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Figure 11. Cell-specific energetic cost of racemization repair in relation to temperature compared to cell-specific energy turnover, determined in environmental samples
and laboratory-based starvation experiments with pure culture isolates. The left panel shows data for aerobes, and the right panel data for sulfate reducing microbes.
The cell-specific energetic cost of racemization was modeled based on the calculated mean racemization rate of the four amino acid groups examined by Steen et al.
(Fig. A2, Supporting Information). Due to uncertainties regarding the mode of intracellular repair of racemization damage, we assume four different repair scenarios,
shown as dashed lines and numbered 1-4: scenario 1 (black): racemized amino acids are excised from their respective amino acid polymers and replaced individually
(only factors in cost of monomer synthesis and polymerization); scenario 2 (blue): the entire protein is replaced when 10% of the amino acids within a protein have
been racemized; scenario 3 (green): proteins are replaced when 2% of the amino acids within that protein have been racemized; and scenario 4 (red): the entire protein
is replaced as soon as one amino acid within has been racemized. We further assume (a) that all amino acids are protein bound; (b) 250 amino acids per protein
(based on median values of 267 and 247 amino acids per bacterial and archaeal proteins, respectively ; Brocchieri and Karlin 2005); (c) the energetic cost of amino
acid polymerization does not change with temperature and is as shown in Table 2 for aerobic and anaerobic conditions, respectively; (d) cells have the amino acid
content shown in Table 1; and (e) the energetic cost of amino acid synthesis under aerobic and anaerobic conditions is as shown Table 1 and changes in this energetic
cost related to temperature are negligible within this context (consistent with Fig. A2, Supporting Information). The sources of cell-specific energy turnover data and
temperatures of aerobes are as follows: BPR (NPG) (this study, Fig. 9, 3°C), Aarhus Bay, surface (BB Jgrgensen, pers. comm., 8°C), Patton escarpment, surface (as in Riedel
et al. 2013, based on Reimers 1987, 3°C), E. coli K-12, Sh. oneidensis MR-1 and Marinobacter aquaeolei VT8 (Riedel et al. 2013, all 24°C), and SPG-1 and SPG-10 means (D’Hondt
et al. 2009, both 1.5°C). The sources of cell-specific energy turnover data and temperatures of sulfate reducers are as follows: BPR (Peru Margin) (this study, Fig. 10, 3°C),
Aarhus Bay (minimum) (this study, based on data compiled from Leloup et al. 2009 and Holmkvist, Ferdelman and Jgrgensen 2011, 8°C) and D. putei (Davidson et al.
2009, 55°C and 65°C, as indicated).

Figure 12. Cell-specific energetic cost of DNA depurination repair in relation to temperature compared to cell-specific energy turnover, determined in environmental
samples and laboratory-based starvation experiments with pure culture isolates. We assume that all depurinated nucleotides are excised and replaced via the single-
nucleotide base excision repair mechanism (BER). Accordingly, we assume the energetic cost of repairing a single nucleotide to consist of the sum of the energetic
costs of (a) synthetizing the replacement nucleotide (Table 1), and (b) polymerizing that nucleotide on both sides, so it becomes a part of an intact nucleotide chain,
and thus DNA molecule (two polymerization reactions per BER, each of which with the energetic cost of polymerization as shown in Table 2). The left panel shows
data for aerobes, and the right panel data for sulfate reducing microbes. The cell-specific energetic cost of depurination was modeled based on the calculated mean
depurination rate constant in Lindahl and Nyberg (1972) and modeled in relation to temperature (dotted, solid and dashed black lines). Due to uncertainties and
natural variability in the genome size of energy-starved microbes, we assume three different genome sizes: 1.6 Mb (dotted), which is the genome size we assume
in our calculations of cell-specific energetic cost of monomer synthesis and polymerization (Tables 1 and 2) and is near the size of the smallest genomes identified
for free-living organisms; 4 Mb (solid), which is an average genome size for oligotrophic and copiotropic microbes alike (Fig. 5); and 10Mb (dashed) as an upper end
member, which is well above average microbial genome size. The sources of cell-specific energy turnover data and temperatures of aerobes are as follows: BPR (NPG)
(this study, Fig. 9, 3°C), Aarhus Bay, surface (BB Jgrgensen, pers. comm., 8°C), Patton escarpment, surface (as in Riedel et al. 2013, based on Reimers 1987, 3°C), E. coli
K-12, Sh. oneidensis MR-1 and Marinobacter aquaeolei VT8 (Riedel et al. 2013, all 24°C), and SPG-1 and SPG-10 means (D’Hondt et al. 2009, both 1.5°C). The sources of
cell-specific energy turnover data and temperatures of sulfate reducers are as follows: BPR (Peru Margin) (this study, Fig. 10, 3°C), Aarhus Bay (minimum) (this study,
based on data compiled from Leloup et al. 2009 and Holmkvist, Ferdelman and Jgrgensen 2011, 8°C) and D. putei (Davidson et al. 2009, 55 and 65°C, as indicated).



Even if the energetic cost of racemization is considerably
lower, and better described by scenarios 1, 2 or 3, the observed
increase in minimum cell-specific energy turnover with tem-
perature provides a hint to a general phenomenon: a strong
temperature-dependence of the BPR due to an exponential in-
crease in cell-damaging abiotic reactions with increasing tem-
perature. Once this relationship—which in addition to racem-
ization could be driven by temperature-dependent increases
in other biomolecule-damaging reactions, mistakes in tran-
scription and translation, and increased cytoplasmic mem-
brane leakage—has been more clearly established, normal-
ization of cell-specific energy efficiency for ambient temper-
ature could be achieved due to the linear relationship be-
tween the natural log of energy turnover per cell and ambient
temperature.

Energetic cost of depurination

As with amino acid racemization, temperature-driven changes
in depurination rates (section ‘Cell damage by abiotic reactions’)
could have significant consequences for microbial BPRs. When
compared to the cell-specific energy turnover across the same
sedimentary environments and GASP studies shown in the con-
text of racemization, it is apparent that the energetic cost of DNA
depurination is vastly lower than the energetic cost of racem-
ization and thus likely to account for only a small fraction of
total energy turnover (Fig. 12). The reasons are threefold: (a) the
number of DNA nucleotides is 50 times lower than the number
of amino acids per cell (McCollom and Amend 2005); (b) racem-
ization rate constants are higher than depurination rates at the
in situ and in vitro temperatures included here; according to our
calculated relationship between mean amino acid racemization
rate and temperature (Figs A5 and A6, Supporting Information),
depurination rate constants exceed racemization rate constants
only at temperatures >74°C; and (c) unless racemization damage
is routinely repaired by single-monomer excision and substitu-
tion (scenario 1), as is DNA depurination, protein damage repair
bears a significantly higher energetic cost, due to the replace-
ment of entire proteins rather than single amino acids (scenar-
ios 2-4; Fig. 11).

