
biogenesis (P ¼ 0.007) and the relative abundance of bacterial
species which utilise the F0F1 ATP synthase (P ¼ 0.004) as opposed
to Archaea and some Firmicutes which utilise a V0V1 or A0A1-type
ATP synthase (Koumandou and Kossida, 2014). Finally, of interest in
the agricultural soil is a large increase in dnaK (P < 0.001) which is
atter transformation in agricultural soils, Soil Biology & Biochemistry



Table 1
Relative species abundance (10�3, %) of bacteria and archaea identified as significantly different (P < 0.05) between forest and agricultural soils in a paired site study from the
Amazon.

Kingdom Phylum Class Order Family Genus Species Relative Abundance (10�3,
%)

P
value

Forest Agricultural

Bacteria Actinobacteria Actinobacteria Actinomycetales Pseudonocardiaceae Amycolatopsis albidoflavus 0.11 ± 0.29 1.57 ± 0.67 0.01
sacchari 0 1.13 ± 0.56 0.047

Nocardioidaceae Nocardioides sp. 0.09 ± 0.24 2.28 ± 0.99 0.006
albus 3.32 ± 1.01 6.79 ± 1.01 0.046

Micrococcaceae Arthrobacter sp. SMCC.G965 0 0.67 ± 0.33 0.028
Thermomonosporaceae Actinomadura yumaensis 7.06 ± 1.61 2.73 ± 1.04 0.039

Pseudonocardia sp.
CC011128.01A

0.35 ± 0.46 4.07 ± 1.63 0.015

yunnanensis 0.12 ± 0.33 2.26 ± 0.92 0.003
Microbacteriaceae Microbacterium dextranolyticum 0 1.04 ± 0.45 0.008
Streptomycetaceae Streptomyces ipomoeae 0.2 ± 0.35 2.43 ± 0.53 0.02
Geodermatophilaceae Geodermatophilus obscurus 0.86 ± 0.65 15.3 ± 4.94 0

Firmicutes Bacilli Bacillales Bacillaceae Bacillus flexus 0 1.5 ± 0.56 0.005
megaterium 0 2.48 ± 1.05 0.027

Clostridia Clostridiales Peptococcaceae Desulfonispora thiosulfatigenes 0.12 ± 0.33 1.28 ± 0.49 0.047
Nitrospirae Nitrospira Nitrospirales Nitrospiraceae Candidatus

Nitrospira
defluvii 0.13 ± 0.35 3.75 ± 1.47 0.001

Proteobacteria Gamma-
proteobacteria

Methylococcales Methylococcaceae Uncultured
Methylobacter

sp. 0.09 ± 0.25 1.1 ± 0.44 0.02

Beta-
proteobacteria

Rhodocyclales Uncultured
Rhodocyclaceae

0.08 ± 0.21 2.3 ± 0.88 0.004

Uncultured Alpha-
proteobacteria

104.23 ± 12.22 68.31 ± 6.29 0.025

Bacteroides Sphingobacteria Sphingobacteriales Chitinophagaceae Terrimonas ferruginea 0.77 ± 0.7 9.92 ± 4.85 0.016
Acidobacteria Acidobacteria Acidobacteriales Acideobacteriaceae Candidatus

Koribacter
versatilis 52.56 ± 5.2 21.2 ± 3.29 0

Acidobacterium capsulatum 27.7 ± 2.54 9.39 ± 2.67 0
Solibacteres Solibacteriales Solibacteraceae Candidatus

Solibacter
usitatus 49.82 ± 7.13 15.81 ± 4.04 0

Planctomycetes Planctomycetacia Planctomycetales Planctomycetaceae Pirellula staleyi 1.83 ± 0.78 6.63 ± 1.48 0.003
Crenarchaeota Thaumarchaeota Nitrososphaeria Nitrososphaerales Nitrososphaeraceae Candidatus

