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Abstract. During aerobic respiration microorganisms consume oxygen (O2) through the use 

of different types of terminal oxidases which have a wide range of affinities for O2. The Km 

values for O2 of these enzymes have been determined to be in the range of 3 to 200 nmol liter-

1. In this study, we examined the time course of development of aerobic respiratory kinetics of 

four marine bacterial species (Dinoroseobacter shibae, Roseobacter denitrificans, Idiomarina 

loihiensis, and Marinobacter daepoensis) during exposure to decreasing O2 concentrations. The 

genomes of all four species have genes for both high-affinity and low-affinity terminal oxidases. 

The respiration rate of the bacteria was measured by the use of extremely sensitive optical 

trace O2 sensors (range, 1 to 1000 nmol liter-1). Three of the four isolates exhibited apparent 

Km values of 30 to 60 nmol liter-1 when exposed to submicromolar O2 concentrations, but a 

decrease to values below 10 nmol liter-1 was observed when the respiration rate per cell was 

lowered and the cell size was decreased due to starvation. The fourth isolate did not reach a 

low respiration rate per cell during starvation and exhibited apparent Km values of about 20 

nmol liter -1 throughout the experiment. The results clearly demonstrate not only that enzyme 

kinetics may limit O2 uptake but also that even individual cells may be diffusion limited and 

that this diffusion limitation is the most pronounced at high respiration rates. A decrease in 

cell size by starvation, due to limiting organic carbon, and thereby more efficient diffusion 

uptake may also contribute to lower apparent Km values. 

Introduction 
Oxygen (O2), the second most abundant gas in the atmosphere on earth, plays a critical role in nature, 

including the aquatic environments. As the most favorable electron acceptor, O2 drives the degradation of 

organic matter, and influences the cycling of other elements (e.g., nitrogen, sulfur, phosphorus) (1). Aerobic 

respiration has been studied for decades by different methods in various environments (2–4). Due to the 

limit of detection by traditional methods (Winkler methods, electrochemical sensors, optodes), the 

measurement of respiratory activity in low-O2 environments such as oceanic oxygen minimum zones 

(OMZs), is rare (5), and even in fully oxygenated waters, the direct measurement of oxygen dynamics is 

difficult and the more indirect method of measurement of formazan formation has therefore been applied 

(6). The lack of detailed data on aerobic respiration in low-O2 environments restricts the understanding of 

carbon budgets (7) and the prediction of the development of O2 within such environments (8). Recently, 
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STOX oxygen sensors have been applied to quantify O2 respiration rates in OMZ regions (9), and by this 

technique it was possible to measure rates down to about 1 nmol-1 liter -1 h-1, which is a level of resolution 

that is a factor of 10 higher than that obtained by traditional methods (10). Half-saturation constants 

(apparent Km values) for microbial communities were estimated from the data obtained with STOX oxygen 

sensors, but highly variable values ranging from 30 to 200 nmol liter-1 were obtained. Another study 

indicated high half-saturation O2 concentrations of several micromolar, supposedly caused by diffusion 

limitation around and within aggregates (11). 

The final step of aerobic respiration is conducted by a terminal cytochrome oxidase, a membrane-

associated protein which transfers electrons to O2 (12). Two main families of terminal oxidases have been 

classified based on the basis of structural and functional differences (13–16): the heme-copper oxidases 

(HCO), and the cytochrome bd-type oxidases. Furthermore, three classes have been identified within HCOs 

according to the combination of different heme subunits (classes A, B, and C). The kinetic parameters 

maximum respiration rate (Vmax) and Km can be used to describe respiratory activity as a function of the O2 

concentration, although it should be kept in mind that the Michaelis-Menten equation strictly applies only 

to kinetics of single enzyme. According to the affinity of O2, these terminal oxidases can be classified as 

high-affinity terminal oxidases (with Km values of about 3 to 8 nmol liter-1) (17) and low-affinity terminal 

oxidases (with Km values of about 200 nmol liter-1) (18). Respiration rates in aquatic environments have 

been estimated by different methods, and the kinetics have been estimated using several models. Different 

equations have been proposed to estimate Vmax and Km values, such as fitting the data directly to the 

Michaelis-Menten equation by computer-aided iterative regression (19); the method of Dixon and Webb, 

as described by Kita et al. (20); and the method described by Appleby and Bergerson (21). Tiano et al. (22) 

reported that a modified Jassby and Platt equation results in better fits to the measured decrease in the O2 

concentration than the Michaelis-Menten model under low O2 concentrations. 

