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Calorimetric measurements of the change in heat due to microbial metabolic activity
convey information about the kinetics, as well as the thermodynamics, of all chemical
reactions taking place in a cell. Calorimetric measurements of heat production made on
bacterial cultures have recorded the energy yields of all co-occurring microbial metabolic
reactions, but this is a complex, composite signal that is difficult to interpret. Here
we show that nanocalorimetry can be used in combination with enumeration of viable
cell counts, oxygen consumption rates, cellular protein content, and thermodynamic
calculations to assess catabolic rates of an isolate of Shewanella oneidensis MR-1 and
infer what fraction of the chemical energy is assimilated by the culture into biomass
and what fraction is dissipated in the form of heat under different limiting conditions. In
particular, our results demonstrate that catabolic rates are not necessarily coupled to
rates of cell division, but rather, to physiological rearrangements of S. oneidensis MR-
1 upon growth phase transitions. In addition, we conclude that the heat released by
growing microorganisms can be measured in order to understand the physiochemical
nature of the energy transformation and dissipation associated with microbial metabolic
activity in conditions approaching those found in natural systems.

Keywords: calorimetry, Shewanella oneidensis, energy metabolism, microbial growth, thermodynamics

INTRODUCTION

Our goal was to use calorimetry to investigate how rates of catabolism scale with anabolism
during the first three phases of the microbial growth cycle under laboratory conditions: lag
phase, exponential or logarithmic phase, and stationary phase (Finkel, 2006). Cells undergo
specific physiological responses during each of these phases, specific to the needs of the
microbial population. During lag phase, immediately after cells are introduced into fresh medium,
the previously quiescent cells begin to “retool” the macromolecular machinery required for
cells to reach their maximum growth potential during the next phase. During exponential
or logarithmic phase, cells will double with a generation time that is determined by the
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quantity and quality of available nutrients and energy sources.
As the nutrients in the medium start to be depleted and
metabolic waste products accumulate, cells transition into the
third phase of the life cycle, stationary phase, where the
apparent increase in biomass ceases. Although calorimetry has
been used in conjunction with traditional physiological growth
experiments to constrain the functional relationship between
microbial activity and the physiological state of individual
populations (Winkelmann et al., 2004; Schubert et al., 2007),
little is known about how microorganisms couple catabolism to
anabolism under different limiting culture conditions. The work
presented here is based on the hypothesis that nanocalorimetric
measurements of the relative total change in enthalpy of all
of the reactions catalyzed by growing microorganisms, here
referred to as metabolic heat, can be used to understand how
microorganisms partition energy during growth and while under
different substrate limitations. Here, we test this hypothesis
experimentally.

MATERIALS AND METHODS

Bacterial Strain and Growth Media
Stock batch cultures of Shewanella oneidensis MR-1 were
routinely grown overnight aerobically at 30◦C in 150-ml flasks
containing 50 ml of Luria-Bertani (LB) broth, Miller (Difco)
using an orbital incubator at 200 rpm. Chemostat cultures
and batch cultures for calorimetry were incubated initially
aerobically using a modified version of minimal growth medium
with the following composition: 50 mM piperazine-N,N′-bis(2-
ethanesulfonic acid) (PIPES), 7.5 mM NaOH, 28.04 mM NH4Cl,
1.34 mM KCl, 4.35 mM NaH2PO4.H2O, and 10 ml each of
100x vitamin solution, 100x mineral solution, and 100x amino
acid solution (Kostka and Nealson, 1998). The medium was
supplemented with 18 mM D,L-Lactate, which serves both as the
energy and carbon source.