Nitrososphaera
gargensis 4.08 ± 1.48 15.16 ± 3.09 0
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important in the regulation of protein assembly and cellular growth
between exponential and stationary phases in response to resource
availability (van Elsas and van Overbeek, 1993). Conversely, in the
presumably oligotrophic forest soil, there is a greater relative
abundance of: a) s factors (P¼ 0.013), suggestive of an emphasis on
transcriptional regulation (Helmann and Chamberlin, 1988); b)
formate hydrogenase (P ¼ 0.01), suggestive of more efficient
nicotinamide adenine dinucleotide (NAD(P)H) production from
alternative electron donors (Fogal et al., 2015); and c) increases in
anaplerotic reactions of phosphoenolpyruvate (PEP) metabolism
(P < 0.001), suggestive of greater complexity in how C flux is
distributed between catabolic and anabolic intermediates (Sauer
and Eikmanns, 2005). Oddly, Respiratory Complex I (i.e. NADH
dehydrogenase) is also more abundant in the forest soil (P < 0.001),
which is an enzyme that is practically ubiquitous throughout or-
ganismswhich perform aerobic metabolism (Friedrich and Scheide,
2000). As this enzyme is shared between mitochondria, bacteria
and archaea, it is possible that the greater relative abundance of this
enzyme in the forest soil is due to a greater relative abundance of
eukaryotic DNA in forest versus agricultural soils, however this is
speculative.

In summary, conversion from forest to agricultural soil favours a
shift from microbial species physiologically adapted to low energy
environments that require strict transcriptional regulation and
allocation of C between energy generation and biosynthesis, to
species physiologically adapted to rapid DNA, RNA and protein
biosynthesis during periods of resource availability. The following
section aims to explore the physiological mechanisms that may
underlie these principles. Furthermore, we discuss howagricultural
practices intended to manage SOC stocks affect the functional
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composition of soil microbial communities.

4.1. Physiological differences in electron transport chains

An electron transport chain (ETC), where electrons (e�) are
transferred by carriers from a low redox potential to a terminal e�

acceptor of higher redox potential, is necessary to create an elec-
trochemical gradient across a membrane (Mitchell, 1961). In aero-
bic chemo-organotrophs which can utilise O2 as the terminal e�

acceptor, this electrochemical gradient enables protons (Hþ) to be
pumped from the cytoplasm across the membrane, where they can
generate an Hþ motive force (PMF) to drive the formation of
chemical energy for cellular function (in the form of adenosine
triphosphate, ATP) back through transmembrane ATP synthase.
Microbial ETCs are malleable, and the expression of the e� carriers
that comprise them are regulated by the growth phase of the cell,
reducing equivalents, pH, membrane potential and the ATP:ade-
nosine diphosphate (ADP) ratio (Capaldi, 1990; Meyer and Jones,
1973).

Microbial ETCs demonstrate ecological coherence of terminal
oxidases such as cytochrome bd, and A-, B- and C-type heme-
copper cytochrome families at certain taxonomic ranks (Brochier-
Armanet et al., 2009; Koumandou and Kossida, 2015). For
example, genome comparisons across Proteobacterial classes sug-
gest that the presence of A-type heme copper cytochromes is more
widely distributed across Gamma (130/157 genomes), Beta (48/53
genomes) and Alpha-Proteobacteria (79/83 genomes) than Epsilon-
Proteobacteria (0/19) (Brochier-Armanet et al., 2009). While the
function of terminal oxidases is similar, their efficiencies in gener-
ating an electrochemical gradient can differ markedly. For example,
atter transformation in agricultural soils, Soil Biology & Biochemistry



Fig. 3. Heatmap of significantly different functional subsystems (y axis) after conversion from a tropical forest (green bar) to a soybean cropping agricultural (blue bar) soil. The
color key indicates relative abundance. The dendrogram indicates similarity between samples, labelled on the x axis. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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in Escherichia coli, the A1-type cytochrome bo is more efficient at e�

transfer than cytochrome bd even though both can be expressed
simultaneously and both contribute to total respiration (Calhoun
et al., 1993; Sousa et al., 2011). Supplementary Fig. 1 is a compari-
son of ETCs in Beta-Proteobacterial Burkholderia spp., the Acid-
obacterium Candidatus Solibacter usitatus Ellin6076 and the
Actinobacterium Streptomyces coelicolor A3(2). Electron transfer
efficiencies are measured by Hþ/e� ratio, whereby a higher Hþ/e�

ratio results in more Hþ transferred across the membrane per e�

and ultimately a higher production of ATP per e� donor (Calhoun
et al., 1993). The Hþ/e� ratios of cytochrome bd is 1, cytochrome
bo is 2, cytochrome caa3 is 1 and the bcc-aa3 super complex is � 2
(Borisov et al., 2011; Harold, 1972; Noor and Soulimane, 2013).
Electron transfer efficiency also differs between the utilisation of
ubiquinone andmenaquinone as e� carriers, with a relatively lower
potential generated by menaquinone in Actinobacteria (Kao et al.,
2016). As demonstrated in Supplementary Fig. 1, Burkholderia spp.
have the highest potential rate of respiration and ATP production,
Can. S. usitatus Ellin6076 has the lowest, and S. coelicolor A3(2) may
have a greater capacity to adjust its ETC depending on its envi-
ronment and energy requirements.