The microbial aerobic respiration rate is affected by different factors, such as growth phase, nutrient 

availability, and the O2 concentration. On the basis of genomic data analysis, some bacteria have both high- 

and low-affinity terminal oxidase genes, and the high-affinity terminal oxidases may enable these bacteria 

to maintain high levels of respiratory activity down to low-nanomolar levels of O2 (17, 18). It has, however, 

been difficult to measure the O2 concentration when it is present at such low concentrations, and the few 

investigations of O2 at the nanomolar level that have been performed have been done by spectroscopy of 

oxygenated/deoxygenated leghaemoglobins or myoglobins, yielding information about changes in O2 levels 

only over a very limited range of O2 concentrations without the possibility of investigating the change in 

kinetics after exposure to conditions with low O2 concentration (23). Little attention has thus been paid to 

the kinetics of microbial respiration in marine environments, where low-oxygen conditions prevail in many 

areas, such as in the OMZs. The respiratory activities in north and south eastern tropical Pacific OMZs were 

found to change with depth, and even the same water sample showed changes in activity under different 

initial conditions of O2 incubation, which indicates a fast adaptation of the microbial community to 

changing environmental conditions (9).  

In this study, we investigated the respiratory kinetics of pure cultures of marine bacteria to get insight into 

the basic mechanisms of respiration under low-O2 conditions. The use of pure cultures of marine bacteria 

provides information on respiration under low-O2 conditions better than that which we can obtain by 

analyzing heterogeneous marine communities. The change in bacterial respiratory activity was thus 
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examined by incubation of four pure cultures of marine bacteria known to have both high- and low-affinity 

terminal oxidases in the presence of low O2 concentrations. The incubations were performed both with an 

ample supply of electron donors and under starvation conditions. The respiration rates were determined in 

all-glass setups to avoid contamination with O2, and the concentrations of O2 were determined with novel 

highly sensitive optodes that can resolve nanomolar concentrations over the range of 1 to 1000 nmol liter-1 

(24). The setup enabled us to take samples over the period of incubation to evaluate cell numbers by flow 

cytometry and cell size by fluorescent microscopy. 

Material and Methods 

Bacterial culture preparation. Four strains of bacteria (Dinoroseobacter shibae DSM-16493, 

Roseobacter denitrificans DSM-7001, Idiomarina loihiensis DSM-15497, and Marinobacter daepoensis DSM-

16072) were purchased from the Leibniz Institute, DSMZ, Germany. Bacteria were grown at 25 °C on 

autoclaved marine broth medium containing 5.00 g peptone (BD), 1.00 g yeast extract (Difco), 0.10 g 

FeC6H5O7, 12.60 g MgCl2·6H2O, 3.24 g Na2SO4, 19.45 g NaCl, 2.38 g CaCl2·2H2O, 0.55 g KCl, 0.16 g NaHCO3, 

and 0.01 g Na2HPO4·2H2O per liter. Cultures were incubated on a rotary shaker (180 rpm) to ensure fully 

oxic conditions and to obtain cell suspensions in exponential growth phase. 

Set-up and incubation. The Lumos optode optoelectronics device (24) was held by a polyvinyl 

chloride holder, which was glued on the outside of the bottle. 

The photodetector was aligned with the preglued glass dot, 

which was coated with a thin layer of the fluorophore 

[palladium(II) 5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorphenyl)-

porphyrin] in Hyflon AD 60 perfluoropolymer (25) (coated glass 

dots are referred to here as optode dots). The combination of 

the specific fluorophore and Hyflon AD 60 results in a highly 

sensitive optode that can measure concentrations ranging from 

1 to 1,000 nmol liter-1. The Lumos device was connected to a 

computer and was controlled by FireSting Logger software 

(Pyroscience). Data were recorded every 15 s during the 

incubations.  

Artificial seawater was utilized for bacterial incubation and was 

prepared as described previously (26). It consisted of 24.99 g 

NaCl, 4.16 g Na2SO4, 0.79 g KCl, 0.18 g NaHCO3, and individually 

autoclaved 11.13 g MgCl2·6H2O and 1.58 g CaCl2·2H2O per liter. 

The pH was adjusted to 7.5 after the different components of 

the seawater were mixed.   

