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eterotrophic bacterial respiration constitutes 50% to 90% of
ocean community respiration (1) and plays a critical role in
the recycling of organic carbon in all natural environments (2).
Despite this importance, respiration remains poorly quantified in
ocean models of metabolism, gas exchange, and carbon mass balances (3). This uncertainty in heterotrophy makes it difficult to
predict when areas of the ocean will be sources or sinks of CO2 (4).
Microbial community ecosystem behavior is ultimately a function
of auto- and heterotrophic relationships; hence, understanding
the biogeochemical contribution of heterotrophic bacteria at the
single-cell level is necessary for making predictions of how ecosystems will respond to global change (5). Extracting this information is difficult. Efforts are being made with single-cell observatories designed to trap cells in microwells and monitor their
consumption of oxygen over time using optical techniques (6, 7).
Field-based approaches involve modeling oxygen pore water profiles in marine sediments and dividing oxygen consumption rate
by cell numbers (8). A more frequently employed method for
analyzing cellular respiration rates is to determine bulk oxygen
uptake (consumption) rates (OUR), using either batch or continuous cultures with large populations of microbes. The average
cellular respiration rate is calculated by normalizing OUR to population size. Most studies of this nature determine respiration
rates while cells are growing (9–14). In the rare cases where respiration was measured after cells exited exponential-phase growth
(15, 16), respiration rates dropped significantly—presumably as
the cells became increasingly nutrient limited. The decline in oxygen consumption rates with time in both studies suggests that
continuation of the experiments could have yielded a lower oxygen consumption rate. Batch cultures of bacteria can survive without the addition of fresh nutrients for periods of months (17) or
even years (18, 19) by utilizing strategies such as cryptic growth
(20–23) and expression of the growth advantage in stationary
phase, or GASP, phenotype (24–31). The GASP phenotype is
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characterized by the appearance of spontaneous mutations conferring novel activities, including alternative metabolic processing, which results in mutants of increased relative fitness. Therefore, we studied how adaptations to starvation, cryptic growth,
and the emergence of GASP mutants affect respiration rates. The
goal of this study was to compare respiration rates for bacteria in a
nutrient-abundant state versus a nutrient-limited state through a
much longer time range than previously measured.
Oxygen consumption rates, CFU, counts of respiring cells, and
counts of live (L) and dead (D) cells were measured over a 200-day
time series in batch cultures of Escherichia coli K-12 strain ZK126
(32), Shewanella oneidensis MR-1 (33, 34), and Marinobacter
aquaeolei VT8 (35). These strains were selected for analysis because of their diverse range of metabolic capabilities and because
two of these bacterial genera, Shewanella and Marinobacter, are
found in marine systems (Table 1). Our results are discussed in the
context of environmental oxygen consumption rates in marine
sediments and in terms of how cell survival strategies and evolution during starvation affect respiration.
Finally, the history of respiration studies versus organism size
includes the well-studied “Kleiber’s law” (36), which describes the
relationship between animal body mass and metabolic rate at rest.
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Many environments on Earth experience nutrient limitation and as a result have nongrowing or very slowly growing bacterial
populations. To better understand bacterial respiration under environmentally relevant conditions, the effect of nutrient limitation on respiration rates of heterotrophic bacteria was measured. The oxygen consumption and population density of batch cultures of Escherichia coli K-12, Shewanella oneidensis MR-1, and Marinobacter aquaeolei VT8 were tracked for up to 200 days.
The oxygen consumption per CFU (QO2) declined by more than 2 orders of magnitude for all three strains as they transitioned
from nutrient-abundant log-phase growth to the nutrient-limited early stationary phase. The large reduction in QO2 from
growth to stationary phase suggests that nutrient availability is an important factor in considering environmental respiration
rates. Following the death phase, during the long-term stationary phase (LTSP), QO2 values of the surviving population increased with time and more cells were respiring than formed colonies. Within the respiring population, a subpopulation of
highly respiring cells increased in abundance with time. Apparently, as cells enter LTSP, there is a viable but not culturable population whose bulk community and per cell respiration rates are dynamic. This result has a bearing on how minimal energy requirements are met, especially in nutrient-limited environments. The minimal QO2 rates support the extension of Kleiber’s law
to the mass of a bacterium (100-fg range).
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TABLE 1 Characteristics of bacterial strains used in this study cultured in LB/5 media at 24°Ca

Strain
Escherichia coli K-12
Shewanella oneidensis
MR-1
Marinobacter
aquaeolei VT8

Kb
(CFU ml⫺1)

0.42 ⫾ 0.02
0.35 ⫾ 0.06

8.8 ⫾ 0.2
8.5 ⫾ 0.2

0.30 ⫾ 0.08

8.9 ⫾ 0.5

Metabolic
description

Fermentation

max (h

Facultative anaerobe
Facultative anaerobe

Mixed acid
Nonfermenting

Facultative
mixotrophic iron
oxidizer

Mixed acid

⫺1

)

DP

QO2(max)b (mol
O2 CFU⫺1 day⫺1)

OUR(max)
(mol O2 ml⫺1
day⫺1)

QO2(min)b (mol
O2 CFU⫺1 day⫺1)

OUR(min)
(mol O2 ml⫺1
day⫺1)

44
4

⫺6.7 ⫾ 0.2
⫺6.5 ⫾ 1.8

10
25

⫺9.6 ⫾ 0.7
⫺7.9 ⫾ 1.0

0.09
0.07

17

⫺6.3 ⫾ 1.2

2.2

⫺8.9 ⫾ 0.5

0.06

a
max is the maximum growth rate observed during the initial growth phase. K is the maximum population size. DP is the approximate day of the onset of death phase. QO2(max)
and QO2(min) refer to maximum and minimum oxygen consumption rates per CFU measured. OUR(max) and OUR(min) refer to the maximum and minimum levels of oxygen
consumption per volume. max, K, and QO2 and their associated 90% confidence intervals are derived from Fig. 1 regressions. OUR values are from direct measurements.
b
Values are reported as log10.