Our calculations indicate that under oxic conditions, the en-
ergetic cost of depurination is four to nine orders of magni-
tude lower than the cell-specific energy turnover, whereas under
sulfate-reducing conditions the energetic cost of depurination is
two to seven orders of magnitude lower than the cell-specific en-
ergy turnover. Hereby the difference in energetic cost of repair-
ing small genomes (1.6 Mb), medium-sized genomes (4 Mb) or
large genomes (10 Mb) from depurination damage is minor com-
pared to the total energy that is being turned over per cell over
time, suggesting that maintenance of large genomes per se only
adds minor energy expenditures to the BPR. Based on the en-
ergetic cost of depurination repair—and assuming that (1) total
energetic costs associated with DNA repair from other damaging
reactions or proofreading are in the same order of magnitude,
and (2) cells are able to regulate gene expression and concomi-
tant protein synthesis in relation to demand—it would appear
that small genome size confers at most a small advantage un-
der extreme energy limitation.

ADAPTATIONS TO LOW-ENERGY SUPPLY

The energy that is theoretically available for biomolecule syn-
thesis in a given setting is set by external factors, such as tem-
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perature, redox and fluid chemistry, and pressure. Knowledge of
these external factors per se is insufficient to predict how large
microbial populations are, or what the BPRs of various groups of
microbes present are. This is because microbes are not optimally
adapted to energy limitation. Evolutionary constraints, due to
genetically determined biochemical pathways, physiologies, be-
haviors and physicochemical tolerance regimes, will impose en-
ergetic inefficiencies that preclude populations from being at
their theoretical carrying capacity. Nonetheless, the genetic and
physiological traits that improve the ability of microbes to cope
with low-energy conditions are astonishing and vast. We discuss
some of these next.

Cell-specific traits that control the energetic
cost of anabolism

At an intracellular level, the efficiency of energy utilization and
the mode of biosynthesis are likely to be important variables
that influence the BPR. For instance, whether an organism syn-
thesizes essential biomolecules autotrophically, de novo from
available building blocks, or by recycling larger fragments is
likely to have major implications for cell-specific energy con-
sumption (Takano et al. 2010). Due to the considerable ener-
getic cost of amino acid polymerization (section ‘The energetic
cost of biomass synthesis’), one might expect the ability to recy-
cle oligomers or even large peptide fragments to provide a sur-
vival advantage in many environments. The specific biochem-
ical pathway used for amino acid synthesis will also influence
the energetic cost, as is evident from the very different ener-
getic investments required for known pathways of C fixation
(Russell and Martin 2004; Berg et al. 2010). Biomolecule half-
life will further determine the rate at which energy needs to
be invested into repair or replacement. Besides racemization
rates, key determinants of protein half-life include the amino
acid composition (Zhou et al. 2008), the molecular structure of
the protein (Dice 1987), intracellular regulation of protein sta-
bility (Bougdour et al. 2008), ability to repair protein damage
(Ishikawa and Clarke 1998) and external stressors, such as tem-
perature, pressure, ionizing radiation and desiccation (Holden
and Baross 1995; Krisko and Radman 2010). An example that il-
lustrates the importance of temperature and pressure in con-
trolling biomolecule stability within cells is the delay in heat
shock response in thermophilic microbes under increasing pres-
sure; here, increasing pressure can mitigate the disordering ef-
fects of increasing temperature by stabilizing biomolecules and
ultimately allowing for higher temperature tolerance (Holden
and Baross 1995). Given the wide range of stressors and
thermodynamic conditions in nature, the minimum energy
consumption required per microbial cell for synthesis and
replacement of essential biomolecules will vary considerably
across different environments. Yet, within any energy-limited
environment, microbes capable of maximizing the net differ-
ence of total energy gain from catabolic reactions and total en-
ergy expenditure on essential biosynthesis reactions are likely
to have an advantage.

GASP phenomenon

So far, the study of mutants expressing the GASP phenotype
in the laboratory may have produced the most direct insights
into physiological adaptation to severe energy limitation in
nature. These experiments have shown mutant strains—with
new alleles that confer a competitive advantage under energy
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limitation—to evolve and take over batch incubations with pure
or mixed cultures after only 10 days without substrate replen-
ishment (Zambrano et al. 1993; Helmus et al. 2011). Currently,
the extent to which multi-week to multi-year laboratory exper-
iments in long-term stationary phase, as with GASP mutants,
provide insights to life under energy limitation over thousands
to millions of years, as in the subseafloor biosphere, still remains
unclear. Cultures expressing GASP are dynamic, with growth
and succession of mutant strains occurring continuously de-
spite near-constant total population size (Finkel and Kolter 1999;
Finkel 2006; Riedel et al. 2013). By contrast, microbial communi-
ties that have starved for millennia in the environment may be
static, with near-zero mortality and cell division, and virtually all
energy used for cell maintenance rather than growth (Lomstein
et al. 2012). Nonetheless, the discovery of GASP mutants with
improved ability to withstand energy limitation due to single
genetic mutations (Zinser and Kolter 1999) raises the question
whether similar genetic changes might enable natural commu-
nities to survive energy limitation over much longer time scales.

Phenotypic plasticity as a mechanism to cope
with low-energy conditions

Microbes react to energy levels via a range of phenotypic re-
sponses. In addition to adjusting their cell morphology and
cellular composition (sections ‘Morphological and behavioral
changes during energy limitation’ and ‘Cell compositional in-
dicators of energy limitation’), these phenotypic responses in-
clude changes in substrate transport systems and pathways of
energy conservation. Given the ubiquity of energy limitation,
these phenotypic responses may be considered integral parts of
the ecological niche and life cycle of many microbes. Next, we
discuss several examples of such phenotypic responses to low-
energy conditions.

With respect to the uptake of carbon substrates, many mi-
crobes harbor multiple membrane transport systems that are
differentially expressed depending on energy conditions. For in-
stance, Vibrio sp. strain Ant-300 imports arginine into the cell
using a high-affinity active transport system under oligotrophic
conditions. In arginine-enriched seawater, however, this organ-
ism switches to chemotaxis coupled with a low-affinity system
(Geesey and Morita 1979). Similarly, a fermentative marine Vib-
rio isolate was shown to switch from a constitutive system to a
different, high-affinitiy uptake system to take up mannitol af-
ter 5 weeks of energy starvation (Davis and Robb 1985). Photobac-
terium angustum strain S14 was found to use two different uptake
systems for leucine import. The different affinities for leucine
in this organism were reflected in half-saturation constant (Km)
values differing by more than one order of magnitude (0.76 uM
vs 20 uM; Mardén, Nystrom and Kjelleberg 1987). In addition to
carbon substrates, the use of two uptake systems has been doc-
umented for the electron acceptor sulfate; depending on am-
bient sulfate concentrations, the marine sulfate reducer Desul-
fobacterium autotrophicum differentially expresses a low-affinity
uptake system with a Kp, of 150 uM, and a high-affinity uptake
system with a Ky, of 8 uM (Tarpgaard 2013). Based on these data,
it appears likely that the presence of both high- and low-affinity
uptake systems within the same organism is widespread in mi-
crobes, and enables growth and survival across a wide range of
energy conditions.