The details of the setup (Fig. 1) and the procedure conducted 

have been described by Tiano et al. (22). Briefly, seawater was 

bubbled with N2 for 1 h to remove the dissolved O2 without 

dramatically changing the pH. Modified bottles with preglued 

optode dots inside and a glass-coated magnet in the bottom 

Figure 1. Schematic drawing of the bottle for 
incubation. 1, pressure compensation tube; 2, 
ground-glass stopper; 3, glass tube with an 
internal diameter of 8.1 mm for insertion of an 8-
mm-diameter STOX sensor. For these 
experiments, a STOX dummy inserted; 4, optode 
with optoelectronics; 5, wire for connection to a 
personal computer for data collection; 6, glass-
coated magnet. 
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were filled by use of a Tygon and glass tube siphon connected to the reservoir. The reservoir and the gas 

phase of the bottles were continuously flushed with N2. All bottles, glass-coated magnets, and tubes had 

previously been cleaned with 0.1 M HCl and subsequently washed with autoclaved water to minimize 

bacterial contamination. The bottles (volume, 1,160 ml) have a thin (internal diameter, 0.25 cm) and long 

(length, 25 cm) glass tube; hereafter named the pressure compensation tube, penetrating the glass wall at 

the periphery of the bottle to allow a change in volume caused by temperature variations and to enable 

addition and removal of liquid during the incubations. 

During the incubations, the bottles were kept in a water bath kept at a constant temperature of 25 °C. 

Before injection of the bacteria, the bottles with seawater were kept in the water bath for 30 min to reach 

temperature equilibrium. The incubations lasted for 30 to 40 h. 

In order to estimate the growth phase of the bacteria in the inoculum, the optical density at 600 nm was 

measured with a spectrophotometer (Pharmacia Biotech). The culture was adjusted to the proper 

concentration with marine broth medium, and a small amount of culture was injected into the incubation 

bottles to ensure a suitable respiration rate. Data for dilutions and injection volumes are shown in Table 1. 

One milliliter of air-saturated water was repeatedly injected into the bottles (corresponding to an increase 

in the O2 concentration of approximately 300 nmol liter-1) when the optode reading indicated anoxia. A 

long syringe needle that could penetrate the whole pressure compensation tube was used for the 

injections (and also for removal of samples). The injection of air-saturated water also served for calibration 

of the sensor. Samples of 1 ml liquid for microscopic and flow cytometry analysis were taken through the 

pressure compensation tube every 5 h during the incubation, while 1 ml of oxic water was simultaneously 

injected. The water sample was fixed with 1% of glutaraldehyde (Sigma) at room temperature for 10 min, 

shock frozen in liquid nitrogen, and stored in a -80 °C freezer until further analysis.   

Table 1. OD600, dilution before injection, and volume of injection into the reactors for M. 

daepoensis, I. loihiensis, D. shibae, and R. denitrificans.  

Species Name Limitationa OD600
b Dilution Volume of Injection 

M. daepoensis 
No 0.090 6 Times 1 ml 

Yes 0.566 5 Times 0.4 ml 

I. loihiensis 
No 0.137 9 Times 1 ml 

Yes 1.104 5 Times 0.4 ml 

R. denitrificans 
No 1.049 7 Times 0.4 ml 

Yes 1.244 2 Times 0.4 ml 

D. shibae 
No 0.235 5 Times 1 ml 

Yes 0.397 1.2 Times 0.4 ml 
a One of the incubations for each culture was designed to cause severe electron donor 

limitation and is indicated by “Yes.”  
b Data represent the mean values from three experiments. 

Determination of cell numbers by flow cytometry. Bacterial numbers were determined 

using a NovoCyte flow cytometer (ACEA Biosciences) equipped with a 488-nm laser and a 530-nm filter. 

Subsamples (100 µl) were stained with 1 μl of an 8× -diluted solution of SYTO 13 (Molecular Probes) for 15 
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min prior to the counting of the number of cells. The abundance of bacteria was determined by counting 

the bacteria contained in a fixed sample volume of 25 µl. The number of bacteria in a region in a scatterplot 

of the SYTO 13 fluorescence signal versus the side scatter that was used for counting was determined by 

comparison with the number of bacteria in a sample that was not stained. 

Measurement of cell size by fluorescent microscopy. One hundred microliters of fixed 

sample was filtered onto 0.2-µm-pore-size polycarbonate filters (Maine Manufacturing LLC). The dried 

samples were stained with 1 drop of prepared SYBR Green (1 µl of SYBR green I uucleic acid gel stain 

[Thermo Fisher Scientific] mixed with 800 µl of glycerol-phosphate-buffered saline [AF1; Citifluor Ltd.] and 

200 µl of Vectashield mounting medium [Vector Laboratories]). Cell sizes were measured using an Axiovert 

200M epifluorescence microscope with standard SYBR green and fluorescein filter sets (Zeiss). At least 400 

cells per sample were measured. It is difficult to measure an accurate size by fluorescence, but it is possible 

to observe relative changes in size. 

Data analysis and modelling of kinetic parameters and population size. Two kinetic 

parameters, the respiration rate of the population and the half-saturation constant (apparent Km), were 

estimated by use of a modified Jassby and Platt equation as described by Tiano et al. (22). The cell numbers 

between the two measurement time points were estimated by linear interpolation. The respiration rate per 

cell was calculated by dividing the respiration rate of the population by the cell numbers. 