At the cellular level, in vitro physiological assays of O2 con-
sumption support phenotypical differences in microorganisms
considered to be copiotrophic or oligotrophic, with aerobic respi-
ration rates of 60e300 nmol O2 min�1 mg dry weight�1 and
8e15 nmol O2 min�1 mg dry weight�1 in copiotrophs and oligo-
trophs, respectively (Semenov, 1991). Competition assays with
E. coli knockout mutants reliant on either high Hþ/e� membrane-
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bound nitrate reductase (NAR) or low Hþ/e� periplasmic nitrate
reductase (NAP) for respiration demonstrate differential pheno-
typic properties. For example, NAR-mutants will outcompete NAP-
mutants for C, whereas NAP-mutants will outcompete NAR-
mutants if the e� acceptor (nitrate) is limiting (Potter et al., 1999).
Alternatively, expression of low Hþ/e� oxidases may be beneficial
under certain conditions, such as a means for controlling the redox
state of the cell when an oversupply of Hþ is likely to be produced
during growth on reduced C substrates such as fatty acids
(Richardson, 2000).

Agricultural soils and soils under native vegetation differ in their
composition of microbial cytochromes. Specifically, significant de-
creases in the relative abundance of cytochrome bd and increases in
low-O2 affinity A-type heme copper cytochromes are observed in
agricultural soils (Morris and Schmidt, 2013). Conversion of forest
to agriculture, pasture or deforestation all lead to significant
changes in the abundance of functional genes associated with
respiration (Mendes et al., 2015). In regard to agricultural man-
agement practices, the relative abundance of respiratory functional
genes increases in no tillage cropping systems compared to native
ecosystem (Souza et al., 2016). However, where SOM and MBC had
significantly decreased under 23 years of conventional tillage, de-
creases in the relative abundance of respiratory functional genes
compared to native ecosystem occurred (Souza et al., 2016).
Increasing N fertilisation (across gradients of 0e291 kg N ha�1

year�1) increases the relative abundance of ubiquinone-
cytochrome reductase complexes and F0F1 ATP synthase (Fierer
et al., 2012), similar to shifts observed in Table 2. To the authors'
atter transformation in agricultural soils, Soil Biology & Biochemistry



Table 2
Relative abundance (10�3, %) of functional subsystems identified as significantly different (P < 0.05) between forest and agricultural soils in a paired site study from the
Amazon.

Level 1 Level 2 Level 3 Relative Abundance
(10�3, %)

P
value

Forest Agricultural

DNA Metabolism DNA repair DNA repair, bacterial UmuCD system 4.54 ± 0.3 6.13 ± 0.63 0.03
DNA repair, bacterial RecFOR pathway 4.54 ± 0.3 6.13 ± 0.63 0.03
DNA repair, bacterial 4.54 ± 0.3 6.13 ± 0.63 0.03
DNA repair, UvrABC system 7.74 ± 0.67 13.21 ± 0.77 0

DNA replication DNA-replication 4.54 ± 0.3 6.14 ± 0.63 0.03
RNA Metabolism RNA processing and

modification
tRNA modification Bacteria 5.97 ± 0.75 8.26 ± 0.83 0.047

Transcription Transcription initiation, bacterial sigma factors 9.56 ± 2.83 1.78 ± 0.99 0.013
Protein Metabolism Protein biosynthesis Universal GTPases 16.03 ± 1.16 21.6 ± 2.03 0.016

Translation elongation factors bacterial 16.03 ± 1.16 21.6 ± 2.03 0.016
Protein processing and
modification