In addition to high substrate affinity, the ability to lower
endogenous metabolic rates enhances fitness under low-
energy conditions. In comparisons across different strains
of enteric bacteria, Gram-positive cocci, pseudomonads and

Arthrobacter, the Arthrobacter strains survived starvation 10-100
times longer due to their ability to drastically lower their en-
dogenous metabolism (Ensign 1970; Poindexter 1981). Experi-
ments with Vibrio sp. strain Ant-300 showed that cells that had
been conditioned to slower growth in dilute media had higher
survival rates under starvation conditions than cells condi-
tioned to fast growth in energy-replete media (Moyer and Morita
1989a). Similarly, in comparisons of Arthrobacter sp. to Pse. flu-
orescens strains isolated from surface and subsurface habitats,
the Arthrobacter sp. showed higher survival rates under starva-
tion for 64 weeks (Kieft et al. 1997). However, contrasting with
Vibrio sp. strain Ant-300, there was no difference in starvation
survival between Arthrobacter sp. and Pse. fluorescens strains from
surface or subsurface environments (Kieft et al. 1997). This un-
derscores yet again that the physiological capacity to survive
sustained energy shortage is a life history trait of many organ-
isms, rather than an adaptation that is unique to severely and
long-term energy-limited habitats.

In addition to changes in enzyme and protein kinetics, cer-
tain microbes are known to shift their energy metabolism under
energy limitation. Many strains of sulfate reducing and aceto-
genic microbes are able to switch from one respiration pathway
to another or even to fermentative metabolism (Drake, Kiisel and
Matthies 2006; Rabus, Hansen and Widdel 2006). Methanosarcina
acetivorans—when grown on CO as energy source—switches
from formate and acetate synthesis at high CO concentrations
to methanogenesis at low CO concentrations (Rother and Met-
calf 2004). A diverse range of chemoorganotrophic microbes in-
habiting marine photic zones have photoproteins, called pro-
teorhodopsins, which enable survival without growth via light-
driven proton pumping under low-energy conditions (Stingl et al.
2007; Gonzalez et al. 2008; Gémez-Consarnau et al. 2010). Re-
search on Vibrio sp. strain AND4 has shown that this organ-
ism only performs phototrophy during stationary phase, but not
during active growth (Akram et al. 2013). Even the oligotrophic
marine strain SAR11 is known to switch from chemoorganotro-
phy to this form of light-mediated ATP production under very
low organic carbon substrate concentrations (Steindler et al.
2011). The ability of planktonic chemoheterotrophs to switch
to phototrophic life style—not only using photoproteins, but
also via aerobic anoxygenic photosynthesis involving bacte-
riochlorophyll, e.g. Roseobacter spp.—is widespread (Kirchman
and Hansen 2013; Karl 2014). Conceivably, the ability to use
both solar energy and ambient chemical compounds as energy
sources critically enhances short- and long-term survival in wa-
ter columns, where (1) light availability varies with water depth
and season, (2) organic carbon concentrations fluctuate in re-
sponse to seasonal fluctuations in phytoplankton populations
and riverine discharge, and (3) nutrient availability limits photo-
synthesis seasonally or year-round.

Fundamental differences in starvation states

As discussed earlier, microbes respond to energy limitation by
a spectrum of phenotypic changes, of which we have identified
the CSR and OSR as the two end member responses (section ‘Cell
morphology’). To complicate things further, however, microbes
characterized by the CSR react by at least two distinct pheno-
typic responses, both of which are characterized by classic CSR-
traits such as cell size reduction, shift to more coccoid morphol-
ogy, low metabolic activity and changes in protein expression
patterns. One of these phenotypic responses, the ‘starvation-
survival state’ (Morita 1990) is characterized by reductive cell
division resulting in formation of ultramicrobacteria, decreasing



viability over time, and increasing time to restore viability the
longer the starvation period continues; cells remain culturable
(Amy and Morita 1983; Thorne and Williams 1997). To more ac-
curately describe this starvation response, we suggest renaming
it to ‘survival through cell division’ (STCD) strategy. By contrast,
in the ‘viable but non-culturable’ (VBNC) state, cells reduce cell
size without cell division, and typically to a lesser degree than
in the STCD, express different proteins, retain viability, but lose
culturability (Heim et al. 2002; Oliver 2005).

Unlike the STCD, the VBNC is not specific to energy limita-
tion, but can also be induced by other environmental stressors,
e.g. shifts in temperature, salinity or redox conditions (Oliver
2005). Which of the two states occurs is often neither stated nor
clear based on the variables measured in the existing starva-
tion literature, and cannot be determined based on morphol-
ogy alone (Fida et al. 2013). Moreover, experiments with the
pathogens V. vulnificus and E. faecalis have shown that both states
are—at least in some cases—inducible in the same organism
(Oliver, Nilsson and Kjelleberg 1991; Heim et al. 2002). In both
organisms, the STCD was induced by maintaining cells at the
original growth temperature (room temperature) after the onset
of starvation, whereas the VBNC state was induced when the
incubation temperature was lowered to 4-5°C. Yet, the example
of Sphingomonas sp. strain LH128, in which the VBNC state was
induced at the same temperature at which initial growth had
occurred (Fida et al. 2013), suggests the variables triggering the
STCD and VBNC are not entirely understood and may vary.

Interestingly, protein expression patterns of E. faecalis in the
VBNC state, despite having unique characteristics, more closely
resemble those of growing cells than cells in the STCD (Heim
et al. 2002). Nonetheless, profound changes in physiology occur
in the VBNC state. The hydrocarbon-degrading Alphaproteobac-
terium Sphingomonas sp. strain LH128, after being kept in star-
vation media for 6 months, had drastically reduced the expres-
sion of genes involved in transcription and protein synthesis,
but increased the expression of genes regulating gene expres-
sion, gene translocation, and catabolism of fatty acids and rRNA
(Fida et al. 2013). As is characteristic of the VBNC, these cells
showed no lag time in response to substrate addition afterwards
and immediately resumed hydrocarbon catabolism.