Chemostat Cultivation
A 3-L New Brunswick Bioflow R©/CelliGenSM 115 reactor (New
Brunswick Scientific, Edison, NJ, United States) operated
aerobically at a 1-L working volume was used to grow chemostat
cultures of S. oneidensis MR-1 at 30◦C. An overflow system was
used to maintain culture volume. Gas flow and agitation rates
were therefore kept at 3.5 L/min and 300 rpm, respectively, and
dissolved oxygen was maintained at 60% of air saturation by
automatically changing the ratio of N2 and air in the gas mixture.
pH was maintained at 7.0 by using a pH meter connected to
an electrode and a pump to add sterile acid or alkali. The
reactor was inoculated with 1 ml of overnight culture grown
in LB and maintained in batch mode until late logarithmic
phase (∼1 × 109 CFU/ml). Continuous culture was initiated by
pumping medium of the same composition at a dilution rate
of 0.05 h−1. Carbon-, nitrogen-, or phosphorus-limiting growth
conditions were achieved by decreasing the concentration of
D,L-Lactate to 1 mM, NH4Cl to 0.1 mM, or NaH2PO4.H2O to
0.1 mM, respectively. Limiting growth conditions were inferred
empirically by observing the increase in biomass yield upon

increases in substrate concentrations at higher dilution rates, but
not upon increases of dissolved oxygen in the medium (Kuenen,
2009) (data not shown).

Measuring the Heat of Microbial
Reactions with Calorimetry
Calorimetry experiments were initiated from either stock LB
batch cultures of ∼109 cells (for oxygen-limiting growth
experiments) or chemostat cultures of ∼106 cells (for
carbon-, nitrogen-, or phosphorus-limiting growth experiments).
Next, 1 ml each was serially diluted with modified M1 medium
(amended with 18 mM D,L-Lactate) to a final concentration
of ∼250 cells ml−1. Then, 4.2 ml each were transferred to
calorimetric borosilicate ampules (cleaned and then combusted
at 480◦C for 6 h) allowing only 50 µl of headspace. In order
to avoid the introduction of additional oxygen in the headspace
calorimetry ampules were sealed with butyl rubber stoppers in a
strict anaerobic atmosphere (<5 ppm oxygen and 5% hydrogen
gas mix) using an anaerobic chamber (COY Laboratory Products,
Inc., Grass Lake, MI, United States). Isothermal measurements
of metabolic heat rates during the incubation of S. oneidensis
MR-1 were performed in triplicate using a thermal activity
monitor model TAM III equipped with a nanocalorimeter (TA
Instruments, Lindon, UT, United States). The TAM III in
combination with the nanocalorimeter offers extremely high
sensitivity (>2.5 nW ml−1).

Oxygen Uptake Analysis, Cells
Enumeration, and Cell Size
Measurements
Cellular oxygen uptake, number and size of growing cells of
S. oneidensis MR-1 in calorimetric batch cultures was studied in
parallel triplicates using a New Brunswick Bioflow R©/CelliGenSM

115 reactor (New Brunswick Scientific, Edison, NJ, United States)
operated aerobically in batch mode and then sealed by layering
50 ml of white light mineral oil (Mallinckrodt, St. Louis,
MO, United States) over the culture with a Clark-type oxygen
microsensor (Unisense, Denmark) immersed in the culture
reactor. The oxygen concentration in the reactor was logged
every 5–10 s with the New Brunswick BioCommand R© supervisory
computer software (New Brunswick Scientific, Edison, NJ,
United States).

Total viable cell counts were determined at intervals of 2 h
using an improved drop plate method (Herigstad et al., 2001).
In short, 1 ml of the batch culture was serially diluted in sterile
medium to a final countable dilution of 3–30 colonies per 10 µl
drop of sample dispensed. The colony-forming units (CFUs) were
counted over 10 drops at the countable dilution. Finally, the total
count was scaled up and the viable cell counts were expressed as
total CFUs in culture.