Ribosomal protein S12p Asp methylthiotransferase 1.36 ± 0.16 2.01 ± 0.13 0.002

Protein folding Protein chaperones 0 15.88 ± 1.53 0
Amino Acids and Derivatives Branched-chain amino

acids
HMG CoA Synthesis 4.45 ± 0.24 5.87 ± 0.43 0.003

Respiration Electron donating reactions Respiratory Complex I 11.73 ± 1.51 4.16 ± 0.82 0
Respiration Formate hydrogenase 7.65 ± 1.37 2.71 ± 1.34 0.01
ATP synthases F0F1-type ATP synthase 11.58 ± 0.83 15.4 ± 1.2 0.004

Carbohydrates Central carbohydrate
metabolism

Pyruvate metabolism I: anaplerotic reactions, PEP 7.58 ± 0.61 4.96 ± 0.46 0
Ethylmalonyl-CoA pathway of C2 assimilation 1.39 ± 0.49 3.19 ± 0.41 0.01

Organic acids Methylcitrate cycle 2.63 ± 0.32 3.53 ± 0.22 0.04
Cofactors, Vitamins, Prosthetic Groups,

Pigments
Folate and pterines Folate Biosynthesis 1.42 ± 0.14 2.08 ± 0.08 0.001

Clustering-based subsystems Clustering-based
subsystems

CTP synthase (EC 6.3.4.2) cluster 5.73 ± 0.36 7.03 ± 0.5 0.048
Ribonucleotide reductase cluster 0.67 ± 0.15 3.1 ± 0.93 0.02

Two related proteases CBSS-257314.1.peg.676 4.54 ± 0.3 6.13 ± 0.63 0.031
Cytochrome biogenesis CBSS-196164.1.peg.1690 5.75 ± 0.56 8.26 ± 0.84 0.007

Stress Response Heat shock Heat shock dnaK gene cluster extended 9.65 ± 0.65 27.01 ± 2.19 0
Miscellaneous Plant-Prokaryote DOE

project
Competence or DNA damage-inducible protein CinA and
related protein families

4.54 ± 0.3 6.13 ± 0.63 0.03

Iron-sulfur cluster assembly 5.78 ± 0.59 8.26 ± 0.83 0.008
Phages, Prophages, Transposable elements,

Plasmids
Phages, Prophages Staphylococcal phi-Mu50B-like prophages 5.75 ± 0.56 8.26 ± 0.83 0.006
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knowledge, comparative metagenomics considering the abun-
dance and composition of microbial cytochrome genes under
various management practices to improve SOC stocks (i.e. crop
retention, crop rotation, agroforestry) and their role in these sys-
tems do not currently exist. As phenotypic assays suggest that low
Hþ/e� oxidases preferentially outcompete high Hþ/e� oxidases
when e� acceptor is limiting (Potter et al., 1999) or during growth
on reduced C substrates (Richardson, 2000), a closer look at
whether no tillage systems and/or fertilisation with partially
decomposed, reduced OM preferentially select for low Hþ/e� oxi-
dases could be warranted. Due to the inherent difficulties in
appropriately deriving in situ system properties from complex
microbial communities, an initial approach could be validating the
phenotypes observed from pure culture assays in sterilised soils
under various agricultural practices.
4.2. Importance of DnaK during stress response