MATERIALS AND METHODS
Experiments were conducted using three bacterial strains: Escherichia coli
K-12 strain ZK126, Shewanella onedeisis MR-1, and Marinobacter aquaeolei VT8 (Table 1). Bacterial incubations and analyses were performed in a
temperature-controlled room set to 24 ⫾ 1°C. This room was kept dark
except for short periods of sample manipulation. Water pretreated by
reverse osmosis was used throughout the study and was further purified
(Millipore) to ⬎18.0 M ⍀/cm and sterilized for 20 min at 121°C in an
autoclave (STERIS Corporation). The medium used in all experiments
was Luria-Bertani Lennox broth (EMD Biosciences) diluted to 1/5 the
original concentration (LB/5), resulting in a final concentration of 1 g
liter⫺1 NaCl. Culture flasks were foil capped and orbitally shaken at
120 rpm.
Four different experiments performed with various culture volumes,
sampling frequencies, durations, and analyses are reported here: a highfrequency sampling experiment, a low-frequency sampling experiment, a
visualization experiment, and a long-term experiment.
(i) High-frequency sampling experiment. Experimental cultures
(250-ml flasks with 100 ml of LB/5) were inoculated with 2 l of overnight
cultures of E. coli, MR-1, or M. aquaeolei grown from frozen stocks. E. coli
and MR-1 were analyzed for population density (CFU ml⫺1) approximately daily for 25 days, while M. aquaeolei was analyzed for 20 days.
(ii) Low-frequency sampling experiment. Cultures were initiated as
described above, except 1-liter flasks with 500 ml of LB/5 were used. E. coli
and MR-1 cultures were analyzed for CFU and OUR (tube respirometer;
see below) with a sampling frequency of approximately every 3 to 5 days
for 61 days of incubation; M. aquaeolei was analyzed on days 1.2, 3.2, 32,
and 37.
(iii) Visualization experiment. Two cultures of E. coli were initiated
exactly as described for the low-frequency sampling experiment. Cultures
were analyzed for CFU, OUR (tube respirometer), cell size, and numbers
of respiring cells, live cells, and dead cells with a sampling frequency of
approximately every 3 to 5 days for 78 days.
(iv) Long-term experiment. Three replicates of E. coli, MR-1, and M.
aquaeolei were initiated as described above, except 250-ml flasks with 75
ml of LB/5 were used. Cultures were analyzed for CFU and OUR using a
capillary respirometer (see below) with a sampling frequency of ⬃5 to 10
days, starting after 20 days of incubation and continuing to day 200. Evaporative loss was monitored monthly by weight. When water loss exceeded
5%, it was replaced with sterilized water purified to ⬎18.0 M ⍀/cm.
(v) Oxygen consumption analysis. The OUR of culture subsamples
was measured with either a tube or capillary respirometer; both detect the
dissolved oxygen (DO) concentration of a solution with a 50-m-diameter Clark-type oxygen microsensor (Unisense, Denmark). The sensor
was calibrated daily using the two end values as standards. Zero M was
achieved by scrubbing a 1 g liter⫺1 NaCl solution of all DO by either
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supersaturating the solution with sodium sulfite or vigorously bubbling
the solution and maintaining the headspace with nitrogen gas. Atmospheric oxygen saturation was achieved by allowing a solution of 1 g liter⫺1 NaCl to exchange with the atmosphere with gently stirring for ⬎12
h. The microsensor response to saturation was translated to DO concentration values using salinity-temperature-solubility tables provided by
Unisense (37).
The tube respirometer used 400 l of culture transferred into a sterile
borosilicate glass test tube (VWR, Radnor, Pennsylvania) (6 by 50 mm
[outer diameter by length]). Samples were continuously stirred with a
Teflon-coated stir bar (VWR) (2 by 7 mm). If the sample DO concentration was initially below 200 M, oxygen was injected into the respirometer by bubbling the sample with atmospheric air (delivered via a sterile
needle) until the concentration reached ⬎250 M. When the initial DO
concentration was ⬎250 M, the tube was sealed by layering 200 l of
white light mineral oil (Mallinckrodt, St. Louis, MO) over the sample.
Stirring the sample did not disturb the mineral oil layer. The oxygen
concentration in the tube respirometer was logged at intervals of 5 to 10 s
with Profix (Unisense) computer software. The change in DO concentration with time was fitted with a linear regression after an equilibration
period of 20 to 30 min (examples are provided in the supplemental material). The linear regression generates a negative slope (m) which is a
function of two terms, m ⫽ (⫺OUR ⫹ LR), where OUR is the oxygen
uptake rate (in mol ml⫺1day⫺1) and LR is the leak rate (in mol
ml⫺1day⫺1). To establish the rate of oxygen leakage into the tube respirometer system, the increase of the DO concentration in a solution of 1 g
liter⫺1 NaCl was measured. This solution was scrubbed of all DO with N2
gas before loading into the respirometer (the rest of the setup was identical
to that described above for tube respirometer samples). Based on the
increase of the DO concentration with time, three linearly approximated
LRs (⬍210, 210 to 240, and 240 to 265 M ⫽ 0.8 ⫾ 0.3, 0.06 ⫾ 0.03, and
0.02 ⫾ 0.004 mol ml⫺1 day⫺1, respectively; see the supplemental material) were established for the typical concentration ranges measured for
samples. Our criterion for detectable oxygen uptake rate data was that the
measured slope had to be 3⫻ greater than the leak rate.
The capillary respirometer used approximately 15 l of the culture
transferred into a sterile closed-bottom borosilicate glass capillary tube
(Kimble Chase, Vineland, NJ) (1.5 by 20 mm [diameter by length]) via
syringe injection. Following the addition of the sample, 5 to 15 l of
mineral oil was layered over the sample via syringe. To dampen temperature fluctuations, the capillary tube was suspended in a water bath. The
oxygen microsensor was inserted into the capillary tube to a depth of 3
mm below the oil/sample interface. These samples were not stirred. About
30 min following the insertion of the microsensor (to allow for electrode
equilibration with the new solution), the DO concentration was logged
for over 1 h and fitted with a linear regression. OUR was calculated based
on the slope of the linear regression, corrected for LR, in the same manner
as described for the tube respirometer. All slopes measured were linear,
with r2 ⬎ 0.85. The capillary respirometer required a more elaborate
equation for LR than the tube respirometer because the capillary oil layer
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The small body mass of the heterotrophic bacteria used in this
study affords an opportunity to test if the Kleiber law can correctly
predict metabolic rates for some of the smallest known organisms.

Oxygen Consumption in LTSP

thicknesses differed from sample to sample (because it was difficult to
consistently add the same amount of oil via needle injection to each sample). To establish the rate of oxygen leakage into the capillary respirometer, the increase in oxygen concentration of a 1 g liter⫺1 NaCl solution
(scrubbed of oxygen with N2 gas) was measured over time with a setup
identical to that described above. The relationship between LR (in mol
ml⫺1 day⫺1) and mineral oil layer thickness (⍀, in vertical mm) was
determined as follows:
LR ⫽ (0.105)[e⫺0.275(⍀)]; r2 ⫽ 0.88

mCS ⫽ (1.935)(mNS) ⫺ 0.085; r2 ⫽ 0.99
where mCS is the corrected slope (in mol O2 ml⫺1 day⫺1) and mNS is the
nonstirred slope (in mol O2 ml⫺1 day⫺1). This correction was applied to
all mNS values greater than 0.044 mol ml⫺1 day⫺1.
(vi) CFU analysis. The number of cells capable of forming a colony
was determined (in CFU) with the drop plate method (38). A dilution
series was created of 1:10 dilutions with a final dilution of 10⫺8. Triplicate
drops (10 l each) of the eight dilutions were dispensed onto LB/5 1.5%
agar petri dishes (100 by 15 mm). Drops were allowed to dry by evaporation, plates were incubated at 24°C, and the numbers of colonies per spot
were determined. The detection limit of this method is 1,000 CFU ml⫺1.
Based on equation 8 of Herigstad et al. (38), the standard deviation of CFU
values is calculated to be ⬃10%. This calculation was confirmed by comparing the reproducibilities of the CFU values of replicate drops (data not
shown).
(vii) Microscopic visualization analyses. We used an Eclipse Ti-E
microscope (Nikon, Melville, NY) equipped with a mercury lamp and
appropriate filters to produce images of cells. Drift in the fluorescence
intensity of the microscope was monitored at each session by imaging
fluorescent polystyrene MultiSpeck multispectral microspheres (Invitrogen, Carlsbad, CA) (4.0 m diameter) under a fluorescein isothiocyanate
(FITC) HYQ filter (excitation, 460 to 500 nm; emission, 510 to 560 nm).
Measured fluorescence was normalized to these standard microsphere
emissions.
(viii) Cell size analysis. E. coli cultures of the visualization experiment
were analyzed for cell size. Formaldehyde (2% [vol/vol])-fixed cells mixed
with fluorescent polystyrene MultiSpeck multispectral microspheres (4.0
m diameter) were wet mounted on a glass slide (7 l of sample under a
22-by-22-mm glass coverslip) and imaged using ⫻400 magnification
phase-contrast (PC) microscopy. Cell lengths and widths were determined by comparisons to fluorescent microspheres of known size with the
assistance of the measuring tools of ImageJ version 1.43u software (39).
The error bars reported (see Table S1 in the supplemental material) represent the standard deviation of 10 to 20 cells measured per time point.
(ix) PC cell counts. A 7-l volume of culture medium containing cells
was wet mounted, and multiple fields of view (FOV) per slide were photographed using ⫻200 magnification. For each FOV analyzed on the microscope, a phase-contrast (PC) image was captured (exposure, 6 to 12
ms). The same FOV was used to capture a fluorescent image. This allowed
fluorescent image counts (discussed below) to be normalized to the number of PC cells present. PC images were processed in ImageJ software (39).
First, the image was converted into a binary black and white format with
the “Threshold” command set to the default algorithm that is based on an
iterative isodata algorithm. This sets a threshold at the average of the
average black and average white values (40). Once the data are converted
to binary intensities, any objects larger than 0.8 m2 containing a pixel
brighter than the threshold were scored as representing a cell using the
“Analyze Particles” command. The “Analyze Particles” command scans
the image for an edge, selects the region inside the edge (the cell), assigns
a score to the region, fills the region with the background (to prevent
recounting), and moves to the next edge.
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RESULTS