The fact that the same microorganisms can enter at least two
different states in response to energy limitation corroborates the
fundamental importance of energy limitation as a driving force
in microbial evolution. Future research will provide a better un-
derstanding of the environmental cues that determine which
state is induced, and reveal possible reasons why certain pheno-
typic states might provide survival advantages over others under
a given set of environmental conditions.

Low-energy conditions as an evolutionary
driving force?

As discussed in the previous sections, many microorganisms re-
veal high phenotypic plasticity in their response to energy lim-
itation, e.g. by adjusting their metabolic strategy, metabolic ac-
tivity, cell division rates and cell morphology. In addition, many
traits that represent adaptations to energy limitation are likely
to be genetically ‘hard-wired’. Distinctions between these forms
of adaptation are not always clear, especially when examining
environmental samples. For instance, the frequent shift toward
smaller cell morphology that occurs within days in starving cul-
tures is due to phenotypic plasticity rather than genetic shift
(Amy and Morita 1983; Thorne and Williams 1997; Finkel 2006).
Yet, the fact that genetically distinct GASP mutants evolve in

Leveretal. | 27

starvation experiments after days to weeks and enable cells with
these fitness-enhancing mutations to outcompete all other cells
indicates a central role for genetic adaptation in surviving en-
ergy limitation, even over relatively short time spans (Zambrano
et al. 1993; Finkel and Kolter 1999; Helmus et al. 2011). It is thus
conceivable that microbes inhabiting environments that have
been deprived of fresh energy inputs over geologic time scales
have genetically evolved in response to these conditions, per-
haps even via GASP-like mutations.

Several well-characterized microbial species illustrate the
possibility of genome evolution in response to low-energy condi-
tions, and suggest that certain existing microbial isolates might
be suitable models for the study of life under long-term energy
limitation. Strains of photosynthetic Prosthecochloris sp. subsist
under lower light conditions, and hence lower available light en-
ergy than other low-light adapted green sulfur bacteria, by pro-
ducing larger light-harvesting antennae (chlorosomes), which
increase the gain of excitation energy by the reaction center,
and by other, so far unknown, cellular mechanisms (Fuhrmann
et al. 1993; Marschall et al. 2010). Obligate acetate-fermenting
methanogenic Methanosaeta sp. have evolved a different, higher
affinity enzymatic pathway for acetate metabolism than the fac-
ultatively acetate-fermenting Methanosarcina sp. (Penning and
Conrad 2006; Smith and Ingram-Smith 2007). While the pro-
lific, r-selected Methanosarcina sp. quickly outgrow Methanosaeta
at high acetate concentrations, Methanosaeta sp. are classic K-
strategists, that are slow-growing but highly efficient, and out-
compete Methanosarcina sp. in energy-limited environments by
drawing acetate concentrations below the threshold concen-
tration required by Methanosarcina (Jetten, Stams and Zehnder
1992; for definition of - and K-strategists, see the section ‘Glos-
sary’, for review, see Andrews and Harris 1986). Desulfotomacu-
lum putei, a sulfate reducer originally isolated from the terres-
trial subsurface (Liu et al. 1997; Davidson et al. 2009)—after a few
days in starvation media and after correction for temperature-
dependent increases in racemization damage—have compara-
ble cell-specific energy turnover rates to sulfate reducers from
long-term energy-depleted subsurface sediments (section ‘En-
ergetic cost of racemization’).

Genetic adaptations that result in high efficiency of energy
utilization are likely to confer a survival advantage in environ-
ments that are energy depleted over geologic time scales. These
adaptations may not have evolved as adaptations to long-term
energy limitation, however, since energy limitation is ubiqui-
tous, and adaptations to energy limitation may just as well have
evolved under shorter term energy limitation, as the example of
GASP mutations illustrates. In fact, the extent to which microbes
continue to evolve in habitats that are cut off from free energy
inputs over geologic time periods is not clear. For favorable adap-
tations to occur and spread through populations, cell growth and
replication are considered necessary. In sediments, one might
then expect to see changes in genomes, e.g. increased num-
bers of duplications in metabolic genes, or increased evidence
of GASP-like mutations throughout microbial populations, from
more energy-rich recently deposited layers to highly energy-
depleted deeper layers. Similarly, one might expect lower BEQs
in deeply buried layers. Yet, if average generation times of 300-
1000 yr in cold subsurface sediments (Shipboard Scientific Party
2003; Jgrgensen 2011; Lomstein et al. 2012) reflect those of indi-
vidual cells, then the rate of evolution should be extremely low
assuming that mutation rates of E. coli apply (~0.001 mutations
genome ! generation—?; Lee et al. 2012). This low rate of evolu-
tion, combined with the limited potential for dispersal in com-
pacted, diffusion-controlled sediments, would argue against the
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spreading of favorable GASP-like mutations throughout sub-
seafloor sediments—even over geologic time. Consequently, se-
lective survival of already low-energy adapted microbes that
were present in the initial ‘inoculum’, i.e. sediment at the time
of its deposition to the sediment surface, would be more likely
than evolutionary adaptation to energy limitation within deeply
buried sediments.

Specialist versus generalist strategies

Evidence so far suggests that the concept of threshold energy
yields may mainly be relevant for low-energy intermediates,
such as H, and acetate, which are microbially turned over at
high rates. Highly efficient substrate specialists may outcom-
pete other microorganisms for these substrates, by drawing their
concentrations down to levels at which Gibbs free energies of
metabolic reactions are too low to be harvested by less efficient
organisms. Even in energy-limited environments, however, the
energy yields per mol of most substrates are much higher than
the threshold energy yields of 0 to —20 kJ mol~! determined for
H, or acetate in pure culture and sediment incubations (Lever
2012). For these substrates, the payoff of specialization through
extreme energy efficiency—i.e. the ability to thermodynamically
exclude less-efficient competitors by drawing substrate con-
centrations down to threshold energy yields—is not given. In-
stead, metabolically versatile microbes that utilize wide sub-
strate spectra may have a survival advantage over substrate spe-
cialists due to their ability to access larger total energy pools
(Gottschal, de Vries and Kuenen 1979; Egli 1995; Lever 2012). A
potential trade-off of this more generalistic metabolic strategy
is that the metabolism of additional substrates may require fur-
ther genes and enzymes to maintain. Yet, this added energetic
cost might be minor compared to other energetic challenges
these cells face (see section ‘Energetic cost of depurination’), and
the energy gained by access to additional energy sources is po-
tentially high. Interestingly, evidence suggests that—instead of
genome reductions—duplications of large chromosomal regions
and thus genome expansions are common among microbes in
starvation mode (Gevers et al. 2004; Porwollik et al. 2004).