In situ, microorganisms must contend with a combination of
stressors such as resource bioavailability, osmotic stress, tempera-
ture, oxidative stress and pH. Initially microorganisms will respond
with specific response mechanisms to environmental stressors;
however, if cell homeostasis is not maintained then a number of
general adaptation and starvation response mechanisms involving
DnaK, GroEL, OxyR, sS, s54 and/or sB are initiated (Hecker and
Volker, 2001; Segal and Ron, 1996). DnaK was first identified as a
heat shock protein but its importance during starvation response
became apparent over time (van Elsas and van Overbeek, 1993).
This protein acts as a chaperone regulating protein folding under
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stress and plays a particularly important role in ribosome assembly
(Alix and Nierhaus, 2003; Vorob'eva, 2004). The maximum growth
rate of a microorganism can be limited by the 16S rRNA gene copy
number encoded by its genome, which encodes for part of the small
ribosomal subunit in bacteria (Bremer, 1975). On average, micro-
organisms considered to be copiotrophic have 5.5 16S rRNA gene
copies genome�1 whilst those considered as oligotrophic have 1.4
16S rRNA gene copies genome�1 (Klappenbach et al., 2000). The
species presented in Supplementary Fig. 1 demonstrate the general
trend of copiotrophs having a significantly higher number of 16S
rRNA gene copy number, with six copies present in B. xenovorans
LB400, six copies in S. coelicolor A3(2) and two copies in Can. S.
usitatus Ellin6076 (Markowitz et al., 2012). However using 16S
rRNA gene copy number in isolation as a predictor for growth
strategy is grossly over-simplistic. For example, while comparisons
of 2900 bacterial and archaeal genomes have identified a strong
relationship between 16S rRNA gene copy number and phylogeny,
variation between relatively closely related Orders does exist, for
example an average of six copies in Bacillales compared to three
copies in Lactobacillales, both Orders within the Class Bacilli (Angly
et al., 2014). This variation between relatively closely related taxa is
supported by culture-dependent studies comparing oligotrophic
and copiotrophic marine Gamma-Proteobacteria, and also at the
Genus level with Psuedomonas spp. (Lankiewicz et al., 2016;
Semenov, 1991). Furthermore, there is no definitive relationship
between rRNA synthesis and decay, growth rate activity or cell
maintenance activity (Blazewicz et al., 2013) thus attempts to
predict overall cell physiology, such as a copiotrophic growth
strategy, from 16S rRNA gene copy number is problematic.
atter transformation in agricultural soils, Soil Biology & Biochemistry
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Therefore while a high 16S rRNA gene copy number and rapid
ribosome assembly due to DnaK/stress response stimuli may
contribute to growth strategy, many other factors controlling
cellular ribosome content and growth rate must be considered.

Soil C and N stocks appear to correlate with the ratio of func-
tional gene abundance of stress response versus cell signalling and
transcriptional regulation. Functional genes associated with stress
response are higher in C rich organic soil layers, whereas regulation
and cell signalling are higher in C poor mineral soil layers (Uroz
et al., 2013). Similarly, N fertilisation has a negative effect on the
abundance of functional genes associated with regulation and cell
signalling (Fierer et al., 2012). It is possible that the dramatic in-
crease in the relative abundance of dnaK in agricultural soils
(Table 2, P < 0.001) is associated with rapid ribosome expression
and assembly under nutrient rich conditions. Conversely, it is
possible that there is a greater role for strict transcriptional regu-
lation and specific stress responses with s factors in forest soils
where C and N may be less bioavailable (Table 2, P ¼ 0.013).
However, these are very general observations, and both s factors
and signal transduction in response to stress appear to make up a
relatively large proportion of soil microbial genomes due to the
heterogeneous nature of the soil environment (Bentley et al., 2002;
Chain et al., 2006; Ward et al., 2009).

4.3. Extracellular enzyme activity

In terms of microbiology, enzymology is of primary interest in
soil science. Enzymes involved in SOM turnover are diverse in re-
gard to their location (e.g. intracellular enzymes within living cells,
intracellular but released extracellularly upon cell death, actively
exported extracellular enzymes or membrane-bound enzymes)
and their function (e.g. oxidoreductases, hydrolases, lyases and
transferases) (Skujins and Burns, 1976; Tabatabai, 1994). Histori-
cally there has been a focus on measuring the potential activity of
actively exported extracellular enzymes involved in the synergistic
decomposition of plant and microbial OM and acquisition of N, P
and sulphur (Wallenstein and Weintraub, 2008). An important
group of hydrolases involved in the catabolism of polysaccharides
found in soil (e.g. cellulose, hemicellulose, pectin and chitin) are the
glycosyl hydrolases (GH). The GHs are classified within families
according to structural features, evolutionary relationship based on
amino acid composition and mechanism of action (Cantarel et al.,
2009). While complex, this system is necessary as attempts to
classify a GH based on its substrate specificity are misleading
because, for example, a single endoglucanase may demonstrate
specific hydrolysis of cellulose in addition to non-specific hydro-
lysis of xylan, xyloglucan, b-glucan and other structures (Henrissat
and Davies, 1997).