(i) Population density. All three bacterial cell populations displayed the bacterial life cycle in all five phases, the lag, exponential,
stationary, death, and long-term stationary phases (Fig. 1). E. coli
reached a maximum density of 8.7 ⫻ 108 CFU ml⫺1 after 3 days.
This strain remained stable in stationary phase at 4 to 8 ⫻108 CFU
ml⫺1 for 55 days and then declined by 78% to 1.3 ⫻108 over the
next 20 days. Following this decline, the population stabilized
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This equation applied to a DO range of 240 to 265 mol liter⫺1 and to oil
coverage from 7 to 20 mm thick. To correct for the absence of stirring, a
relationship between stirred and unstirred standards (covering a 240 to
265 M DO concentration range) was determined as follows:

(x) Respiring-cell-count analysis. The dye RedoxSensor Green (Invitrogen) was used for staining and imaging cells for analysis of the E. coli
cultures of the visualization experiment for determining respiring-cell
counts (RG). RedoxSensor Green is a stain that fluoresces (excitation, 490
nm; emission, 520 nm) when reduced and is therefore an indicator of
bacterial reductase activity and changes in electron transport chain function (41). Staining included a 10-min incubation of 0.5 ml of cells at room
temperature with 0.5 l of RedoxSensor Green reagent (1 mM solution in
dimethyl sulfoxide). Following incubation, samples were immediately
fixed with formaldehyde (2% [vol/vol]). A volume of 7 l of the stained
and fixed cells was wet mounted on a glass slide, and multiple FOVs were
imaged with phase-contrast and fluorescence microscopy using an FITC
HYQ filter (excitation, 460 to 500 nm; emission, 510 to 560 nm) with
mercury lamp illumination. The background (approximated as the image
mode pixel intensity) of each image was subtracted, and the images were
scaled to a microsphere fluorescence standard. A series of brightness
thresholds were applied to the normalized images, and any objects larger
than 0.8 m2 and containing a pixel brighter than the threshold were
scored as representing cells. The initial brightness threshold applied was
400 normalized gray-scale units (ĝ), and each subsequent threshold was
increased by 100 units until the image maximum intensity was reached.
Fluorescent-cell counts were normalized to a percentage of the PC count
generated on the same FOV. To determine the percentage of cells present
within a specific ĝ interval, each threshold percentage had the next
(higher) threshold percentage subtracted from it. This generated a percentage of PC cells respiring for each 100-ĝ interval. The value reported
for a particular interval represented an average of 5 to 13 FOVs. The
standard deviations of the FOV percentages are reported. Interval percentages determined to be outliers (95% certain with Grubb’s test [42])
were not included in the average or standard deviation reported. The final
interval includes all cells brighter than 9,800 ĝ.
(xi) L and D cell count analysis. The E. coli cultures of the visualization experiment were analyzed for live (L) and dead (D) cell counts by
staining cells with a combination of SYTO 9 and propidium iodide (PI)
(Invitrogen). SYTO 9, a green fluorescent nucleic acid stain (excitation,
485 nm; emission, 498 nm), is membrane permeative. PI, a red fluorescent
nucleic acid stain (excitation, 490 nm; emission, 520 nm), is not membrane permeative and can enter the cell only if the membrane is damaged.
In the presence of PI, SYTO 9 fluorescence is quenched. Cells that stain
green are considered “live” cells, while those that stain red are considered
“dead” cells even though they still contain nucleic acid. Staining included
incubating 0.5 ml of cells at room temperature (10 min) with 0.25 l of
SYTO 9 reagent (5 mM solution in dimethyl sulfoxide [DMSO]) and 0.5
l of PI reagent (20 mM solution in DMSO) followed by fixation with
formaldehyde (2% [vol/vol]). A 7-l volume of cells was wet mounted,
and multiple fields per slide were imaged using ⫻200 magnification
phase-contrast and fluorescence microscopy with a microscope fitted
with an FITC HYQ filter (excitation, 460 to 500 nm; emission, 510 to 560
nm) to visualize live cells and then a tetramethylrhodamine isothiocyanate (TRITC) HYQ filter (excitation, 530 to 560 nm; emission, 590 to 650
nm) to visualize dead cells. Images were corrected for background and
scaled to microsphere intensity in the same manner as described for the
respiring-cell-count analysis. Objects larger than 0.8 m2 and brighter
than a threshold of 1,800 ĝ, when stained with SYTO 9, were scored as L.
Objects larger than 0.8 m2 and brighter than a threshold of 1,500 ĝ, when
stained with PI, were scored as D.
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days (diamonds, inverted triangles, x marks, squares, circles, and triangles represent different experiments). n ⫽ 6 replicates for panels A to C; n ⫽ 4 replicates
for panels D to F. Solid lines representing segmented linear regressions of combined replicate data are provided to help define trends. The upper x axes identify
segments of the stationary phase (S), death phase (D), and long-term stationary phase (LTSP) for each strain.

again for ⬃40 days at ⬃1.5 ⫻ 108 CFU ml⫺1 and then declined
from day 115 to 165 by another 90% to 1.6 ⫻107. Over the final 30
days of the time series, E. coli CFU ml⫺1 increased by a factor of 5,
growing to a final density of 8.3 ⫻ 107.
MR-1 reached a maximum density at 4.2 ⫻ 108 CFU ml⫺1 by 3
days, after which the population experienced an acute death
phase, declining 99% over 14 days to ⬃4 ⫻ 106 CFU ml⫺1. From
this day onward, MR-1 cultures experienced large CFU fluctuations but showed an overall decline to a density of 2.4 ⫻106
CFU ml⫺1.
M. aquaeolei populations reached a maximum density of 1.4 ⫻
109 CFU ml⫺1 after 13 days. The stationary phase lasted 19 days at
⬃1 ⫻ 109 and then declined 93% over 16 days to 6.8 ⫻107. After
day 35, M. aquaeolei populations continued to slowly decline by
87% over 80 days. From day 115 onward, the population density
stopped declining and fluctuated at ⬃2 ⫻ 107 CFU ml⫺1.
Population density patterns, while strain specific, are highly
reproducible across replicate cultures (Fig. 1). These general population density patterns for the three strains are qualitatively similar but with significant differences in the timing and magnitude of
the transitions.
(ii) Specific oxygen consumption. The maximum value of oxygen consumption per CFU (QO2) for E. coli, 2.4 ⫻ 10⫺7 mol O2
CFU⫺1 day⫺1, was obtained during exponential phase (Fig. 1).
The minimum value of 3.3 ⫻ 10⫺10 mol O2 CFU⫺1 day⫺1 occurred at the end of stationary phase (day 45). During a death
phase between days 45 and 75, QO2 increased by a factor of 10,
stabilizing at ⬃1 ⫻ 10⫺9 for the next 40 days. During a second
death phase between days 115 and 165, QO2 increased by a factor
of 10. From day 165 to the end of the time series, QO2 declined to
a value of 3.5 ⫻10⫺9 mol O2 CFU⫺1 day⫺1.
The QO2 for MR-1 reached a maximum of 1.0 ⫻ 10⫺6 mol O2
CFU⫺1 day⫺1 during exponential phase and then a minimum of
2.9 ⫻ 10⫺9 mol O2 CFU⫺1 day⫺1 by the end of stationary phase
(day 3). By day 35, where population density was at a minimum,
QO2 had increased to 7 ⫻ 10⫺8 mol O2 CFU⫺1 day⫺1. Between
days 35 and 75, MR-1 QO2 declined by a factor of 7 to 1.0 ⫻ 10⫺8.
For the remainder of the time series, QO2 generally increased to a
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final value of ⬃1 ⫻ 10⫺7 mol O2 CFU⫺1 day⫺1. This rate is 1/10
the value measured during exponential growth.
M. aquaeolei reached a maximum of 8 ⫻10⫺7 mol O2 CFU⫺1
day⫺1 during exponential phase and a minimum of 1.7 ⫻ 10⫺9
mol O2 CFU⫺1 day⫺1 by the end of stationary phase (day 25).
During the initial rapid death phase (days 25 to 50), QO2 increased
by a factor of 2. During the subsequent slower decline in population density, there was a corresponding slow but steady increase in
QO2 to ⬃3 ⫻ 10⫺8. The cell numbers and QO2 values generally
stabilized after day 115.
Oxygen consumption patterns are highly reproducible across
replicate cultures but are species specific in terms of timing and
magnitude of change (Fig. 1). For each species, there is a very large
decline in respiration rate from exponential to stationary phase.
The longer a species remains in stationary phase, the lower the
QO2. However, QO2 increased for each species after the death
phase.
(iii) Cell size. Changes in respiration rates could be due to a
variety of factors, including changes in cell size. Many bacterial
species are known to shift in shape from rod-shaped bacilli to
more spherical coccoid cells during stationary phase (43). To examine changes in cell morphology, the average cell volume (V)
and surface area (SA) of the low-frequency-sampling experimental populations of E. coli, MR-1, and M. aquaeolei were calculated
(see Table S1 in the supplemental material). Based on visual analysis, the cells were described as either spherical or rod shaped and
their length (L) and width (D) were measured. SA and V were
calculated by assuming rod-shaped cells to be cylinders with
hemispheres on each end. E. coli cells changed in shape from rod
to sphere between day 1 and day 4. The cells maintained a spherical shape for the remainder of the experiment. The changes in
shape and size over the 61-day analysis did not result in a consistent change in the SA/V ratio (the largest deviation from the starting SA/V ratio was 26%). MR-1 cells transitioned in shape from
rod to spherical between days 26 and 33. This change in shape
increased cellular volume by over 300% and resulted in a ⬃50%
drop in the SA/V ratio. M. aquaeolei cells changed from rod to
spherical shape by day 6 to 7. This change in shape caused an
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FIG 1 Density (CFU ml⫺1) and QO2 (mol O2 CFU⫺1 day⫺1) of K-12 (A and D), MR-1 (B and E), and M. aquaeolei (C and F) replicates grown for up to 200

