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Growth of heterotrophicmicrobes requires the extraction of energy, electrons, carbon, and nutrients from a com-
plex and dynamic reservoir of potential substrates. We employed a matrix of selected organic substrates with
varying characteristics, and experimentally followed the kinetics of assimilation and respiration to explore the
basic principles that govern selection and preferential use based on carbon, nitrogen, and energy content.We fur-
ther competed these substrates in a combinatorial fashion to evaluate preferential substrate utilization in natural
microbial assemblages. Several substrates displayed biphasic kinetic responses and variable respiration: assimi-
lation ratios. Amino acids had the shortest turnover times and were taken up preferentially at ambient concen-
trations. We also identified a linear relationship between substrate uptake rates and affinity, suggesting that the
microbial community optimizes the relative abundances of membrane transporters according to substrate de-
mand. When competed against one another at saturating concentrations, substrate assimilation and respiration
rates were enhanced or inhibited by up to two orders of magnitude, compared to competitor-free controls. Fur-
ther, we describe an unexpected trend between the substrate energy density and turnover times, with more en-
ergetic, reduced carbon substrates turning over more slowly than more oxidized substrates.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Microbial communities in the oligotrophic gyres are profoundly
complex, both in terms of taxonomic diversity and metabolic potential,
and interpretations of monoclonal laboratory cultures cannot easily be
extended to the natural environment. Consequently, a qualitative,
let alone quantitative, understanding of microbial community substrate
preference is currently lacking. In the contest for resources, specialists
and generalists inevitably compete with unique metabolic strategies.
We hypothesize that individual microbes within the community opti-
mize the utilization of growth-limiting resources. In the chronically in-
organic nutrient depleted surface layer of the North Pacific Subtropical
Gyre (NPSG), it might logically follow that dissolved organic nitrogen
and/or phosphorus sources should be preferentially utilized by natural
heterotrophic microbial communities (e.g., Casey et al., 2009). In this
paper, we ask, “What are the basic principles that govern the selection
of extracellular molecules for microbial growth?” We examine the hy-
pothesis that heterotrophic microbial communities in the surface layer
of a typical oligotrophic ocean gyre have evolved to preferentially utilize
dissolved organic matter (DOM) substrates based on the hierarchy of
energy density (KJ mol C−1), nitrogen mole fraction (mol N mol−1),
or carbon mole fraction (mol C mol−1).
Substrates were chosen to represent a broad sampling of the bio-
available low molecular weight (LMW) organic substrate spectrum;
four 6-carbon compounds with different energy densities (in terms of
standard enthalpy of combustion; ΔHC′), three amino acids with differ-
ent numbers of nitrogen atoms, and three carbohydrateswith equal en-
ergy densities but different numbers of carbon atoms were selected as
representatives of each class (Table 1). Gene products associated with
the metabolism of all selected substrates were identified in Station
ALOHA metagenome datasets (NCBI Accession: PRJNA13694,
PRJNA29033, PRJNA16339) and in genomic DNA sequences of diverse
bacteria and eukaryotes isolated from the NPSG surface waters, includ-
ing alcohol and aldehyde dehydrogenases that are required for the me-
tabolism of 1-hexanol. Other selected compounds (L-leucine, L-lysine,
L-arginine, glyceraldehyde, D-ribose, D-mannose, citric acid, and
hexanoic acid) are associated with central carbon metabolism, amino
acid biosynthesis, and fatty acid synthesis/degradation pathways and
therefore are readily metabolized by those organisms capable of
transporting them. Individual substrate utilization and kinetics have
been extensively investigated for numerous amino acid (e.g., Ayo
et al., 2001; Kirchman and Hodson, 1986), sugar (e.g., Azam and
Hodson, 1981; Nissen et al., 1984), nucleotide (e.g., Karl and Bailiff,
1989), and organic acid (e.g., Kieber et al., 1989; Wright and Hobbie,
1966) compounds present in the environment. However a comparative
approachwithmultiple substrates is quite rare (c.f., Mopper and Kieber,
1991; Donachie et al., 2001).
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Table 1
Comparison of selected substrates. Carbon enthalpies of combustion (ΔHC′) were calculat-
ed according to the Kharasch Equation (see Methods). Respiration quotients (RQ) were
derived from balanced respiration equations.