Statistical analysis and graphing. To determine if there was a significant difference in the 

apparent Km values determined during the incubation, the apparent Km values obtained over time were 

tested by the Tukey test in a one-way repeated-measures analysis of variance (ANOVA). If the normality 

test (Shapiro-Wilk) or equal variance test failed, the data were transformed by use of a log (x + 1) 

transformation. The Friedman test was used if the transformed data still failed the normality test or the 

equal variance test. Differences in doubling time and cell size during the incubations were tested by t test. 

The significance value was set at 0.05 for multiple comparisons in post hoc tests. All the data were plotted 

by Sigmaplot (version 12.0) program to construct the figures.  

 

Figure 2. Time course of oxygen concentration during 42 h of incubation of R. denitrificans with artificial seawater under 
energy-limited conditions. During the incubation, 1 ml of air-saturated water was injected into the bottle through the 
pressure compensation tube when oxygen was completely consumed. Gray crosses, the data points measured every 15 s 
(most are hidden by the red curves); red curves, the modeled curves used for extraction of the kinetic parameters. 
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Results 
 

As the setup applied in this study allowed us to measure O2 concentration over time, it was possible to 

monitor and analyze the respiratory activity with a high degree of temporal resolution (Fig. 2). The initial O2 

concentration during the initial incubation was about 200 nmol liter-1. Subsequent injections of aerated 

water increased the O2 concentration to about 300 nmol liter-1 right after the injections (Fig. 2). 

The estimated apparent Km values and respiration rates of the population during the incubations are 

plotted in Fig. 3 and Fig. 4. The respiration rate of the population during the first type of incubation 

progressively increased 

during the whole period of 

measurement, and 

therefore, that type of 

incubation could be 

considered to have taken 

place under non-energy-

limited (i.e., non-electron-

donor-limited) conditions 

(Fig. 3). The initial 

respiration rates of the  M. 

daepoensis and I. loihiensis 

population (46 ± 15, and 29 

± 8 nmol O2 liter-1 h-1, 

respectively) were lower 

than those of the R. 

denitrificans and D. shibae 

populations (177 ± 28, and 

128 ± 23 nmol O2 liter-1 h-1, 

respectively). However, the 

final respiration rates of the 

population during the 

incubation were 1,450 ± 

203, 1,724 ± 108, 609 ± 22, 

and 537 ± 52 nmol O2 liter-1 

h-1 for M. daepoensis, I. 

loihiensis, R. denitrificans, 

and D. shibae, respectively. 

These increased respiration 

rates for the populations 

indicate growth of the 

bacteria, and M. daepoensis 

and I. loihiensis especially 

Figure 3. Time courses of the respiration rates (R) of the population (A, C, E, and G) and 
apparent Km values (B, D, F, and H) for four species, M. daepoensis (A and B), I. loihiensis (C 
and D), R. denitrificans (E and F), and D. shibae (G and H), during incubation under non-
energy-limited conditions. Values are means ± SDs (n = 3 to 4). Horizontal bars represent 
time periods. Note the differences in the y-axis scales in the left panels (A, C, E, and G). 
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exhibited high growth rates. The apparent Km value for I. loihiensis was about 30 nmol liter-1. The apparent 

Km value decreased from 66 ± 15 to 35 ± 2 nmol liter-1 and from 29 ± 3 to 11 ± 2 nmol liter-1 for R. 

denitrificans, and D. shibae, respectively. The apparent Km value for M. daepoensis increased from about 27 

± 3 to 45 ± 3 mol liter-1 within the first 10 h and was subsequently stable for the next 20 h and then 

decreased to about 30 ± 1 nmol liter-1 after a total of 38 h of incubation. It is evident that after 

approximately 2 to 3 h the first data points for Km values deviated somewhat from the other data points, 

indicating adaptation to new environmental conditions.  