Ecological coherence at high taxonomic rank has been identified
for some GH families, such as GH48 (cellobiohydrolases, endo-b-
1,4-glucanases, chitinases) and GH10 (xylanases, cellobiohy-
drolases) in the Firmicutes and Actinobacteria, with some hori-
zontal gene transfer to Proteobacteria (Collins et al., 2005;
Sukharnikov et al., 2012). Other families, such as GH5, demon-
strate incredibly diverse substrate specificity and are distributed
across many phyla (Collins et al., 2005). While GH families may
show ecological coherence, enzyme function does not necessarily.
For example, a comparative genomics study of 5123 microbial ge-
nomes encoding for putative cellulases and/or a putative b-gluco-
sidases noted an interesting dichotomy in the distribution of these
genes. Putative cellulases were present in 24% of the genomes,
distributed across several phyla but not uniformly present within
those phyla (Berlemont and Martiny, 2013). Putative b-glucosi-
dases, on the other hand, were present within 56% of the genomes
and were essentially uniform throughout the Actinobacteria and
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Proteobacteria. Berlemont and Martiny (2013) concluded that
while aminority of diversemicroorganisms could begin the process
of catabolising cellulose, the majority of microorganisms (heavily
represented by Actinobacteria and Proteobacteria) could only uti-
lise its breakdown products. Similarly, another comparative geno-
mics study noted a similar relationship with chitinase and b-N-
acetylglucosaminidase, whereby a minority of specific microor-
ganisms could begin the process of chitin catabolism while the
capacity to utilise its breakdown products were widely distributed
across the majority of microorganisms (Zimmerman et al., 2013).
Microorganisms that could only opportunistically utilise cellobiose
or N-acetylglucosamine were considered ‘opportunists’ or
‘cheaters’ as they compete for C and N made bioavailable by ‘spe-
cialists’. Interestingly, competition for soluble C and N between
opportunistic and specialist microorganisms has been considered
as an essential control on C and energy turnover (Freilich et al.,
2011; Kaiser et al., 2015). To be consistent with the terminology
used in Section 3.1 to refer to broad categories of functional di-
versity, this would imply that cellulases and chitinases demonstrate
narrow functional diversity as they are encoded by the genomes of
a minority of specific microorganisms, whereas b-glucosidases and
b-N-acetylglucosaminidases demonstrate broad functional di-
versity and are present within a greater majority of
microorganisms.

The activity of C degrading enzymes can be explained by func-
tional gene abundance, the taxonomic composition of themicrobial
community and the quantity of SOM in situ (Allison and Vitousek,
2005; Sinsabaugh et al., 2005; Trivedi et al., 2016). Total OC (%)
plays a strong role in shaping the relative abundance of GH families
in situ, as shown by greater richness of GH families involved in
cellulose, hemicellulose, lignin and pectin degradation in relatively
C rich organic soil layers compared to a greater relative abundance
of phenol and protein degradation in C poor mineral soil layers
(Cardenas et al., 2015; de Menezes et al., 2015; Uroz et al., 2013).
Comparative analysis of a relatively C rich grassland soil showed
preferential enrichment of GH families involved in cellobiose and
amine degradation while a relatively C poor wheat cropping soil
enriched for GH families involved in chitin, b-N-acetylglucosamine
and glycoside degradation (Manoharan et al., 2015). Similarly, a
comparison of conventional cropping versus low input manage-
ment of a corn-soybean-winter wheat rotational cropping soil
showed that where SOC (%) was significantly lower under con-
ventional management, there was a loss in relative abundances of
functional genes involved in the degradation of starch, hemicellu-
lose, cellulose, aromatic C compounds and an endochitinase (Xue
et al., 2012). In a comparison of conventional tillage versus
reduced tillage cropping soil, tillage had no effect on the compo-
sition of GH families (de Vries et al., 2015). However, significantly
higher activities of cellobiohydrolase and b-glucosidase occurred
under reduced tillage, where TOC and N were greater (1.6% versus
1.1% and 0.2% versus 0.1% for C and N, respectively) after 13 years of
tillage management (de Vries et al., 2015). Conversely, where TOC
(%) does not change between management practices (conventional
versus growth of N-fixing legumes during a fallow period) the ac-
tivity of cellobiohydrolase and b-glucosidase does not change
(Bossio et al., 2005). In these examples, GHs could be predomi-
nantly associated to the potentially copiotrophic phyla Proteobac-
teria, Bacteroides and Actinobacteria, reflecting their dominance in
agricultural systems (Uroz et al., 2013; de Vries et al., 2015;
Manoharan et al., 2015). Thus the composition of the microbial
community, the relative abundance of functional genes and the
activity of C degrading enzymes closely follow SOM quantity and,
presumably, availability.
atter transformation in agricultural soils, Soil Biology & Biochemistry
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4.4. Nutrient uptake affinity