The benefit of multiple gene copies under energy limita-
tion may arise from (1) the increased probability of fitness-
enhancing mutations, e.g. resulting in wider substrate spec-
tra, and (2) the presence of an intact ‘spare’ gene copy—in
case a mutation disrupts an essential gene function on one of
the gene copies (Finkel 2006). Published data are in support of
at least the first explanation. In Arthrobacter, a genus that is
widespread in the terrestrial subsurface, gene duplications, fol-
lowed by divergent evolution of individual gene copies, have
been linked to the ability to degrade a wider range of poly-
meric substrates (Mongodin et al. 2006). In Burkholderia xenovo-
rans strain LB400, the up to ~30% larger genome size com-
pared to closely related strains has been interpreted to explain
the greater niche breadth of strain LB400 compared to other
strains (Chain et al. 2006). Wide substrate spectra may, however,
not always require increased genome size. For instance, the O-
demethylase of the thermophilic acetogen Moorella thermoacetica
is used for the demethylation of at least 20 natural methoxy-
lated monomeric lignin derivatives, in addition to plant hor-
mones, and man-made pesticides (Daniel et al. 1991; El Kasmi,
Rajasekharan and Ragsdale 1994). Studies with GASP mutants
indicate that small, localized mutations, including point muta-
tions, can result in enzymes that enable utilization of a wider
range of amino acids and thereby create a survival advantage
in energy-starved cultures (Zinser and Kolter 1999; Finkel 2006).

Reductions in genome size in low-energy adapted pelagic het-
erotrophs, by minimization of intergenic spacers to on average
three bases (Giovannoni et al. 2005), moreover, indicate that even
genome reductions do not necessarily go hand in hand with
gene deletions.

Biomass turnover and mortality

A remarkable finding of laboratory-based starvation experi-
ments is that while total microbial populations remain nearly
constant in size during long-term stationary phase, the mi-
crobial community composition continues to be dynamic af-
ter years of incubation (Fig. 13). Every few weeks, new mutants
evolve which outcompete less competitive older mutants and
become dominant. And in spite of the dominance by certain
strains, an astonishing genetic diversification produces many
new morphotypes (Finkel 2006). Similar to long-term incuba-
tions in the laboratory, microbial populations surviving energy
limitation on geologic time scales in the environment remain
nearly constant in size over time. It is, however, unknown
whether these populations, like GASP mutants, are in a state of
dynamic equilibrium, where growth via cell division balances
mortality—thus the long-term stationary phase would persist
over geologic time scales, possibly with microbial generation
times spanning hundreds to thousands of years (Fig. 13)—or
whether individual microbial cells enter a new phase (phase 6)
characterized by non-growth and near zero mortality over geo-
logic time (Fig. 13, inset). If it indeed exists, this phase could be
defined as the ‘long-term non-growth phase’.

Current estimates of average biomass turnover times of
energy-limited microbes in subseafloor sediments are 300-
1000yrs (Shipboard Scientific Party 2003; Jgrgensen 2011; Lom-
stein et al. 2012). Yet, very little is known about the variabil-
ity across individuals within these communities. Low-energy-
adapted microbes may continue to metabolize, and even grow,
at a low rate (Lennon and Jones 2011; Lomstein et al. 2012). More-
over, long periods of low activity or dormancy may be punc-
tuated by bouts of activity, e.g. if cell death, or desorption of
previously unavailable organic molecules from mineral matri-
ces, produce local patches of elevated energy availability. If,
under these circumstances, cell growth and division are in-
deed occurring, then perhaps the spatial distributions of cells
offer clues. Due to the energetic cost of locomotion (Mitchell
2002; Berg 2003; section ‘Cell motility’) and/or physical obstruc-
tions by lack of pore space, microbial motility is likely to be in-
creasingly limited—not only by available energy, but also due
to sediment compaction. This means that cells that are grow-
ing and multiplying will be forced to remain in close proxim-
ity with one another—even though this enforces greater par-
titioning of energy resources and may lower the available en-
ergy per cell. Thus, an increase in associations of genetically
identical cells with depth may provide a hint that cell division
is ongoing. Clearly, alternative explanations for such observa-
tions are possible. A potential strategy to tackle the conundrum
of whether cell growth is taking place might include the study
of sediment columns that are vertically heterogeneous with re-
spect to grain size. Here, cell distributions could be compared
across (A) high-porosity, fine-grained shallow subsurface sedi-
ments that would allow for motility; (B) highly-compacted low-
porosity, fine-grained sediment/sedimentary rock layers from
the deep subseafloor with small pore sizes that restrict motil-
ity; and (C) unconsolidated, coarse-grained deep subseafloor lay-
ers, in which movement through active locomotion or Brownian
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Figure 13. Concept sketch expanded from Finkel (2006) to show potential changes to microbial populations cut off from new energy inputs over geologic time scales.
The five known phases of the microbial life cycle (1: lag, 2: exponential, 3: stationary, 4: death, 5: long-term stationary) are shown in the top panel. Red dots in graph
indicate cell concentrations of individual strains at time points sampled. Blue lines suggest cell concentrations of individual mutants (GASP mutants) within that
strain. The shaded, dashed gray line reflects the expected population trend over time if the same trends observed for individual strains and GASP mutants in pure
cultures are reflected in the size of the entire microbial community in a complex environmental sample over time. Whether populations remain in the long-term
stationary phase over geologic time scales of hundreds to hundreds of millions of years is unclear. If yes, one would expect complete population turnover within a
species after each fitness-enhancing mutation, though perhaps on a much longer time scale than in GASP experiments (hence, time on x-axis changes to log-scale
after 60 months). Alternatively, microbial species and populations might enter a final phase of the microbial life cycle, the non-growth phase (phase 6; see inset
in uppermost panel and in main graph, outlined by green dashed lines). In phase 6, cells would cease to replicate and spend all their available energy on survival
functions, such as essential biomolecule repair and synthesis. Of the three basic physiological states described in the text, the growth state corresponds to phase 2,

the maintenance state to phase 3 and the survival state to phase 5 and/or phase 6.

motion would be expected to lead to cell dispersal or cell scat-
tering over time (Fig. 14).