 

 

Figure 4. Time courses of respiration rates (R) of the population (A, C, E, and G) and 
apparent Km values (B, D, F, and H) for four species, M. daepoensis (A and B), I. loihiensis (C 
and D), R. denitrificans (E and F), and D. shibae (G and H), during incubation over a period 
characterized by energy-limited conditions. Values are means ± SDs (n = 3 to 4). The 
horizontal bars represent time periods. Note the differences in the y-axis scales in the left 
panels (A, C, E, and G). 
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The second type of incubation was with injections of larger amounts of bacteria and smaller amounts of 

medium. With increases in the incubation period and the growth of the population, the respiration rate of 

the population increased for a period of time and then decreased dramatically (Fig. 4). This incubation was 

thus considered to have taken place under energy-limited conditions. The maximum values of the 

respiration rates of the population during the incubation were 1,071 ± 85, 1,903 ± 75, 438 ± 9, and 1,243 ± 

92 O2 nmol liter-1 h-1 for M. daepoensis, I. loihiensis, R. denitrificans, and D. shibae, respectively. The initial 

apparent Km values ranged from 35 ± 8 to 55 ± 16 nmol liter-1, and the Km values for all four species became 

stable when the respiration rates of the population reached the maximum. The apparent Km values were 

thus 49 ± 4 nmol liter-1 at 20 h for M. daepoensis, 32 ± 4 nmol liter-1 at 24 h for I. loihiensis, 29 ± 1 nmol liter-

1 at 10 h for R. denitrificans, and 29 ± 7 nmol liter-1 at 25 h for D. shibae. The apparent Km values 

subsequently decreased and the respiration rates of the populations decreased during starvation, and the 

Km values gradually reached final low levels that were slightly different for the different cultures. The final 

stable Km values were 8 ± 1, 9 ± 1, 7 ± 1, and 16 ± 1 nmol liter-1 for M. daepoensis, I. loihiensis, R. 

denitrificans, and D. shibae, respectively. The D. shibae culture did not, however, exhibit the same large 

decrease in apparent Km value that the other cultures did, probably because the incubation time was 

insufficient for it to reach low rates of respiration per cell. 

The population sizes and respiration rates per cell of M. daepoensis and I. loihiensis were tracked during the 

incubation under non-energy-limited conditions (Fig. 5) and under energy-limited conditions (Fig. 6). The 

population sizes increased for all four incubations, and the cultures grew in terms of cell number (but not 

total bio-volume; see below) only slightly faster under non-energy-limited conditions than under energy-

limited conditions. During the incubation under non-energy-limited condition (Fig. 5), the respiration rate 

Figure 5. Time courses of population size (A and B) and the respiration rate per cell (R) (C 
and D) of M. daepoensis and I. loihiensis during incubation under non-energy-limited 
conditions. Values are means ± SDs (n = 3 to 4). The horizontal bars (C and D) represent time 
periods. Note the difference in the y-axis scales in the bottom panels (C and D). 
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of M. daepoensis increased from 0.80 ± 0.24 to 2.61 ± 0.21 fmol O2 cell-1 h-1 at about 15 h and then 

decreased to 1.00 ± 0.09 fmol O2 cell-1 h-1 at the end of the incubation; the respiration rate of I. loihiensis 

increased from 0.26 ± 0.07 to 0.80 ± 0.08 fmol O2 cell-1 h-1 at about 23 h, and the respiration rate stayed at 

this level during the rest of the incubation. The low respiration rates obtained from the first determinations 

indicated a lag phase before maximum growth under the new culture conditions. During the incubation 

under energy-limited condition (Fig. 6), the respiration rate of M. daepoensis increased from 1.54 ± 0.51 to 

2.44 ± 0.35 fmol O2 cell-1 h-1 at about 11 h and then decreased to a very low rate (0.12 fmol O2 cell-1 h-1) at 

the end of the incubation; the respiration rate of I. loihiensis decreased from 0.85 ± 0.16 to 0.70 ± 0.02 fmol 

O2 cell-1 h-1 at about 7 h and then decreased to a very low rate (0.03 ± 0.004 fmol O2 cell-1 h-1) at the end of 

the incubation.  

The cell sizes of M. daepoensis during the incubation under energy-limited condition were measured under 

a fluorescence microscope with SYBR green staining. The lengths of the cells (Fig. 7) decreased significantly 

(p < 0.05, t test), due to starvation, from 1.80 ± 0.43 µm at the beginning of the incubation to 1.72 ± 0.44 

µm at 12.6 h during the incubation and further decreased to 1.16 ± 0.27 µm at the end of the incubation. 

Although the cell number increased during incubation under energy-limited conditions, this did not 

correspond to a proportional increase in total biovolume. 

Figure 6. Time courses of population size (A and B) and the respiration rate per cell (R) (C 
and D) of M. daepoensis and I. loihiensis during incubation under energy-limited conditions. 
Values are means ± SDs (n = 3 to 4). The horizontal bars (C and D) represent time periods. 
Note the differences in the y-axis scales in the bottom panels (C and D). 
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Discussion 
The study of O2 kinetics at low O2 concentration requires sensors with high degrees of accuracy at low O2 

concentration, an incubation vessel that does not leak O2 into the system, and a homogeneous culture 

without aggregate formation. The setup applied in this experiment was tested in a previous study (22). The 

long pressure compensation tube is the only entry for O2 exchange in this glass-sealed system. It was 

proven both by mathematic calculation and with experimental data (22) that the O2 exchange between the 

incubation vessel and the environment is negligible. The glass-coated magnet in the bottle ensures 

homogeneity after injections of bacteria or O2-saturated water. During this experiment, two bottles into 

which bacteria were not injected were used as controls in each run. The results from these noninoculated 

bottles also confirmed that there was no external O2 contamination (data not shown). 