Finally, an important physiological distinction to make revolves
around the affinity of nutrient uptake. In energy poor, oligotrophic
environments, it is necessary to employ high affinity transporters
that can function when substrate is present in low concentrations,
whereas mechanisms of transport with a low affinity and high Km
appear to be preferable in energy rich environments. In vitro
physiological assays indicate that certain species preferentially
utilise active transport of nutrients at concentrations between 5
and 500 mg C L�1 while the growth of others is more dependent
upon diffusion of nutrients at concentrations between 0.5 and
5 mg C L�1 (Kuznetsov et al., 1979). Culture-dependent assays
measuring cellulose degradation by complex microbial commu-
nities frequently show a biphasic pattern, whereby an initial high
rate of respiration is followed by a lag period, and then a second
period of increased respiration follows (Hu and vanBruggen, 1997;
Saito et al., 1990). This is suggestive of a transition from initial
copiotrophic activity when nutrient concentrations are high to
oligotrophic activity when nutrient concentrations become low.
Type I ATP binding cassette (ABC) transporters are an essential
mechanism which enable microorganisms to actively transport
soluble compounds across membranes with high affinity (Higgins,
2001). They are diverse and highly specific, and the majority are
adapted to the transport of a single compound. Interestingly, the
ABC transporters include nutrient uptake systems and also export
systems that secrete extracellular enzymes, EPS, toxins and waste
metabolites (Young and Holland, 1999). The relative abundance of
ABC transporters, particularly those involved in nutrient scav-
enging such as iron-acquisition, is higher in relatively C poor
mineral soil layers than organic soil layers (Uroz et al., 2013).

In accordance with the species compared in Supplementary
Fig. 1, the genomes of B. mallei and B. pseudomallei encode for be-
tween 77 and 105 ABC transporters (Harland et al., 2007), the
genome of Can. S. usitatus Ellin6076 encodes for 159 ABC trans-
porters (Ward et al., 2009) and S. coelicolor A3(2) encodes for 222
ABC transporters (Bentley et al., 2002). The larger number of ABC
transporters are necessary for Can. S. usitatus Ellin6076 and
S. coelicolor A3(2), as it is predicted from their genomes that they
can both utilise a relatively greater number of different C substrates
than B. mallei and B. pseudomallei. Furthermore, it is also predicted
that these two species can secrete a wide variety of extracellular
enzymes (with both broad and narrow functionality) and in the
case of S. coelicolor A3(2), secrete a number of antimicrobial com-
pounds (Bentley et al., 2002; Ward et al., 2009). A greater diversity
of ABC transporters potentially equip Can. S. usitatus Ellin6076 and
S. coelicolor A3(2) with the capacity to remain active in the energy
poor bulk soil, while many Burkholderia spp. are likely dependent
upon activity within the rhizosphere. Given the genetic differences
in these organisms that contribute to preferential growth under
different nutrient availability (Kuznetsov et al., 1979) and the
biphasic pattern observed in cellulose degradation (Hu and
vanBruggen, 1997; Saito et al., 1990) it is probable that land man-
agement practices which increase the bioavailability of C will
contribute to favouring microorganisms dependent on diffusion for
the majority of their C uptake. To the authors' knowledge, in depth
analyses considering the affinity for microbial nutrient uptake
under various agricultural management practices do not currently
exist.

5. Conclusion

While agricultural systems can be quite varied in terms of
climate and management, over time many factors in these systems
tend to converge, such as losses in soil aggregation, insufficient
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replacement or oversupply of nutrients and changes in molecular
composition of plant biomass input. Agricultural management
practices that increase the bioavailability of C and energy consis-
tently result in significant changes to the structure and function of
the soil microbial community. As discussed in Section 2, the pri-
mary practices which increase C bioavailability are those that
disrupt aggregate integrity, change aboveground plant biomass
input (either by decreasing input and/or decreasing aboveground
species diversity) and oversupply or insufficient replacement of N
and P to the system. These practices may have secondary effects on
the quality and quantity of bioavailable SOM, such as decreasing the
molecular complexity of plant biomass input or reducing the sta-
bilisation of SOM to soil particles by altering soil pH. Altering C
bioavailability favours ecological groups of microorganisms with
high growth rate, relatively poor CUE and which may favour broad
functionality over narrow functionality. This is a consequence of a
number of physiological factors, including reduced CUE and
increased rate of ATP generation, transcriptional regulation of
ribosome assembly and protein biosynthesis, and efficiency of
nutrient uptake. Ultimately, the enrichment of these ecological
groups in agricultural soils is likely to result in greater rates of SOC
mineralisation relative to natural ecosystems.