Quantitation of cell size of growing MR-1 cells was determined
from microscopy images of fluorescently labeled cells as follows:
1 ml of the parallel batch culture was sampled and fixed
in 0.2 µm filtered formalin [37–39% (wt/vol) formaldehyde
solution] overnight at 4◦C. Samples were then filtered onto
polycarbonate membrane filters (type, GTBP; pore size, 0.2 µm;
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diameter, 2.5 mm; Sartorius, Göttingen, Germany) and stained
with SYBR R© Green I (1:400 dilution from stock solution;
Life Technologies, Carlsbad, CA, United States). Filters were
mounted onto microscope glass slides with 0.1% (vol/vol) p-
phenylenediamine anti-fade mounting medium and visualized
using a Nikon Eclipse Ti-E inverted microscope (Nikon, Tokyo,
Japan) equipped with a drift correction unit (Nikon Perfect Focus
System) for maintaining focus at the coverslip-filter interface
during imaging. Fluorescence imaging of SYBR Green I was
done in the FITC (Nikon filter set B-2E/C). The scientific image
analysis and visualization software program DAIME (Daims
et al., 2006) was used to manually classify individual cells
according to their measured caliper length and width. Rod-
shaped MR-1 cells were assumed to be hemisphere-capped
cylinders with radius r and height h (note: width/2 = r and
length – 2r = h), and the cell volume was calculated by the
equation V = 4/3(πr3) + πr2h. This is the volume of a sphere
(two hemispheres) added to the volume of a cylinder.

Cellular Protein Content
4 mL of stock culture samples (∼1 × 109 CFU/ml) were used
to determine the total protein content using the NanoOrange R©

Protein Quantitation Kit (Molecular Probes, Inc., Eugene, OR,
United States) following the manufacturer’s instructions. The
average cell protein content was determined as a ratio of
total protein content (ppm protein) to the cell concentration
(CFU/mL). Cellular protein content of calorimetric batch
cultures in lag and exponential growth phase were below
detection limit (10 ng/ml) and therefore not reported here.

Thermodynamic Calculations
The enthalpy of reaction for the full and partial oxidation of
lactate by oxygen at 30◦C and 1 bar was calculated for the
following two reactions using the revised-HKF equations of state
(Helgeson, 1981; Tanger and Helgeson, 1988; Shock et al., 1992),
the SUPCRT92 software package (Johnson et al., 1992), and
thermodynamic data taken from a number of sources (Shock,
1988; Shock et al., 1989; Shock and Helgeson, 1990; Sverjensky
et al., 1997; Schulte et al., 2001):

C3H5O3−(Lactate)+ 3O2 +H+ → 3CO2+3H2O (1)

1 H◦r at 30◦C and 1 bar = − 458, 584 J (mol O2)
−1

C3H5O3−(Lactate)+O2 → CO2+C2H2O2−(Acetate)+H2O
(2)

1 Hr
◦ at 30◦C and 1bar = − 487, 278 J (mol O2)

−1

The solubility of O2 in water at 30◦C, and at a partial pressure of
0.21 bar, is 2.45× 10−4 mol l−1. Since the modified M1 medium
has an oxygen saturation of 89% of that in water (218 µM conc.)
4.2 ml of solution has 9.16× 10−7 mol of O2.

RESULTS AND DISCUSSION

We incubated S. oneidensis MR-1 wild-type (Myers and Nealson,
1988) populations in a nanocalorimeter under a number of

conditions, limiting the availability of either oxygen, carbon,
nitrogen, or phosphorus. This γ-proteobacterium is an ideal
model organism for (eco)physiological studies because it is
globally distributed, can grow rapidly in the laboratory, and
has been genomically and physiologically well-characterized
(Hau and Gralnick, 2007). In each experiment described below,
S. oneidensis MR-1 was incubated at 30◦C, provided with oxygen
and lactate as the source of energy and carbon under a variety
of substrate-limited conditions in order to record the evolving
metabolic heat as a function of time. The nanocalorimeter
provides a continuous and sensitive measure of the flow of this
heat out of a culture vial relative to a reference vial of the
same heat capacity, consisting of filtered sterile growth medium.
Thermodynamically, the heat measured represents the relative
total change in enthalpy of the culture community. Thus, the heat
change measured is due to the sum of all of the enthalpies of all of
the reactions catalyzed by the microorganisms inside the culture
vial (Kemp, 2000). Furthermore, if the enthalpy of a reaction
under a particular condition is known, then this can be compared
to the heat being measured by the calorimeter.