During our incubations, the cells were exposed to multiple oxic/anoxic shifts. The effects of a change from 

anoxic to oxic conditions have been investigated in detail for D. shibae, and it was concluded that the 

energy charge of the cell was back to normal oxic values within less than a minute (27). We assume that the 

same also held true for the other three organisms and that our measurements of energy metabolism, 

expressed by the rates of O2 consumption during about 10-min periods of oxic conditions, represent short-

term steady-state values (not taking the O2 concentration dependence into account). The prolonged 

exposure of cultures to anoxia may lead to significant physiological changes (28), and we thus avoided long 

anoxic periods. 

 On the basis of an analysis of genomics data, the genomes of 

all four investigated species have the genes for both high-

affinity terminal oxidases and low-affinity terminal oxidase. 

Thus, they all have the potential to have low apparent Km 

values by expressing the high-affinity terminal oxidases. During 

the incubation under non-energy-limited, low-oxygen 

conditions, the slight decrease in the apparent Km values for R. 

denitrificans and D. shibae may indicate the expression of a 

high-affinity terminal oxidase. Considering that the Km value of 

low-affinity terminal oxidases is about 200 nmol liter-1 (18) and 

that of high-affinity terminal oxidase is 3 to 8 nmol liter-1 (17), 

the estimated apparent Km values for M. daepoensis (about 43 

nmol liter-1) and I. loihiensis (about 31 nmol liter-1) 

demonstrate that large portions of the terminal oxidases were 

the high-affinity ones. A gene fusion study with Escherichia coli 

(29) showed that genes for high-affinity terminal oxidases are 

expressed under high-O2 conditions, and even cultures 

incubated under high-O2 conditions may thus exhibit relatively 

low apparent Km values. M. daepoensis and I. loihiensis could 

have lowered their relatively high apparent Km values during 

the incubation under non-energy-limited condition by 

decreasing their cell size, but cell size may be governed more 

by nutrient availability than by O2 concentration. The only 

Figure 7. Cell size distribution of M. 
daepoensis at 0 h (A), 12.6 h (B), and 39.2 h (C) 
during incubation under energy-limited 
conditions. 
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source of organic electron donors in our incubations was the organic matter remaining in the culture 

medium from the injection and internal storage, for example, as polyhydroxybutyric acid. Thus, the 

electron donors became limiting during the incubations with large amounts of bacteria and small amounts 

of medium. The population size continued to increase during the periods when the respiration rate of the 

populations decreased due to starvation. The respiration rate per cell thus decreased dramatically. 

Meanwhile, it was accompanied with decreasing apparent Km values, suggesting that the apparent Km value 

was correlated with the availability of an electron donor.  

In the following, the integrated effect of O2 gradients around the cell, the difference in cell size, and the 

difference in respiration rate on the observed apparent Km value are illustrated by modeling. For the 

convenience of modeling, the cells were assumed to be spherical but to have the same volume as the 

actual rod-shaped cells. We modeled the following three parameters.  

(i) The maximum O2 flux to a cell with zero concentration at the cell surface (Jmax) is given by (28):  

𝐽𝑚𝑎𝑥 = 4𝜋𝑟𝑐𝐷𝐶∞      (1) 

where rc is the radius of the cell; D is the diffusion coefficient in water, which has a value of 2.40 × 10-5 cm2 

s-1 at 25 °C; and C∞ is the surrounding bulk O2 concentration.  

(ii) The theoretical maximum respiration rate without diffusion limitation (Rmax) can be described by the 

Michaelis-Menten equation: 

𝑅𝑚𝑎𝑥 = 𝑉𝑚𝑎𝑥
𝐶∞

𝐶∞+𝐾𝑚
      (2) 

where Km is the enzyme half saturation concentration and Vmax is the maximum respiration rate per cell at 

nonlimiting high O2 concentrations.  

(iii) The real respiration rate per cell (Rc) when diffusion limitation is taken into account is given by  

𝑅𝑐 = 𝑉𝑚𝑎𝑥 ×
𝐶0

𝐶0+𝐾𝑚
      (3) 

where C0 is the O2 concentration at the cell surface, where the terminal oxidase is located. 