Oxygen Consumption in LTSP

increase in volume of 26% and a change in the SA/V ratio of less
than 9%.
(iv) Fluorescent-cell counts. Another possible explanation for
a change in the respiration rate of a population could be the divergence of the cells into subpopulations with different metabolic
states. To test this, CFU, oxygen uptake rate (OUR), phase-contrast (PC) imaging of cells, the number of respiring cells (RG), the
number of live cells (L), and the number of dead cells (D) were
determined for duplicate cultures of E. coli for up to 76 days (Fig.
2). The PC counts increased during exponential phase but then
stayed stable for the remainder of the experiment (Fig. 2A). OUR
declined ⬃85% over the first 25 days and then maintained a steady
value of ⬃0.4 mol ml⫺1 day⫺1 (Fig. 2B). The PC data do not
indicate a death phase; thus, CFU declines as a fraction of PC
during death phase, around day 45 (Fig. 2C).
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Essentially all cells were respiring during exponential phase
(Fig. 2D), but this fraction decreased to ⬍10% during stationary
phase. After the onset of death phase, the fraction of total cells
respiring increased steadily, attaining a value of 60% by day 76.
These patterns were similar for all respiring cells for both the
highly respiring cells (Fig. 2E) and those cells that showed the
minimal response to the respiration green stain (Fig. 2F).
The fraction of all cells that stained as live was ⬃100% during
exponential phase and underwent a slow decline thereafter (Fig.
2G). The fraction of live cells by day 76 was ⬃70%.
This trend was reversed for the fraction of cells staining as dead,
with initial amounts near 0% and an increase to about 7%.
Cells fluorescing in the presence of RG were binned by their
fluorescence into intensity intervals (Fig. 3). The cell count per bin
was normalized to the total RG counts made using the same field
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FIG 2 Population dynamics of E. coli cells of two replicate cultures (open circles and x marks) over 80 days. (A) Phase-contrast (PC) counts (gray symbols) and
sigmoid regression (gray lines). Data represent CFU (black symbols) and segmented regression (sigmoid and then exponential; black lines). (B) mol O2
consumed per ml of culture per day and exponential regression (black lines). (C) CFU percentage of PC and sigmoid regression (black lines). (D) Percentage of
PC staining as respiring and exponential regression (black lines). (E) Percentage of PC staining as highly respiring and exponential regression (black lines). (F)
Percentage of PC staining as dimly respiring and exponential regression (black lines). (G) Percentage of PC staining as live and linear regression (black lines). (H)
Percentage of PC staining as dead and exponential regression (black lines). Dashed lines indicate 90% prediction intervals. For panels A and D to H, data points
represent counts or percentages calculated for a specific field of view (FOV), with 5 to 13 FOVs counted.
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have a width of 800 normalized fluorescent units (ĝ). Numbers above the plots indicate days since inoculation.

of view. This generated a histogram of the percentage of RG cells
respiring at specific respiration intensity intervals (total of all
binned interval percentages ⫽ 100). Histograms were created for
specific time points during the 76-day incubation, and this plot
shows the evolution of respiration intensity over this period.
Initially, the RG percentages produced a broad “bell curve”
distribution centered around 3,600 ĝ and spanning a range of
about 5,000 ĝ. By day 22, the population distribution changed
dramatically. Of the total cells fluorescing, over 80% were in the
dimmest interval above the detection limit (400 to 1,200 ĝ). The
distribution of cell brightness was narrow, skewed to the low values, and reduced to less than 0.5% by the 1,300- to 1,400-ĝ interval. However, the final interval, which included all cells brighter
than 9,800 ĝ, contained 3% of the population. This distribution
pattern was roughly maintained through day 60 to 63 with two
notable exceptions. First, the narrow distribution of cells centered
in the low-intensity bins widened slightly by day 63. Second, the
highest bin percentage increased with time. By day 75, the dim-cell
percentage distribution had reduced to ⬍20% and the brightest
interval contained 15% of the fluorescent population.
DISCUSSION

(i) Changes in respiration rate over time. In this study, three
different species of heterotrophic bacteria were analyzed. Each
organism has evolved a unique suite of metabolic capabilities resulting in species-specific growth patterns when the organisms are
cultured under identical conditions (Table 1). It has previously
been established that LB broth has a limited supply of carbon
relative to other required nutrients (44). Since all components of
LB/5 broth are diluted equally, it can be inferred that cultures
grown in LB/5 are carbon limited at the termination of growth
phase. Despite different lengths of stationary phase and differences in the timing and magnitude of death phase, the three species showed similar progressions for adapting population density
levels to the transition from carbon abundance to carbon limitation (Fig. 1).
In all cases, the highest oxygen demand per cell occurred during exponential growth and the lowest oxygen demand occurred
at the end of stationary phase. The longer a cell spent in stationary
phase, the lower the oxygen consumption rates per cell. All three
species in this study experienced a death phase, and in all cases,
during the death phase, oxygen demand per CFU increased. There
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was a trend during LTSP toward increasing oxygen demand per
CFU with time although cell numbers were holding steady or declining. For MR-1, the QO2 after 200 days was within 10% of the
maximum oxygen consumption rate measured during exponential-phase growth.
One explanation for the QO2 increase during the death phase is
that cells were utilizing nutrients liberated from dead cells, a phenomenon referred to as cryptic growth. For MR-1, a population
increase occurred even after death phase. If a burst of cryptic
growth were the only change occurring after death phase, then it
would be expected that the respiration rates would return to previous minimum values once the liberated nutrients were consumed. This was not observed; QO2 increased to higher values
after the death phase for all three strains.
QO2 has been defined in this study as the population respiration rate normalized by the population CFU. This definition assumes equal contributions by all CFU to the population respiration rate. While this hypothesis is supported for log phase and
early stationary phase (45), it may not hold true through death
phase and into LTSP.
One factor that may influence QO2 is the change in size and
shape of a cell during LTSP. It is well established that bacterial cells
decrease in length in response to starvation (45). A range of cell
lengths (1.5 to 3.6 m) were measured, with each species showing
a 50% decline in cell length during the first 61 days of the time
series compared to the length seen at the time that the largest
changes in QO2 were observed (see Table S1 in the supplemental
material). However, the change in cell length cannot fully account
for the 25-to-800-fold change observed in QO2 during the same
period (Table 2). If respiration rates were limited by oxygen diffusion across the surface of the cell, then QO2 would track the cell
surface area-to-volume ratio, which changed by only, at most,
54%. Respiration is thus not directly linked to surface area diffusion control.
Given that previous work has shown that under long-term stationary-phase growth conditions, subpopulations of cells exist
that can grow while others remain static or may die, another important consideration is whether the population of respiring cells
is physiologically homogeneous or heterogeneous. For a homogenous population, the elevation of LTSP QO2 over time would be
indicative of a true change in individual cell respiration rates
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FIG 3 Percentage of phase-contrast-visualized K-12 cells (y axis) respiring at specific respiration intensity intervals (x axis). The respiration intensity intervals