In the first experiment, excess lactate was made available to
S. oneidensis MR-1 in an oxic setting while tracking the changes
in heat flow. In identical, parallel experimental cultures incubated
at the same temperature outside of the calorimeter, oxygen and
biomass concentrations were also monitored so that the energy
associated with catabolism could be related to physiological
changes as a function of time (Figure 1). Because this is a closed
system, the only O2 that is available is that which is present in the
headspace and dissolved in the medium at the beginning of the
experiment. As shown in Figure 1, after the lag phase (∼10 h),
heat flow increases exponentially up to a maximum of 23.1 µW,
and then falls sharply stepwise to a minimum of 0.6 µW at about
26 h, when oxygen had been completely consumed. Changes in
viable cell counts followed the heat flow with a maximum growth
rate of 0.24 h−1, peaking as the oxygen is ultimately consumed,
but about 2 h after the maximum heat flow is detected. The
total quantity of heat measured during growth, the integrated
heat flow, was 0.475 J. Although S. oneidensis MR-1 can fully
oxidize lactate to CO2 under fully aerobic conditions (Pinchuk
et al., 2011), it only partially oxidizes lactate to acetate and CO2
when the amount of dissolved O2 approaches zero (Pinchuk
et al., 2011). Therefore, it is possible that the heat signal shown
in Figure 1 is a composite of both of these oxidation reactions,
since O2 becomes limiting over time. We calculate that if all of
the O2 available in the experimental vial is used to completely
oxidize lactate, then 0.42 J would be released, while if all of the
consumed lactate is partially oxidized to acetate and CO2, 0.45 J
would evolve. Although, it is difficult to determine the exact fate
of lactate in this experiment, it is clear that the recorded heat
signal is dominated by the enthalpy of lactate oxidation.

In order to quantify the amount of heat associated with
anabolic processes during the experiment summarized in
Figure 1, we estimated the heat associated with biomass synthesis
using the heat of combustion for bacterial cells. Given that our
incubation experiment yielded a total of 2.8 × 106 cells with
an estimated average cellular weight of 4 × 10−7 µg cell−1

[calculated from measured average cellular content values of
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FIGURE 1 | Nanocalorimetric analysis of Shewanella oneidensis MR-1 growth. Heat flow (solid black line) of S. oneidensis MR-1 growing on lactate (carbon source
and electron donor) at pH 7 and 30◦C under O2 limitation is shown. Total heat evolved during growth (dashed black line) was obtained by integrating the area
delimited by the heat flow profile. The increase in total viable cells (red circles) was determined in parallel cultures using a drop plate method. For comparison, final
cell growth in calorimetric vials is represented as the red filled circle, indicating that data from the calorimetric and parallel growth experiments were in good
agreement. Oxygen concentration (green line) was also measured in a parallel culture outside the calorimeter. Corresponding heat and oxygen data of experimental
triplicate measurements are shown in Supplementary Figure S1.

20 pg, which is consistent with previously published data (Saini
and Wood, 2008), and assuming that protein content constitutes
approximately 50% of the total cellular weight (Pinchuk et al.,
2010)] and 22.9 J g−1 evolve from combusting Escherichia
coli K-12 cells (Dermoun and Belaich, 1980), the enthalpy
change accompanying anabolism results in −2.6 × 10−5 J
(the sign change results from anabolism being the opposite
of combustion). This relatively small amount of heat further
demonstrates that most of the heat signal measured in the
experiment arises from the catabolic reaction supporting the cells,
lactate oxidation.