Another unresolved question concerns the role of mortal-
ity due to predation and viral lysis under long-term energy
limitation in the environment. Can, for instance, the very low
biomass production rates in most subsurface sediments (Hedges
and Keil 1995; D’Hondt et al. 2004, 2009) support populations
of bacterial or protozoan predators? Viruses that are outside of
hosts over long time periods are likely to lose their ability to in-
fect hosts due to their incapacity to repair depurination dam-
age. If microbes are merely repairing biomolecules rather than
growing and dividing, then lysogeny may enable survival rather
than growth of viruses, and in fact this notion is supported by
studies on subseafloor sediments (Engelhardt et al. 2013). If at
all, viruses would then only minutely increase cell mortality by
increasing the energetic cost of genome maintenance due to
larger genome size. Since viruses leave an immunological fin-
gerprint in the form of CRISPR repeats (Horvath and Barrangou
2010), further genetic studies, e.g. of subseafloor genomes, may
elucidate viral survival (growth) strategies in low-energy com-
munities. Similarly, the potential importance of protozoan pre-
dation on microbes could be examined by phylogenetic studies
on eukaryotic 18S rRNA, 18S rRNA genes and functional genes
linked to predation, such as genes and gene transcripts involved
in phagocytosis (King et al. 2012). Evidence in support of living
microbial predator populations comes from the detection of 185
rRNA of potentially predatory Ciliophora in deeply buried, anoxic
sediments of the Peru Margin and Peru Trench (Edgcomb et al.
2010).

CRYPTIC AND UNDETECTED ENERGY
SOURCES AND METABOLISMS

While the (average) energy that is available to cultured
chemoorganotrophic organisms in laboratory-based starvation

experiments can at least be constrained by analyses on media
and cellular composition, cell numbers and rates of biomass
turnover, similar assessments with natural samples are difficult.
The vast majority of microbes are uncultured and their energy
metabolism is unknown. Methods for the comprehensive analy-
sis of organic matter pools in soils and sediments have yet to be
developed; thus, well-constrained estimates of the energy stored
in organic matter, let alone the fraction that is biologically avail-
able, are missing. And even habitats that have been cut off from
fresh energy inputs for thousands to millions of years often host
remarkably high microbial biomass (Parkes et al. 1994; D’Hondt
et al. 2004), raising the question whether important in situ energy
sources have been overlooked. Besides organic matter, weather-
ing reactions, seismic processes and radioactive decay may all
release energy and supply a significant fraction of energy con-
sumed by energy-limited microbial communities over geologic
time scales. Past studies, especially in marine sediments, have
mainly focused on electron acceptor distributions (e.g. D’Hondt
et al. 2004, 2009). These can provide clues to the distribution of
activity, but not necessarily to the energy available to microbes.

To better constrain the energy available from organic matter,
it will be essential to characterize and quantify the composition
of its dissolved and solid-phase fractions. A vast diversity of dis-
solved organic compounds is likely to be present in any water
or sediment sample from the environment. Information on the
concentrations and isotopic compositions of individual organic
compounds will help reveal their biotic and abiotic sources, as
well as which are used by microbes. Fourier transform-ion cy-
clotron resonance-mass spectrometry offers a powerful tool to
this end (D’Andrilli et al. 2010), although its analysis requires ini-
tial structural assumptions about the molecules making it best
used in combination with other methods of chemical charac-
terization. Similarly, little is known about the composition of
detrital solid-phase organic matter, which undergoes chemical
transformations, e.g by thermal maturation, geopolymerization
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Figure 14. Concept sketch of microbial cell distributions in (A) fine-grained
shallow subsurface sediment with high porosity and large pore space; (B) fine-
grained deep subseafloor sediment/sedimentary rock with low porosity and
small pore space; and (C) unconsolidated, coarse deep subseafloor sediment
with low porosity and large pore space, assuming a low-diversity community of
four microbial species shown in pink, gray, turquoiseand yellow. Circles within
each graph indicate different microbial distribution patterns. Within each graph,
top circles (1) illustrate microbial communities in which cells remain together
after division, due to lack of motility or benefits of associating with kin. Bottom
left circles (2) illustrate communities in which cells form associations (consortia)
with cells of different species, e.g. due to mutualistic benefits. Bottom right cir-
cles (3) illustrate communities in which cells are scattered apart and maintain
distance to their neighbors. Changes in distribution patterns among the same
microbial species may provide clues to environmental conditions. For example,
species that are spread apart in fine-grained surface sediments (A) but remain in
contact with other cells, including their own species, in compacted, fine-grained
subseafloor sediments (B), could indicate both cell division and absence of active
or passive movement in the latter (B). Cells that cluster with other cells in A, but
not in B or C, may indicate mortality-induced absence of cell clusters. Cells that
remain in clusters in A-C, on the other hand, would suggest benefits to form-
ing tight associations irrespective of sedimentary properties. Though they are
not conclusive evidence, cell distribution patterns in surface compared to deep
subsurface sediments indicate differences in ecological drivers, and may thus
be useful in evaluating hypotheses regarding cell division, motility and effects
of pore space on microbial communities.

or sulfurization processes that render it uncharacterizable by
conventional methods (Burdige 2007). A large fraction of the or-
ganic matter pool may, moreover, be shielded from microbial
degradation due to sorption to mineral surfaces and refractory
macromolecules (Hedges and Keil 1995; Nielsen, Calamai and
Pietramellara 2006). The extent to which this sorbed fraction is
released and becomes bioavailable again over time is not un-
derstood. In the deep biosphere, refractory, solid-phase organic
matter may account for most of the organic matter pool and,
in addition to microbial necromass, support the majority of or-
ganisms (Lomstein et al. 2012). Recent developments in nuclear
magnetic resonance techniques, by which formerly uncharac-
terizable fractions can be analyzed, offer great promise that the
fractions of the sorbed and refractory organic matter pools that
are slowly consumed by microbes can soon be classified (Ab-
dulla, Minor and Hatcher 2010; Yu et al. 2011) and their thermo-
dynamic properties and catabolic potential calculated (LaRowe
and Van Cappellen 2011).

In addition to organic matter, abiotic and geologic processes
may play a more vital role as energy sources in long-term
energy-starved habitats than previously thought. Certain miner-
als, e.g. iron-bearing compounds, are considered inert over <10
kyr, but undergo significant chemical weathering over longer
time periods (Canfield, Raiswell and Bottrell 1992). Peaks in Fe(II)
and Mn(Il) concentrations in oxygen- and nitrate-depleted sub-
seafloor sediments (Wang et al. 2008; Riedinger et al. 2014) in-
dicate that microbial metal reduction extends far beyond sur-
face sediments, where reduction of reactive species takes place
(Canfield et al. 1993). Reactions of seawater with minerals in the
Earth’s crust support life at the seafloor and far below, e.g. by
O,- or nitrate-dependent iron oxidation and abiotic production
of H, from olivine (Bach and Edwards 2003), or Fischer-Tropsch-
type synthesis, by which organic substrates are abiotically pro-
duced (McCollom and Seewald 2007; Neubeck et al. 2011). Radi-
olytic production of H, from water, driven by natural radioac-
tive decay, could be a significant but widely ignored microbial
energy source on Earth and beyond (Lin et al. 2005; Blair et al.
2007; D’Hondt et al. 2009). In addition, geologic processes may
free substantial amounts of energy to communities in the deep
biosphere. Geothermal heating results in thermal degradation
of recalcitrant organic matter and H, production (Horsfield et al.
2006; Parkes et al. 2011). Mechanical energy released during plate
tectonics, earthquakes and crustal flexing may release electron
donors which are subsequently taken up by microbes (Kita, Mat-
suo and Wakita 1982; Sleep and Zobeck 2007). In addition, redox
reactions with a wide variety of transition metals provide a typ-
ically ignored, potential source of energy to life in these systems
(Berg et al. 2010).