Oxygen Consumption in LTSP

TABLE 2 CFU decline compared to QO2 increase for cultures transitioning from stationary phase to long-term stationary phasea
SP

LTSP

Strain

Day

log10 (CFU ml )

log10 (QO2)

Day

log10 (CFU ml⫺1)

log10 (QO2)

CFU ml⫺1 ratio
(SP/LTSP)

QO2 ratio
(LTSP/SP)

Escherichia coli K-12
Shewanella oneidensis MR-1
M. aquaeolei

39
4.5
10

8.8 ⫾ 0.1
8.5 ⫾ 0.1
8.9 ⫾ 0.2

⫺9.5 ⫾ 0.4
⫺7.6 ⫾ 0.8
⫺8.3 ⫾ 0.5

67
22.5
43

8.1 ⫾ 0.2
7.0 ⫾ 0.4
7.7 ⫾ 0.1

⫺8.5 ⫾ 0.4
⫺6.9 ⫾ 0.6
⫺8.1 ⫾ 0.3

4⫾2
34 ⫾ 2
16 ⫾ 2

9⫾4
5 ⫾ 10
2⫾4

a

⫺1

CFU ml⫺1 and QO2 (mol O2 CFU⫺1 d⫺1) values are from Fig. 1. Uncertainties are as explained in the text. SP, stationary phase; LTSP, long-term stationary phase.
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for either live or respiring cell numbers within a batch culture after
the population has experienced a death phase. These data are consistent with observations that minimum QO2 values occur during
stationary phase when the number of CFU cells is high but the
number of cells scoring as respiring is a small fraction of the CFU
(Fig. 2). The increase in QO2 following the death phase involves
the decline in CFU relative to respiring-cell counts.
Histograms of respiration intensity show that the majority
of cells were initially weakly respiring (Fig. 3). Upon death
phase (⬃55 days), the CFU decline 99% but the population of
cells staining as live drops only 20%. Additionally, the proportion of cells respiring increases by 40% (Fig. 2) and the distribution of the respiration intensity broadens into higher intervals (Fig. 3). From day 22 to day 75, the percentage of the
brightest interval (9,800 ⫺ ⬁ ĝ) increased from ⬍3% to 15%.
This highly respiring subset of cells may indicate the emergence
of a different physiological strategy for cells to cope with the
stress of starvation. Both the observation that VBNCs are forming and the emergence of a highly respiring subset of cells explain why QO2 values increase after the death phase (Table 3).
(ii) Laboratory results compared with environmental results. With the exception of bloom periods, natural bacterial populations spend the majority of their existence in a nongrowing
state of starvation for a specific nutrient (52). From modeling
geochemical gradients, it has been determined that some fraction

TABLE 3 Oxygen consumption rates normalized with different cellcounting techniquesa
mol O2 count⫺1 day⫺1 ⫻ 10⫺10
Replicate

Day

CFU

PC

BRG

DRG

Live

1

6
15
27
33
43
49
61

27
12
5
4
3
6
26

34
14
5
6
4
4
4

5,065
643
359
383
89
106
71

11,267
2,181
505
1,180
53
154
199

42
21
7
8
4
5
5

2

22
30
42
49
58
63
78

12
6
8
7
52
40
47

17
7
7
3
9
5
4

442
219
109
54
100
49
10

650
328
88
65
51
95
19

22
9
9
4
12
7
6

a
Cell-counting techniques included CFU, phase-contrast (PC), brightly fluorescing
cells stained with RedoxSensor Green (BRG), dimly fluorescing cells stained with
RedoxSensor Green (DRG), and cells indicating a living status (Live) under conditions
of Live/Dead staining. All measurements were performed concurrently with oxygen
consumption measurement on the days indicated for K-12 replicate cultures.
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across the population. Under the homogenous assumption, there
are two primary explanations for why cellular respiration rates
would elevate during LTSP. The first is that mutant strains have
out-competed and displaced their ancestor cells and thereby converted the cells in the population to a respiration rate different
from that of their ancestors. A second possible explanation is that
a density-induced signaling agent may be controlling cellular respiration rates such that the LTSP QO2 increases with the decline in
population density over time. Researchers have noted that respiration can be density dependent in yeast and, to a lesser extent,
bacteria (46); this density dependence has also been observed in
soil samples (47). It is not conclusive from their results if the
density dependence is due to an endogenous or exogenous factor,
but these authors speculate that it could be the result of negative
feedback from carbon dioxide buildup.
Populations of bacteria can be heterogeneous due to cell differentiation, mutation, and/or random fluctuations in gene expression (48). If this heterogeneity leads to a few “superbreather”
cells present in a larger population that are not respiring and a vast
majority of cells that are not consuming oxygen and are dying,
then a decrease in the population density through the death phase
would be expected to scale linearly with the increase of QO2. For
MR-1 and M. aquaeolei, the magnitude of the population decline
does not account for the increase of QO2; the change of CFU is not
equal to the change in QO2 (Table 2). This is also true for K-12;
however, for this species, the ratio has enough uncertainty to accommodate a 1:1 ratio in these terms. These data suggest that the
respiration rate of the population is likely not driven by a few
respiring bacteria but that the presence of superbreather cells is
worth investigating further.
Another possible heterogeneous community configuration
would be that all respiring cells in the culture do not form colonies
upon plating. It has been documented that stressed populations of
bacteria can form “viable but nonculturable” (VBNC) cells that do
not yield CFU (49, 50). These cells cannot form a colony, but they
still show signs of active metabolism (51). The formation of VBNC
cells occurs in many species of bacteria with a range of environmental stressors, including starvation. If VBNC cells are forming
during LTSP, this would suggest that at least part of the increase in
QO2 observed is the result of an undercounting of the number of
respiring cells.
The use of respiration reporter stains (Fig. 2) demonstrates
that the populations of respiring cells are indeed dynamic. For
example, after E. coli cells enter death phase (⬃day 55), the CFU
percentage of PC counts declines. However, the fraction of live
cells relative to PC counts remains constant over this time interval.
This is evidence that cells remain viable but unable to replicate
during death phase. There is also heterogeneity in the intensity of
respiring cells. The fraction of cells respiring begins to increase
after day 55. Neither PC counts nor CFU counts are a good proxy
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TABLE 4 Oxygen consumption rates from this study compared to
environmental sediment dataa
Sample strain,
species, or
reference
Site

Oceanic
setting

QO2(min)
(mol O2 cell⫺1day⫺1)

K-12
MR-1
M. aquaeolei
58
56
8

N/A
N/A
N/A
Eutrophic
Oligotrophic
Oligotrophic

4 ⫻ 10⫺10
8 ⫻ 10⫺9
2 ⫻ 10⫺9
2 ⫻ 10⫺9
6 ⫻ 10⫺13 to 3 ⫻ 10⫺11
3 ⫻ 10⫺13 to 3 ⫻ 10⫺12