Cell-specific oxygen consumption and heat generation rates
for the same experiment shown in Figure 1 are shown in
Figure 2, in addition to average cell volumes. Oxygen demand
is high during lag phase, peaking at 2.8 × 10−3 µmol O2
CFU−1 d−1, but falls by more than three orders-of-magnitude
during the exponential growth phase, supporting the observation
that respiration rates of S. oneidensis MR-1 cells are highly
dynamic (Riedel et al., 2013). Similarly, cellular heat flow output
reaches a maximum value of 15.7 µJ CFU−1 d−1 at the onset of
the exponential growth phase, but by the end, drops by over three
orders-of-magnitude. Through the transition from exponential
phase to stationary phase, cellular heat flow decreases rapidly
by nearly one order-of-magnitude. Cell volumes increase during
lag phase and remain variable during exponential growth and
stationary phase; the increase in cell numbers is not directly
proportional to the increase in cell volumes.

The patterns shown in Figure 2 could be explained by a
range of physiological changes that S. oneidensis MR-1 cells are
known to undergo during the various phases of their growth
cycle. During lag phase, when the energy source (lactate) is found
in excess in the medium and oxygen is plentiful, S. oneidensis
MR-1 cells appear to generate more protein per cell (Saini and
Wood, 2008), which could explain the increased cell size observed
in our experiments. In this phase, the physiological retooling
required for S. oneidensis MR-1 to begin exploiting newly replete
nutrient conditions includes shifts in regulatory patterns of
gene expression, metabolic pathways, internal accumulation and
turnover of macromolecular compounds (Beg et al., 2012). All of
these processes involve an increased demand of catabolic energy
generally associated with rapid heat production (Russell, 2007).
An open question with respect to lag phase physiology is whether
the majority of these “building blocks” of the macromolecular
cellular machinery accumulate during lag phase or continue to
be synthesized throughout log phase growth. The increasing
oxygen consumption measured during lag phase (and thus the
associated high heat dissipation) suggests that S. oneidensis MR-1
is preparing for optimal growth and that, during the subsequent
exponential phase, little more catabolic energy is needed.
Furthermore, under the initially replete culture conditions
encountered at inoculation, the catabolic activity of S. oneidensis
MR-1 cells can transiently exceed their growth capacity and
metabolic reactions are known to operate in S. oneidensis MR-1
(Pinchuk et al., 2010) to dissipate this excess energy. These
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FIGURE 2 | Cell-specific power output and oxygen uptake of growing S. oneidensis MR-1. Cellular heat yield and oxygen consumption rates for growth of
S. oneidensis MR-1 were calculated from measured oxygen concentrations over time and normalized by the number of CFU shown in Figure 1. This estimate
assumes equal contributions by all cells in the population to the heat yield and respiration rate. Circle size indicates the calculated cellular volume of growing
S. oneidensis MR-1 cells.

FIGURE 3 | Heat yields and cell counts for S. oneidensis MR-1 cultures grown under carbon-, nitrogen-, or phosphorus-replete (solid lines and bold columns) and
-limiting conditions (dashed lines and faded columns). Chemostat cultures enabled the reproducible growth of S. oneidensis MR-1 under limiting conditions. Cells
were harvested from chemostats to monitor growth in the presence or absence of the respective limiting element in nanocalorimeter vial batch cultures. Solid and
dashed lines refer to total heat evolved during the respective replete and depleted element conditions. Corresponding heat data of experimental triplicate
measurements are shown in Supplementary Figures S2–S4. Total S. oneidensis MR-1 CFU abundances in calorimetric vessels are shown at the beginning and
end of each experiment, with solid bars representing replete conditions and faded bars representing the limiting conditions. Error bars correspond to the calculated
standard deviation of five replicate measurements.
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results in a rapid increase in heat production (Russell, 1986;
Russell and Strobel, 1990) and could further contribute to the
high heat dissipation rate observed in lag-phase cells. These
metabolic reactions are associated with futile enzyme cycles and
dissipation of membrane potential providing S. oneidensis MR-
1 cells not only a means of protection from potentially toxic
concentrations of metabolic intermediates (Qian and Beard,
2006), but also providing them with a competitive advantage
in energy rich environments (Pinchuk et al., 2010). Similarly,
the cell-specific heat effect marking the transition from late
exponential phase into stationary phase could be attributed to
physiological rearrangements as a reaction to decreasing oxygen
concentration. Together, our data indicate that heat production
in bacteria is extremely variable across different growth phases,
showing that calorimetric analysis of heat production is specific
to cellular functions underlying metabolism and not necessarily
proportional to the number of active cells, as previously thought
(Braissant et al., 2013).