A number of agricultural management practices to reduce C and
energy bioavailability and improve SOC stocks have been devel-
oped, including no tillage, conversion from cropping to pasture,
crop rotation, agroforestry and fertilisation with partially decom-
posed or composted OM. However, many of these studies do not
consider the causative mechanisms for the improvements in SOC,
which are driven at the cellular level by a dynamic microbial
community. We consider the most effective means toward the
restoration of stabilised, sequestered SOC stocks should be through
targeted manipulation of the soil microbial community composi-
tion to favour functionally diverse, high CUE over functionally
redundant, low CUE communities whilst maintaining agricultural
productivity. As described above there is great potential for this,
however a definitive role, if any, of various physiological properties
on overall ecosystem properties and how management practices
can influence both must be confirmed through future research. For
example:

� The role of low-O2 affinity cytochromes and low-affinity
nutrient uptake systems in determining rates of SOC minerali-
sation, dependent on practices which affect physical soil
aggregate integrity and/or increased redox potential and O2
availability.

� The degree to which application of alternative e� acceptors to
O2, such as nitrate, may favour low CUE copiotrophic hetero-
trophs that express low-affinity cytochromes, such as NAR.

� The response of metabolic pathways to various forms of N
(organic such as urea and amino acids, or inorganic such as ni-
trate and ammonium) and various forms of C (such as organic
acids, lipids, tannins) and whether fertilisation practices can be
improved by redirecting matter and energy flow through spe-
cific metabolic pathways associated with high CUE.

� The degree to which single (and recurring) perturbation events
in such anthropogenic systems affect microbial stress responses,
and whether this has an effect on the CUE of the system.

� Quantification of how the diversity and relative complexity of
input C and N chemical structures can enrich functionally
diverse microbial communities capable of decomposing a wide
range of chemical structures (hemicelluloses, lignin, chitin,
phenolics, etc.) and how this may affect the CUE of the system.

� Determining a potential minimum threshold for aboveground
plant species diversity (of specific species that preferentially
allocate C and N to diverse chemical structures) and whether
atter transformation in agricultural soils, Soil Biology & Biochemistry
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this can improve CUE of the system through increases in the
diversity of soil C and N chemical structures.

� To determine whether in situ inoculation of high CUE, func-
tionally diverse microbial species of interest to soils of low en-
ergy and C bioavailability can improve system properties, such
as CUE.

There is much scope for improving multi-disciplinary ap-
proaches between agronomy, soil microbiology and statistics, for
example:

� Phylogenetic comparative methods to test the statistical validity
of applying ecological frameworks to microbial functions, such
as the copiotroph-oligotroph or competitor-stress tolerator-
ruderal frameworks, should be considered as increasing
numbers of annotated soil microbial genomes become more
readily available.

� To address questions of species/function composition and H0,
highly specific and semi-quantitative next generation
sequencing, microarrays and proteomics techniques should be
adopted in lieu of classically applied non-specific fingerprinting
techniques, such as phospholipid fatty acid analysis and re-
striction fragment length polymorphism.

� To improve the statistical validity of modelling geochemical
processes in relation to quantified broad/narrow functions, it
will be necessary to consider what is occurring temporally
across a number of the following scales: a) relative abundance of
genes at the DNA level; b) differential expression at the RNA
level; c) enzymatic activity and turnover rates at the protein
level; and d) synergistic interactions between enzymatic re-
actions which carry out the geochemical process being
measured.

� The relative importance of microbial ecology and functionality
in explaining observed variability in geochemical processes,
such as increases or decreases in SOC stocks, should bemodelled
appropriately in order to improve upon existing predictive
methods.

� Both spatial and temporal scales should be considered within an
ecosystem that exhibits high spatial heterogeneity and is
influenced by seasonal variability.

Ideally, an improved multi-disciplinary approach will result in a
greater understanding of the regulation of biogeochemical pro-
cesses and subsequently lead to improvements in the sustainability
of agricultural systems.
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