Much remains to be learned about the energy sources used by
microbes in subseafloor sediments. Indeed, future studies may
reveal that energy sources other than organic matter are equally
important or more important in deep subsurface environments,
such as deeply buried sediments (Fig. 15). With the identifica-
tion of novel organic, inorganic and geologic energy sources to
microbes inhabiting energy-limited environments, experiments
can be designed to study the microorganisms that use them.
While the majority of these microorganisms will most likely
belong to uncultivated taxonomic groups, new metabolisms
may also be found in ‘well-characterized’ groups. The detec-
tion of large populations of aerobic heterotrophic Rhizobium spp.
and aerobic bioluminescent Photobacterium spp. in subsurface
sediments suggests that even well-studied microorganisms may
have unknown metabolic capabilities when faced with severe
energy limitation (Siiss et al. 2008).
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Figure 15. Concept sketch illustrating potential quantitative changes in micro-
bial energy sources with depth across an ancient sediment column, from the
sediment-water interface (seafloor) to the sediment-basement interface (base-
ment), in a seismically active location of the world’s oceans. ‘Coyg’ stands for
energy available from organic matter breakdown and remineralization. The Corg
deposited to the sediment surface is mainly produced by photosynthesis and de-
rives from the overlying water column or terrestrial sources. Corg €ntering bot-
tom sediments from underlying basalt can either derive from circulating sea-
water, which enters the basaltic basement at rocky outcrops (Fisher and Wheat
2010), or be produced in situ, by chemosynthetic microbial communities within
the basaltic basement (McCarthy et al. 2010; Lin et al. 2012a; Lever et al. 2013).
‘Metals’ refers to energy available from metal cycling, including slow weathering
reactions of iron compounds. ‘Radiolysis’ indicates energy available from molec-
ular hydrogen (H,) produced by splitting of water molecules by radioactive ele-
ments (e.g. uranium, thorium, potassium). Increases in energy availability from
metals and radiolysis in bottom sediment can be attributed to inputs from the
underlying oceanic crust. ‘Shear stress’ stands for energy produced by friction
between the upper and lower part of the sediment column as seismic activity
induces fracturing; the existing evidence of seismically induced ‘shear stress’ as
an important microbial energy source in the subseafloor remains circumstantial.

OUTLOOK

Energy limitation is likely to be the predominant physiological
condition among a large part of all microorganisms on Earth.
Traditional microbiological and biochemical approaches have
typically focused on life under conditions of high-energy avail-
ability, where rapid growth takes place, and populations can be
characterized over short time scales. As a result, much less is
known about microbial life under low-energy conditions, even
though the ability to maintain essential cell functions through-
out periods of energy limitation and non-growth may have a
similarly profound influence on the evolution of microbes as the
ability to grow and replicate under energy-replete conditions.
While the fast-growing microbes in Earth’s surface environ-
ments strongly affect elemental cycles on short time scales, the
energy-limited or non-growing majority that is cut off from fresh
energy inputs in subsurface environments greatly influences el-
emental cycles over geologic periods. To understand microbial
survival under energy limitation, knowledge gained from state-
of-the-art technologies on environmental samples, e.g. for the
characterization and tracing of microbial energy sources, can be
combined with newest tools of microbial cultivation, e.g. reten-
tostats or chip-based microbioreactors. Laboratory-based exper-
iments can only to a limited extent recreate conditions in micro-
bially diverse natural environments that have been starved over
geologic time scales, such as deeply buried sediments. There-
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fore, an important component of research on life in mainte-
nance or survival mode must be the continued study of energy-
limited microbes in nature. Yet, because energy availability and
energy turnover in the environment are difficult to constrain
on a single-cell level, further advances to existing methods of
single-cell cultivation and single-cell activity monitoring in the
laboratory will be necessary to place accurate constraints on the
BPR. By testing theory-based predictions of microbial popula-
tion sizes, energy sinks and energy sources through the direct
study of energy-limited populations in both the laboratory and
the natural environment, a better understanding of microbial
life in its predominant physiological state will be possible.

SUPPLEMENTARY DATA

Supplementary data is available at FEMSRE online.
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Glossary

Basal Power Requirement (BPR): Energy required per cell for sur-
vival over time. A significant fraction of this power is probably
used to repair damage incurred to essential biomolecules, such
as DNA and certain proteins.

Biological Energy Quantum (BEQ): The lowest amount of en-
ergy that can be conserved by living organisms. Originally be-
lieved to be the minimum amount of free energy necessary to
phosphorylate 1 mol ADP to 1 mol ATP, it has since been shown
that some microorganisms can live and grow under conditions
where Gibbs free energy yields per 1 mol of substrate are con-
siderably lower than required per synthesis of 1 mol of ATP. In
these microorganisms, the BEQ appears to instead be set by the
energetic cost of ion (H, Na*) translocation by ATP synthase
(Thauer and Morris 1984; Mayer and Miiller 2014). Evidence sug-
gests that the average number of H* translocations required by
Ht-driven ATP synthases to phosphorylate ADP to ATP varies
from 2.7-5 (Fritz et al. 2008; Pogoryelov et al. 2012; Wikstrom
and Hummer 2012; Mayer and Miiller 2014). Consequently, the
BEQ of organisms relying on H*-driven ATP synthases to con-
vert ADP to ATP equals the energetic cost to produce 1 mol of
ATP divided by the number of H* translocations required per
phosphorylation of ADP to ATP. The same principles presum-
ably apply to the less studied Na*-driven ATP synthases (Thauer
et al. 2008; McMillan et al. 2011). Ion translocations by ATP syn-
thases are powered by a membrane potential, which is produced
by translocating H* and/or Na*t against the concentration gradi-
ent, and thus in the direction opposite to the translocation by
the ATP synthases. The energy that is required for these mem-
brane potential-producing translocations comes from catabolic
reactions. Interestingly, the lower end of measured Gibbs en-
ergy yields from microbial catabolic reactions approaches the
theoretical minimum energy required for ion translocation by
ATP synthase (+20 to +10 kJ mol or even less; Schink 1997;
Hoehler et al. 2001; Jackson and Mclnerney 2002). So far, calcu-
lations assuming an energetic cost of ADP phosphorylation of
41.9 kJ mol~? (Tran and Unden 1998), 3-5 ion translocations per
molecule of ATP synthesized and an energy efficiency of close
to 100% are consistent with BEQ values as low as ~10 k] mol~!
(Hoehler et al. 2001). Lower values are in theory possible with
ATP synthases operating at >5 ion translocations per ATP phos-
phorylation. Similarly, factors affecting the energetic cost of ADP
phosphorylation, such as intracellular ATP:ADP ratios below the
value of 10:1 of growing cell populations (Schéfer, Engelhard and
Miiller 1999), and external variables, e.g. temperature, could re-
sult in BEQ values significantly below 10 kJ mol~2.