We also carried out a series of isothermal nanocalorimetry
experiments to gauge how S. oneidensis MR-1 cells use energy
while growing under different limiting conditions. In these
experiments, which are designed to approach common, natural
environmental conditions, cells were incubated in chemostats
with depletion of C, N, or P before being placed in the
calorimeter. Figure 3 illustrates the different impacts that
nutrient-depleted media have on the rates of microbial growth.
Based on the total amount of heat that evolved from the
carbon-limited experiment, 0.23 J, less than half as much lactate
was oxidized as compared to the carbon-replete experiment,
0.56 J. However, these catabolic rates did not translate into
growth for the carbon-limited cells. The S. oneidensis MR-1
cells in the N- and P-limited experiments, however, produced
nearly as much heat as the corresponding nutrient replete
cultures, 0.48 and 0.45 J, respectively. Unlike the carbon-starved
cells, however, these cultures do show some growth, a total
of 5.0 × 105 CFUs and 1.7 × 105 CFUs, respectively. These
results make sense in that carbon-energy-limited cultures of
S. oneidensis MR-1 are typically characterized by a loss in
cell mass due to oxidation of internal storage products for
energy for cell maintenance (Tang et al., 2007), but N- and
P-poor environments do not stop growth since this species
can grow by utilizing N and P liberated from different
sources, i.e., DNA (Pinchuk et al., 2008) and amino acids
(Pinchuk et al., 2010). However, despite the lower growth
yields of the C-, N-, and P-deficient experiments, when the
total heat is normalized by the cell counts, maximum cell-
specific heat rates were 203–527 µJ cell−1 d−1, over an
order-of-magnitude higher than those observed while growing
in nutrient-replete media. This indicates that an additional
energy expenditure is necessary to mobilize the required
nutrients, and reveals the physiological mechanisms underlying
observed population shifts and selection of highly respiring
cells under nutrient stress conditions (Riedel et al., 2013).
The maintenance and expression of this reactivity necessary
to respond rapidly to environmental fluctuations (Russell and

Cook, 1995) leads to the notion that regulatory physiological
processes in natural microbial communities are not necessarily
arranged to achieve the maximum growth yield in the shortest
possible timeframe (Tempest and Neijssel, 1978), but to survive
under potentially harsh and variable conditions. Our experiments
also demonstrate how nutrient-starved microbes possess the
ability to sustain high rates of metabolic activity when amended
with limiting substrates (Morono et al., 2011; Robador et al.,
2015).
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FIGURE S1 | (A) Triplicate heat-flow (solid gray lines) and oxygen concentrations
(solid green lines) measurements during growth of S. oneidensis MR-1 under
oxygen limiting conditions. (B) Total accumulated heat during growth. Data
presented in Figure 1 is highlighted in bold.

FIGURE S2 | (A) Triplicate heat-flow measurements and (B) heat yields for
S. oneidensis MR-1 cultures grown under carbon replete condition. Solid red lines
refer to total heat evolved during the respective depleted element conditions. Data
presented in Figure 3 is highlighted in bold.

FIGURE S3 | (A) Triplicate heat-flow measurements and (B) heat yields for
S. oneidensis MR-1 cultures grown under nitrogen replete condition. Solid red
lines refer to total heat evolved during the respective depleted element conditions.
Data presented in Figure 3 is highlighted in bold.

FIGURE S4 | (A) Triplicate heat-flow measurements and (B) heat yields for
S. oneidensis MR-1 cultures grown under phosphorus replete condition. Solid red
lines refer to total heat evolved during the respective depleted element conditions.
Data presented in Figure 3 is highlighted in bold.
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