Laboratory
Laboratory
Laboratory
Patton Escarpment
South Pacific Gyre
North Pacific Gyre

of the bacterial population living in a nutrient-limited environment, e.g., at a depth of 1,600 m below the sea floor (53) underlying water depths exceeding 4,500 m, maintains an active metabolism (8, 54–57). These sedimentary bacterial communities have
some traits similar to those of our batch cultures; they are heterotrophic, may have had a single or small initial input of reduced material, and may be a closed system in terms of electron donors but not
electron acceptors. To place the laboratory respiration rate data from
this study in context with respiration in natural settings, our results
are compared with three environmental data sets (Table 4).
The Patton Escarpment, a site off the southern California continental slope at a depth of ⬃3,500 m, lies under seasonally productive waters. Oxygen consumption rates at this site were modeled from in situ oxygen concentration profiles (58), which were
converted to gradients in flux (59) and then converted to oxygen
consumption rates by examining interval differences in flux.
These rates were normalized to sediment cell counts provided by
Reimers (58). We note that normalizing to total cell numbers is
not the same as using viable counts (as CFU). Sediment counts
may include dead cells, and therefore any specific oxygen consumption rates likely represent a lower limit. The average value at
the Patton Escarpment site is most similar to the minimum QO2
value for M. aquaeolei and is even greater than the minimum value
for E. coli. This might imply that the microbes at the Patton Escarpment are experiencing nutrient limitation similar to stationary-phase batch culture cell levels.
Another site, the South Pacific Gyre (SPG) sediment, lies beneath the most unproductive (oligotrophic) waters on Earth and
experiences a much lower rate of sediment and organic carbon
accumulation than the Patton Escarpment site. Oxygen consumption rates were also determined from pore water concentration profiles and also normalized to sediment cell counts (56). The natural
population rates obtained from the South Pacific Gyre are several
orders of magnitude lower that the values obtained in this study.
The difference between the natural population respiration rate
and those obtained in batch cultures is further exemplified in
comparing our data to that of Røy et al. (8) for the North Pacific
Gyre. This was also a study of deep Pacific Ocean sediments, and
oxygen demand per cell was derived, as with D’Hondt et al. (56),
by geochemical modeling of the oxygen consumption rate and
dividing by cell numbers. The lowest respiration rate values obtained by Røy al. (8) are 2 to 4 orders of magnitude lower than the
values for oxygen demand per CFU obtained in our experiments
(Table 4). Our laboratory observations of a strong cellular respi-
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a
Laboratory values were calculated from measured oxygen consumption and CFU
counts. Values for the sample from reference 58 were determined from geochemical
modeling and sediment cells counts. Values for the samples from references 56 and 8
are as reported.

ration response to the nutrient status of the environment may help
explain the low rates obtained in natural settings. The rates obtained in 200-day batch experiments are most similar to rates obtained from oceanic sediments of relatively high organic carbon
inputs but excess oxygen supply (Patton Escarpment), perhaps a
natural site that more closely resembles the batch culture conditions. Rates of cellular oxygen consumption at the most oligotrophic oceanic sites appear to be several orders of magnitude lower
than the LTSP rates obtained in the laboratory. It is possible that
there are few cells respiring at the SPG site relative to the number
of cells counted (see Table 3). It is also possible that the cells at the
South Pacific Gyre, possibly the most nutrient-limited cells on the
planet, are exhibiting extreme starvation physiology not observed
in 200-day batch experiments. However, both the cell enumeration technique and the actual distribution of respiration intensity
among surviving cells are key to understanding the significance of
these low rates.
(iii) Kleiber’s law. The history of respiration studies includes
the well-studied Kleiber’s law (36), which describes the relationship between animal body mass and metabolic rate at rest (W ⫽
Mb where W is watts, M is mass of the organism body, and b ⫽
0.75). In 1960, this classic power law relationship was expanded to
include “eukaryotic unicells” (60). There has been extensive discussion in the literature concerning many aspects of Kleiber’s law
(61–69). However, no heterotrophic bacteria, which have a mass
on the order of hundreds of femtograms (70), have been described
in terms of the Kleiber relationship. Their small body mass affords
an opportunity to test if Kleiber’s law can correctly predict metabolic rates for some of the smallest known organisms.
The results of comparisons of the minimum metabolic rates of
the three species studied here to the resting rates of other organisms expand the whole organism mass/metabolic scaling relationship (36) an order of magnitude beyond the eukaryotic unicellular
data set (Fig. 4). To make this comparison, the bacterial OUR were
converted to watts (W) using the ideal gas law (22.4 liters ⫽ 1 mol
gas) and 1 ml of O2 ⫽ 20 J energy (66). Bacterial mass was estimated from published values for cell dry weight (69). The original
Kleiber data set (36) was expanded and temperature corrected (60,
64). Cytochrome oxidase, coupled mitochondrion, and mammalian cell data from cardiac myocyte data were added to the plot to
provide a more complete comparison (71).
Bacterial respiration rates during the stationary phase are concordant with the Kleiber law trend. These data extend the trend to
a lower body mass (⬃10⫺15 kg) than previously reported. Our
data also show that the range of bacterial respiration rates is ⬎3
orders of magnitude, which is much greater than that of other
organisms.
Summary and conclusions. The pattern of QO2 (mol O2
CFU⫺1 day⫺1) has been documented for three species of facultative anaerobic heterotrophic bacteria, E. coli K-12, S. oneidensis
MR-1, and M. aquaeolei VT8, incubated in batch cultures of carbon-limited medium for up to 200 days. Patterns are consistent in
all species; high rates of oxygen consumption (2 ⫻ 10⫺7 to 1 ⫻
10⫺6 mol O2 CFU⫺1 day⫺1) are found during exponential
growth. The lowest rates (2 ⫻ 10⫺10 to 3 ⫻ 10⫺9 mol O2 CFU⫺1
day⫺1) are found in late stationary phase. After the death phase,
QO2 increases in all species. The increase in QO2 for MR-1 over 200
days of LTSP brings its respiration rate per CFU to 10% of the value
obtained during nutrient-replete exponential-growth phase.
However, a critical aspect of this analysis has been the docu-
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mentation of the emergence of potentially VBNC cells. After a
species-specific length of time in stationary phase, a significant
fraction of the cells no longer form CFU, and yet the community
respiration rate persists at surprisingly high values. The population becomes structured such that CFU do not represent the entire
population of respiring cells, which explains the elevated LTSP
QO2 values observed. Population restructuring includes the redistribution of respiration intensities. An exponentially growing
population has a normal distribution of cell respiration intensities. Upon the shift to stationary phase, the population of cells
becomes dominated by low respiration activity, with a minority
subpopulation of cells respiring at very high rates. As death phase and
LTSP proceed, the population of high-respiring cells increases. It appears that, with more time spent under nutrient stress conditions, the
population shifts to or selects for highly respiring cells.
Minimum QO2 values were compared to cellular rates of oxygen uptake in ocean sediment environments. Laboratory-determined rates are comparable to those calculated for cells within the
sediment from a continental slope margin (Patton Escarpment)
but are 1 to 4 orders of magnitude higher than those calculated for
cells within sediment from oligotrophic, open ocean sites. The
failure to find rates similar to those seen with deep-ocean-sediment environments may indicate that hoping to draw a meaningful conclusion from a comparison between rates from a 200-day
experiment and from sediment that is thousands of years old is
unrealistic. The very low rates for the deep-sediment cells suggest
either that extreme physiological states exist (in reaction to nutrient limitation) that have not yet been observed in the laboratory or
that the assumption (used in rate calculations) that all cells in the
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deep-sediment environment are respiring equally is false. Our results strongly support the latter statement. The possibility remains
that a small fraction (10% to 0.01%) of environmental cells are
respiring at a rate similar to the (minimal) QO2 values calculated in
our experiments.
Finally, QO2 values were converted to metabolic rates and used
to test the validity of Kleiber’s law for bacteria. The minimal QO2
rates support the extension of Kleiber’s law to the mass of a bacterium (100-fg range).
Starving bacteria form complex and dynamic subpopulations
of viable and respiring cells. These results complicate estimation
of per-cell metabolic activity with both laboratory rates and in situ
geochemical rates. The nutrient status of the environment and
subpopulation formation must be considered when studying
starving microbial populations.
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FIG 4 Metabolic rates in watts (W) and body masses (g) of bacteria from this study compared to other organisms. Maximum and minimum values for K-12
(squares), MR-1 (circles), and M. aquaeolei (triangles) are indicated. The symbol width represents the approximate body mass confidence interval. Unicellular
organism (dotted line), ectotherm (solid line), and homeotherm (dashed line) metabolic rates are adapted from Hemmingsen (60). Cardiac myocyte cytochrome
oxidase molecule (gray X), cardiac myocyte mitochondrion (gray diamond), and cardiac myocyte cell (gray cross) rates from are from West et al. (71). The
organization of this figure is based on reference 64.