Copiotroph; Organism requiring high energy or nutrient con-
ditions for growth.

Copiotrophic Starvation Response (CSR): Typical response of
copiotrophic microorganisms to severe energy limitation, char-
acterized by reductions in cell size, shifts in composition of cel-
lular building blocks, gene and protein expression, and com-
monly a shift from rod-shaped to coccoid morphology.

Death phase: Fourth phase of microbial life cycle (after lag,
growth, and stationary), characterized by a net decrease in pop-
ulation as large numbers of cells lyse due to starvation.

Depurination: Chemical reaction by which a deoxyribonucle-
oside or ribonucleoside with a purine base (adenine or guanine)



loses this purine base by cleavage of the g-N-glycosidic bond,
which binds this base to a deoxyribose or ribose sugar.

Energy limitation: Growth of an organism is limited by the
total amount of energy that is available to the organism.

Exponential phase: Second phase of microbial life cycle (af-
ter lag phase), characterized by exponential growth of popula-
tion, as each generation of cells doubles. Growth is not limited
by energy availability.

Growth Advantage in Stationary Phase (GASP): Mutants,
evolving through favorable mutations during the long-term sta-
tionary phase, which have higher fitness than other cells, and
thus take over microbial populations during the long-term sta-
tionary phase. As favorable mutations occur repeatedly over
time, dominant mutants are outcompeted by following gener-
ations with even higher fitness.

Growth state: The full energy demand is met. Cells have un-
limited energy available for growth and division.

Km: Half-saturation constant, i.e. concentration at which an
enzyme reaches half its reaction rate for a given solute. We use
this concept also to refer to the relationship between solute con-
centration outside the cell and its rate of transport into cells via
uptake proteins.

K-strategist: Organisms with low maximum growth rates, but
high energy efficiency and thus growth efficiency; typically dom-
inate stable environments, where they occur close to the carry-
ing capacity of that environment.

Lag phase: Initial phase after a culture of microorganisms
has been inoculated. Cells prepare for growth by acclimation,
damage repair, energy and nutrient uptake, and synthesis of
metabolic machinery required for growth in the next phase (ex-
ponential phase).

Long-term non-growth phase (LNGP): A possible sixth phase
in the microbial life cycle, which—if it exists—follows after the
long-term stationary phase (Fig. 13, inset). Unlike in the long-
term stationary phase, energy availability is so limited that cell
growth and division are no longer supported. All energy avail-
able to cells is likely to be spent on essential biomolecule re-
placements and repair.

Long-term stationary phase: Fifth phase of the microbial life
cycle. During this phase, which follows population reductions
during the death phase, microbial population size stabilizes and
persists over months to years (Finkel and Kolter 1999; Finkel
2006). Despite the absence of substrate addition, populations are
dynamic, with favorable mutations resulting in a succession of
dominant mutants expressing the GASP phenotype. Whether
this phase persists over geologic time (Fig. 13), e.g. in subsur-
face environments that are cut off from new energy inputs, is
not known.

Maintenance energy: Energy required by microorganisms
to maintain essential physiological functions over time; has
mainly been quantified in cell cultures grown under steady-
state (‘maintenance’) conditions in continuous-flow reactors.
The maintenance energies established from these experiments
are likely to be considerably higher than the BPR (also see section
‘Physiological states of microbial life’).
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Maintenance state: The full energy demand of a cell is
met, but excess energy required for significant growth is lack-
ing. Maintenance energy extrapolations to zero growth from
chemostats may describe this state.

Membrane leakage: The loss of anions, cations, and
molecules across the cell membrane. The resulting reduc-
tions in membrane potential, energy substrates, nutrients, and
biomolecules can pose a threat to microbial cells, especially in
energy-limited environments, due to energetic costs associated
with the transport of many anions, cations and molecules into
the cell, as well as the synthesis of new biomolecules.

Nutrient limitation: Growth of an organism is restricted by
availability of a scarce element or compound.

Oligotroph: Organism thatis capable of growing at low energy
or nutrient conditions (Weber 1907).

Oligotrophic starvation response (OSR): Cells undergo minor,
if any, reductions in cell size under energy limitation. Found in
cells, that are well adapted to life and growth in low-energy envi-
ronments, and typically maintain small sizes even when energy
is non-limiting.

Opportunitroph: Copiotrophs are specifically adapted to life
under fluctuating energy regimes and are able to exploit and
grow rapidly during bouts of high energy or nutrient availabil-
ity in otherwise low-energy or low-nutrient environments.

Pigritroph: Microbes that survive and grow at low cell-specific
energy fluxes due to a passive (‘lazy’, ‘sluggish’) life style. Cells
are typically small, single, immotile, and unable to increase
their metabolism much beyond its low ordinary rate, even un-
der energy-replete conditions.

Racemization: Interconversion of stereoisomers that are mir-
ror images of each other (enantiomers). In organisms, the
change in conformation resulting from racemization can alter
the function of biomolecules and thus harm the organism, if not
repaired.

r-strategist: Opportunitrophic organisms with high-potential
growth rates that often dominate in unstable or unpredictable
environments, e.g. where energy availability fluctuates strongly.

Stationary phase: Third phase of microbial life cycle (after lag
and exponential phase). Zero population growth as cell division
rates are balanced by cell mortality due to energy or nutrient
depletion or buildup of toxic metabolites.

Survival state: Cells are strongly energy limited, and—
besides not growing, or only growing very slowly—express visual
signs of energy shortage. Cellular activity is restricted to repair-
ing damaged essential biomolecules, such as DNA and certain
proteins, and maintaining membrane potential.

Survival through cell division (STCD): Starvation response
found in copiotrophic microorganisms, where cells respond to
severe energy limitation by reductive cell division, forming ultra-
microbacteria. Typically viability decreases over time, but cells
remain culturable.

Viable but nonculturable (VBNC): Starvation response found
in copiotrophic microorganisms, where cells respond to severe
energy limitation by size reduction without cell division, loss of
culturability, but maintenance of viability.