The flux of O2 to the cell (J) is defined by (30) 

J = 4π𝑟𝑐𝐷(𝐶∞ − 𝐶0)      (4) 

When the cell is in a steady state, the processes are balanced and the O2 flux to the cell and the respiration 

rate per cell are equal: 

𝑅𝑐 = 𝐽       (5) 

Substitution from equations 3 and 4 gives 

𝑉𝑚𝑎𝑥 ×
𝐶0

𝐶0+𝐾𝑚
= 4π𝑟𝑐𝐷(𝐶∞ − 𝐶0)     (6) 
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C0 can then be calculated with known values of Vmax, Km, rc, and C∞. Thus, Rc can be calculated in return as a 

function of C∞. 

 In order to explain the model, we discuss here the 

data for M. daepoensis assuming two values for 

respiration under saturating O2 concentrations 

(Vmax), two different cell sizes, and two different Km 

values. The large cell representative of the cell size 

under nonlimited conditions has an equivalent 

diameter of 1.47 µm, and the small cell 

representative of the cell size under conditions of 

starvation has an equivalent diameter of 1.01 µm. 

The diameters of cells of both sizes were 

recalculated from values in the literature (31)  

equating the diameters of cells with a rod shape to 

the diameters of spherical cells of same volume. In 

the example, the large cell is assumed to be from 

the nonlimited condition with a high Vmax (2.53 

fmol O2 cell-1 h-1) and the small cell has a low Vmax 

(0.15 fmol O2 cell-1 h-1). The actual respiration rate 

per cell by consideration of both diffusion 

limitation and Michaelis-Menten enzymatic 

kinetics (Rc), the maximum O2 flux to the cell 

under the assumption that the O2 concentration at 

the cell surface is 0 (Jmax), and the theoretical 

maximum respiration rate per cell under the 

assumption that there is no diffusion limitation 

(Rmax) were compared under three scenarios. (i) 

When the energy and O2 supplies are sufficient, 

the cell size of M. daepoensis is assumed to be 

large, the respiration rate per cell is high, and only 

low-affinity terminal oxidases are expressed (Km 

value, 200 nmol liter-1) (Fig. 8A). In that case, the 

actual respiration rate is close to the theoretical 

maximum respiration rate, if no diffusion 

limitation at all O2 concentrations is assumed, and 

the apparent Km is identical to the enzyme Km. Due to the high Km value, both calculated respiration rates 

are much lower than Jmax. (ii) In the second example, we consider large M. daepoensis cells having the same 

Vmax of 2.53 fmol O2 cell-1 h-1, but now we assume that only high-affinity terminal oxidase are present (Km 

value, 5 nmol liter-1) (Fig. 8B). In this case, the theoretical maximum respiration rate of the cell is limited by 

diffusion. When both diffusion limitation and enzyme Km (21 nmol liter-1) are taken into account, the 

apparent Km value obtained from the curve is much higher than the enzymatic Km value (5 nmol liter-1). We 

observed an even higher apparent Km value of 43 nmol liter-1 under nonlimited conditions, indicating that 

Figure 8. Modeled curves of O2 consumption (R) of hypothetical 
spherical cells otherwise having characteristics similar to those of 
the M. daepoensis cells investigated under the following 
assumptions. (i) The cell consumes all oxygen diffusing to the cell 
so that the O2 concentration at the cell surface is zero (Jmax). (ii) 
The cell terminal oxidases exhibit Michaelis-Menten kinetics, but 
there is no diffusion limitation (Rmax). (iii) The O2 consumption by 
the cell is limited by both enzyme kinetics and diffusion to the 
cell (Rc).  The modeling was performed under three scenarios: 
big cells (diameter, 1.47 µm) with a high respiration rate (2.53 
fmol O2 cell

-1
 h

-1
) under nonlimiting O2 concentrations (Vmax) and 

only a low-affinity terminal oxidase (Km value, 200 nmol liter
-1

) 
(A), big cells with a high respiration rate and only a high-affinity 
terminal oxidase (Km value, 5 nmol liter

-1
) (B), and small cells 

(diameter, 1.01 µm) with a low respiration rate (0.20 fmol O2 
cell

-1
 h

-1
) and only  a high-affinity terminal oxidase (C). 
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our geometric assumptions were oversimplified. Under these conditions, Rc values are close to Jmax values 

at the lowest O2 concentrations. (iii) When the environment is low in electron donors, the decrease in cell 

size and low respiration rates enabled the actual respiration rate to get very close to the theoretical non-

diffusion-limited respiration rate (Fig. 8C). The apparent Km value (7 nmol liter-1) was similar to the values 

measured experimentally and approached the enzymatic Km value, and Vmax was thus approached at very 

low O2 concentrations. It is thus an advantage for the bacterium to decrease its cell size under conditions of 

limitation of O2 (or any other type of element) (32). Marine bacteria thus decrease their cell volume when 

nutrients are present at low concentrations (33, 34). 