Riedel et al.

REFERENCES

4930

aem.asm.org

26. Finkel SE, Kolter R. 1999. Evolution of microbial diversity during prolonged starvation. Proc. Natl. Acad. Sci. U. S. A. 96:4023– 4027.
27. Zinser ER, Kolter R. 2000. Prolonged stationary-phase incubation selects
for lrp mutations in Escherichia coli K-12. J. Bacteriol. 182:4361– 4365.
28. Zinser ER, Kolter R. 2004. Escherichia coli evolution during stationary
phase. Res. Microbiol. 155:328 –336.
29. Farrell MJ, Finkel SE. 2003. The growth advantage in stationary-phase
phenotype conferred by rpoS mutations is dependent on the pH and nutrient environment. J. Bacteriol. 185:7044 –7052.
30. Zinser ER, Schneider D, Blot M, Kolter R. 2003. Bacterial evolution
through the selective loss of beneficial genes. Trade-offs in expression
involving two loci. Genetics 164:1271–1277.
31. Finkel SE. 2006. Long-term survival during stationary phase: evolution
and the GASP phenotype. Nat. Rev. Microbiol. 4:113–120.
32. Connell N, Han Z, Moreno F, Kolter R. 1987. An E. coli promoter
induced by the cessation of growth. Mol. Microbiol. 1:195–201.
33. Myers CR, Nealson KH. 1988. Bacterial manganese reduction and
growth with manganese oxide as the sole electron acceptor. Science 240:
1319 –1321.
34. Heidelberg JF, Paulsen IT, Nelson KE, Gaidos EJ, Nelson WC, Read
TD, Eisen JA, Seshadri R, Ward N, Methe B, Clayton RA, Meyer T,
Tsapin A, Scott J, Beanan M, Brinkac L, Daugherty S, DeBoy RT,
Dodson RJ, Durkin AS, Haft DH, Kolonay JF, Madupu R, Peterson JD,
Umayam LA, White O, Wolf AM, Vamathevan J, Weidman J, Impraim
M, Lee K, Berry K, Lee C, Mueller J, Khouri H, Gill J, Utterback TR,
McDonald LA, Feldblyum TV, Smith HO, Venter JC, Nealson KH,
Fraser CM. 2002. Genome sequence of the dissimilatory metal ionreducing bacterium Shewanella oneidensis. Nat. Biotechnol. 20:1118 –
1123.
35. Huu NB, Denner EB, Ha DT, Wanner G, Stan-Lotter H. 1999. Marinobacter aquaeolei sp. nov., a halophilic bacterium isolated from a Vietnamese oil-producing well. Int. J. Syst. Bacteriol. 49(Pt 2):367–375.
36. Kleiber M. 1932. Body size and metabolism. Hilgardia 6:315–353.
37. Unisense. 2012. Oxygen sensor user manual. Unisense, Aarhus, Denmark.
38. Herigstad B, Hamilton M, Heersink J. 2001. How to optimize the drop
plate method for enumerating bacteria. J. Microbiol. Methods 44:121–
129.
39. Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to ImageJ: 25
years of image analysis. Nat. Methods 9:671– 675.
40. Ridler TW, Calvard ES. 1978. Picture thresholding using an iterative
selection method. IEEE Trans. Syst. Man Cybern. 8:630 – 632.
41. Gray DR, Yue S, Chueng C, Godfrey W. 2005. Bacterial vitality detected
by a novel fluorogenic redox dye using flow cytometry, abstr I-111, p 331.
Abstr. 105th Gen. Meet. Am. Soc. Microbiol., Atlanta, GA.
42. Barnett V, Lewis T. 1994. Outliers in statistical data, 3rd ed. Wiley,
Chichester, United Kingdom.
43. Kolter R, Siegele DA, Tormo A. 1993. The stationary phase of the bacterial life cycle. Annu. Rev. Microbiol. 47:855– 874.
44. Sezonov G, Joseleau-Petit D, D’Ari R. 2007. Escherichia coli physiology in
Luria-Bertani broth. J. Bacteriol. 189:8746 – 8749.
45. Kjelleberg S. 1993. Starvation in bacteria. Plenum Press, New York, NY.
46. Janda S, Kotyk A. 1985. Effects of suspension density on microbial metabolic processes. Folia Microbiol. (Praha) 30:465– 473.
47. Santruckova H, Straskraba M. 1991. On the relationship between specific
respiration activity and microbial biomass in soils. Soil Biol. Biochem.
23:525–532.
48. Aertsen A, Michiels CW. 2004. Stress and how bacteria cope with death
and survival. Crit. Rev. Microbiol. 30:263–273.
49. López-Amorós R, Castel S, Comas-Riu J, Vives-Rego J. 1997. Assessment of E. coli and Salmonella viability and starvation by confocal laser
microscopy and flow cytometry using rhodamine 123, DiBAC4(3), propidium iodide, and CTC. Cytometry 29:298 –305.
50. Petit M, George I, Servais P. 2000. Survival of Escherichia coli in freshwater: beta-D-glucuronidase activity measurements and characterization
of cellular states. Can. J. Microbiol. 46:679 – 684.
51. Oliver JD. 2005. The viable but nonculturable state in bacteria. J. Microbiol. 43:93–100.
52. Morita RY. 1997. Bacteria in oligotrophic environments: starvationsurvival lifestyle. Chapman & Hall, New York, NY.
53. Roussel EG, Bonavita MAC, Querellou J, Cragg BA, Webster G, Prieur
D, Parkes RJ. 2008. Extending the sub-sea-floor biosphere. Science 320:
1046.
54. D’Hondt S, Jorgensen BB, Miller DJ, Batzke A, Blake R, Cragg BA,

Applied and Environmental Microbiology

Downloaded from http://aem.asm.org/ on November 24, 2020 by guest

1. Rivkin RB, Legendre L. 2001. Biogenic carbon cycling in the upper ocean:
effects of microbial respiration. Science 291:2398 –2400.
2. Sanderman J, Amundson R. 2003. Biogeochemistry of decomposition
and detrital processing, p 249 –316. In Holland HD, Turekian KK (ed),
Treatise on geochemistry. Pergamon, Oxford, United Kingdom.
3. del Giorgio PA, Duarte CM. 2002. Respiration in the open ocean. Nature
420:379 –384.
4. Duarte CM, Agusti S. 1998. The CO2 balance of unproductive aquatic
ecosystems. Science 281:234 –236.
5. Azam F, Malfatti F. 2007. Microbial structuring of marine ecosystems.
Nat. Rev. Microbiol. 5:782–791.
6. Molter TW, Holl MR, Dragavon JM, McQuaide SC, Anderson JB,
Young AC, Burgess LW, Lidstrom ME, Meldrum DR. 2008. A new
approach for measuring single-cell oxygen consumption rates. IEEE
Trans. Autom. Sci. Eng. 5:32– 42.
7. Molter TW, McQuaide SC, Suchorolski MT, Strovas TJ, Burgess LW,
Meldrum DR, Lidstrom ME. 2009. A microwell array device capable of
measuring single-cell oxygen consumption rates. Sens. Actuators B Chem.
135:678 – 686.
8. Røy H, Kallmeyer J, Adhikari RR, Pockalny R, Jørgensen D’Hondt BBS.
2012. Aerobic microbial respiration in 86-million-year-old deep-sea red
clay. Science 336:922–925.
9. Calhoun MW, Oden KL, Gennis RB, de Mattos MJ, Neijssel OM. 1993.
Energetic efficiency of Escherichia coli: effects of mutations in components
of the aerobic respiratory chain. J. Bacteriol. 175:3020 –3025.
10. Hempfling WP, Mainzer SE. 1975. Effects of varying the carbon source
limiting growth on yield and maintenance characteristics of Escherichia
coli in continuous culture. J. Bacteriol. 123:1076 –1087.
11. Lin HY, Mathiszik B, Xu B, Enfors SO, Neubauer P. 2001. Determination of the maximum specific uptake capacities for glucose and oxygen in
glucose-limited fed-batch cultivations of Escherichia coli. Biotechnol. Bioeng. 73:347–357.
12. Neijssel OM, Tempest DW. 1976. Bioenergetic aspects of aerobic growth
of Klebsiella aerogenes NCTC 418 in carbon-limited and carbon-sufficient
chemostat culture. Arch. Microbiol. 107:215–221.
13. Neijssel OM, Tempest DW. 1975. The regulation of carbohydrate metabolism in Klebsiella aerogenes NCTC 418 organisms, growing in chemostat culture. Arch. Microbiol. 106:251–258.
14. Neijssel OM, Tempest DW. 1976. The role of energy-spilling reactions in
the growth of Klebsiella aerogenes NCTC 418 in aerobic chemostat culture.
Arch. Microbiol. 110:305–311.
15. Andersen KB, von Meyenburg K. 1980. Are growth rates of Escherichia
coli in batch cultures limited by respiration? J. Bacteriol. 144:114 –123.
16. Ballesteros M, Fredriksson A, Henriksson J, Nyström T. 2001. Bacterial
senescence: protein oxidation in non-proliferating cells is dictated by the
accuracy of the ribosomes. EMBO J. 20:5280 –5289.
17. Novitsky JA, Morita RY. 1977. Survival of a psychrophilic marine vibrio
under long-term nutrient starvation. Appl. Environ. Microbiol. 33:635–
641.
18. Iacobellis NS, Devay JE. 1986. Long-term storage of plant-pathogenic
bacteria in sterile distilled water. Appl. Environ. Microbiol. 52:388 –389.
19. Liao CH, Shollenberger LM. 2003. Survivability and long-term preservation of bacteria in water and in phosphate-buffered saline. Lett. Appl.
Microbiol. 37:45–50.
20. Harrison AP, Lawrence FR. 1963. Phenotypic, genotypic, and chemical
changes in starving populations of Aerobacter aerogenes. J. Bacteriol. 85:
742–750.
21. Hamer G. 1985. Lysis and “cryptic” growth in wastewater and sludge
treatment processes. Acta Biotechnol. 5:117–127.
22. Mason CA, Hamer G. 1987. Cryptic growth in Klebsiella pneumoniae.
Appl. Microbiol. Biotechnol. 25:577–584.
23. Rozen DE, Philippe N, Arjan de Visser J, Lenski RE, Schneider D. 2009.
Death and cannibalism in a seasonal environment facilitate bacterial coexistence. Ecol. Lett. 12:34 – 44.
24. Zambrano MM, Kolter R. 1993. Escherichia coli mutants lacking NADH
dehydrogenase I have a competitive disadvantage in stationary phase. J.
Bacteriol. 175:5642–5647.
25. Zambrano MM, Siegele DA, Almiron M, Tormo A, Kolter R. 1993.
Microbial competition: Escherichia coli mutants that take over stationary
phase cultures. Science 259:1757–1760.

Oxygen Consumption in LTSP

55.
56.

57.

59.
60.
61.
62.

August 2013 Volume 79 Number 16

63.
64.
65.
66.

67.
68.
69.
70.
71.

Price CA, West GB. 2007. Biological scaling: does the exception prove the
rule? Nature 445:E9 –E10; discussion E10 –E11.
Gillooly JF, Brown JH, West GB, Savage VM, Charnov EL. 2001. Effects
of size and temperature on metabolic rate. Science 293:2248 –2251.
Hochachka PW, Somero GN. 2002. Biochemical adaptation: mechanism
and process in physiological evolution. Oxford University Press, New
York, NY.
Makarieva AM, Gorshkov VG, Li BL. 2005. Energetics of the smallest: do
bacteria breathe at the same rate as whales? Proc. Biol. Sci. 272:2219 –2224.
Makarieva AM, Gorshkov VG, Li BL, Chown SL, Reich PB, Gavrilov
VM. 2008. Mean mass-specific metabolic rates are strikingly similar across
life’s major domains: evidence for life’s metabolic optimum. Proc. Natl.
Acad. Sci. U. S. A. 105:16994 –16999.
Prothero J. 1986. Scaling of energy metabolism in unicellular organisms:
a reanalysis. Comp. Biochem. Physiol. A Comp. Physiol. 83:243–248.
Reich PB, Tjoelker MG, Machado JL, Oleksyn J. 2006. Universal scaling
of respiratory metabolism, size and nitrogen in plants. Nature 439:457–
461.
West GB, Brown JH, Enquist BJ. 1999. The fourth dimension of life:
fractal geometry and allometric scaling of organisms. Science 284:1677–
1679.
Loferer-Krössbacher M, Klima J, Psenner R. 1998. Determination of
bacterial cell dry mass by transmission electron microscopy and densitometric image analysis. Appl. Environ. Microbiol. 64:688 – 694.
West GB, Brown JH, Enquist BJ. 2000. The origin of universal scaling
laws in biology, p 87–112. In Brown JH, West GB (ed), Scaling in biology.
Oxford University Press, New York, NY.

aem.asm.org 4931

Downloaded from http://aem.asm.org/ on November 24, 2020 by guest

58.

Cypionka H, Dickens GR, Ferdelman T, Hinrichs KU, Holm NG,
Mitterer R, Spivack A, Wang G, Bekins B, Engelen B, Ford K, Gettemy
G, Rutherford SD, Sass H, Skilbeck CG, Aiello IW, Guerin G, House
CH, Inagaki F, Meister P, Naehr T, Niitsuma S, Parkes RJ, Schippers A,
Smith DC, Teske A, Wiegel J, Padilla CN, Acosta JL. 2004. Distributions
of microbial activities in deep subseafloor sediments. Science 306:2216 –
2221.
D’Hondt S, Rutherford S, Spivack AJ. 2002. Metabolic activity of subsurface life in deep-sea sediments. Science 295:2067–2070.
D’Hondt S, Spivack AJ, Pockalny R, Ferdelman TG, Fischer JP,
Kallmeyer J, Abrams LJ, Smith DC, Graham D, Hasiuk F, Schrum H,
Stancin AM. 2009. Subseafloor sedimentary life in the South Pacific Gyre.
Proc. Natl. Acad. Sci. U. S. A. 106:11651–11656.
Parkes RJ, Cragg BA, Bale SJ, Getlifff JM, Goodman K, Rochelle PA, Fry
JC, Weightman AJ, Harvey SM. 1994. Deep bacterial biosphere in Pacific
Ocean sediments. Nature 371:410 – 413.
Reimers CE. 1987. An in situ microprofiling instrument for measuring
interfacial pore water gradients: methods and oxygen profiles from the
North Pacific Ocean. Deep Sea Res. A 34:2019 –2035.
Berner RA. 1980. Early diagenesis: a theoretical approach. Princeton University Press. Princeton, NJ.
Hemmingsen AM. 1960. Energy metabolism as related to body size and
respiratory surfaces, and its evolution. Rep. Steno Mem. Hosp. Nordisk
Insulin Lab. 9:6 –110.
Agutter PS, Wheatley DN. 2004. Metabolic scaling: consensus or controversy? Theor. Biol. Med. Model. 1:13.
Enquist BJ, Allen AP, Brown JH, Gillooly JF, Kerkhoff AJ, Niklas KJ,