Km values measured by different methods were summarized in a previous study (23). Until 1994, studies 

showed that the Km values measured by an O2 electrode are higher than the Km values estimated from the 

deoxygenation kinetics of myoglobin or leghemoglobin. That might probably indicate that the latter 

method has a resolution higher than that achieved with standard Clark-type O2 electrodes. Furthermore, 

the apparent Km values for E. coli in exponential phase determined with a sensitive O2 electrode were found 

to be 1.80 µmol liter-1 (20) and 0.19 µmol liter-1 (18) in two studies. This 1-order-of-magnitude difference in 

these two apparent Km values suggests that the sensitivity of the electrode affects the determination of the 

apparent Km value and that the estimates are nonrealistic. The apparent Km values determined even by our 

extremely sensitive O2 microsensors with a fast response were at least twice the values estimated by 

optodes for the four species investigated in this experiment (data not shown). The technique relying on the 

spectrophotometric differences between the oxygenated and deoxygenated state of myoglobin or 

leghemoglobin was applied more often than the technique with O2 electrodes after the 1980s to determine 

Km values for different types of terminal oxidases or whole cells of E. coli (17, 35), pathogens (36), and soil 

bacteria (23, 37). Previously reported Km values obtained by this technique were also in the nanomolar 

range. However, the reported Km values determined by the use of leghemoglobin and myoglobin can have a 

1-order-of-magnitude difference in the same study (35, 36). Furthermore, it has been observed that the 

apparent Km values measured with intact cells (Azotobacter vinelandii) which contain a cytochrome bd-type 

oxidase (a typical high-affinity terminal oxidase) are 4-fold higher than those measured in membranes (23). 

High apparent Km values indicate a diffusion limitation of the O2 supply. In addition, a previous study 

showed that the level of expression of the gene encoding the low-affinity terminal oxidase is repressed 

over 140-fold under anaerobic conditions in E. coli but is still detectable (29). Thus, some low-affinity 

terminal oxidases may still be functioning even in environments with extremely low O2 concentration, 

which could contribute to relatively high apparent Km values. The values estimated in our study even 

surpass the bottom of the range of apparent Km values for intact cells reported previously, and we thus 

assume that the set of techniques used is more sensitive than previously used methods. 

In comparison with previous studies related to respiration kinetics, the advantages of this study are as 

follows. (i) The setup used in this study enables the continuous recording of the O2 concentration. Thus, it is 

able to resolve temporal change in kinetics. Previous studies focused on the respiration of bacteria and the 

apparent Km value of the bacteria during some kind of supposed steady state. It has been recorded that 

apparent Km values for E. coli in early exponential phase and stationary phase have almost a 1-order-of-

magnitude difference (1.80 and 0.27 µmol liter-1, respectively) in the same study (20). We know, however, 

that the apparent Km value of bacteria must be related to the range of O2 concentrations during the 

incubation, as a certain transition concentration triggers the expression of high-affinity terminal oxidases 

(38). However, the change of kinetics for the same types of cells over time is apparently neglected. The 
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myoglobin- or leghemoglobin-based method resolves only the apparent Km values for one state of the cells 

rather than a temporal change. This study reveals that the apparent Km values decrease over time under 

conditions with low O2 concentrations and a limited electron donor supply. (ii) The system is completely 

sealed by glass, except for the pressure compensation tube, which is used for the injection of bacteria and 

water, and this creates a system that is more isolated from the environment than previous setups. The 

myoglobin- or leghemoglobin-based method requires a stopper with a fine hole to seal the cuvette (23). 

Ambient O2 can easily pass through the hole and the gap between the stopper and the cuvette to 

contaminate the system. Furthermore, our setup can be applied to all types of aquatic media.  

The optical trace O2 sensor allows the measurement of respiration rates under conditions with low O2 levels 

with a high sensitivity and an extremely low detection limit. The apparent Km values estimated from this 

study are lower than those previously reported in studies of isolated marine bacteria in culture (39) and 

seawater (22). The conditions of our incubations with energy limitation are closer to in situ ocean 

conditions than traditional incubations in rich media. As a consequence of starvation, the reduced 

respiration rate per cell and the reduced cell size decreased the diffusion limitation and resulted in lower 

apparent Km values, illustrating that even individual fast-respiring bacteria are diffusion limited at very low 

O2 concentrations. The same holds true for all other substances present in low concentrations. 
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