Compound ΔHC′
[KJ mol C−1]

RQ
[mol CO2: mol O2]

Nitrogen
[N atoms]

Carbon
[C atoms]

Citric acid 377 1 0 6
Hexanoic acid 600 1.33 0 6
1-Hexanol 667 2 0 6
Glyceraldehyde 486 1 0 3
D-Ribose 473 1 0 5

D-Mannose 483 1 0 6

L-Leucine 615 0.8 1 6

L-Lysine 633 0.86 2 6

L-Arginine 652 1.1 4 6
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To evaluate substrate preference, the assimilation and respiration ki-
netics of each substrate were measured by radioisotope incubations of
natural surface seawater at Station ALOHA. We further hypothesized
that substrate uptake (as the sum of assimilation plus respiration) and
subsequent metabolism (as the ratio of respiration to uptake) are influ-
enced by the presence of competing substrates. To evaluate substrate
competition, each radioisotope tracer was incubated in the presence
of a saturating concentration of each of the other substrates. Apart
from a thorough competition of amino acids against different peptides
(Kirchman and Hodson, 1984), we are unaware of a competition exper-
iment involving multiple substrate classes in natural marine microbial
assemblages.

Collectively, our fieldmeasurements indicate that natural heterotro-
phic microbial communities select substrates based on their nitrogen
content over their carbon or energy content. Our results also lead to a
somewhat surprising conclusion that higher energy density substrates
(1-hexanol and hexanoic acid) turn over more slowly than lower ener-
gy density substrates (D-mannose, glyceraldehyde, and citric acid).

2. Methods

2.1. Sample collection

The experiments were carried out onboard the R/V Kilo Moana at
Station ALOHA (22°45′N, 158°W) in March 2014. Seawater samples
from 25 m were collected in the dark from 12 l Niskin® bottles each
night following a 2100 h cast, approximately 3 h after sunset. Samples
were collected over the course of 11 days alongside numerous biologi-
cal, chemical, and hydrographic measurements, including measure-
ments of community respiration based on diel cycles of O2/Ar (Ferrón
et al., 2015) and in vivo electron transport chain activity (Martínez-
García et al., 2009). Sample collections, preparations, and incubations
were conducted in the dark or under low intensity red light and all
glassware was cleaned following recommendations by Fitzwater et al.
(1982) to minimize trace metals contamination (pre-combusted, acid-
washed, 0.22 μm filtered distilled deionized water-rinsed), which have
been shown to affect amino acid uptake rate determinations in natural
seawater samples (Ferguson and Sunda, 1984). Incubations were con-
ducted at night, typically for 8 h, to avoid extracellular production of
newly synthesized photosynthate and to encourage constant uptake
rates (e.g., Carlucci et al., 1984).

2.2. Reagents and Supplies

We evaluated 9 compounds: [1,5-14C]citric acid, [1-14C]hexanoic
acid, [1-14C]hexanol, [U-14C]D-mannose, [U-14C]L-leucine, [U-14C]L-
lysine, [U-14C]L-arginine, [U-14C]glyceraldehyde, and [1-14C]D-ribose
(MP Biomedicals, LLC; American Radiolabeled Chemicals, Inc.;
Table 1). Uniformly labeled substrates were chosen, where available,
to minimize ambiguity in interpretations of respiration and
assimilation (Hamilton and Austin, 1967), but this is inconsequential
to uptake rate determinations. Unlabeled compounds and the reagents
β-phenylethylamine (PEA herein), sulfuric acid, and formaldehyde
(37 wt.%) were purchased from Sigma Aldrich Co. Dilute stocks of la-
beled substrates were made up to 92.5 MBq l−1 and specific activities
were adjusted to 1.85 GBqmmol−1 by the addition of unlabeled carrier,
with the exception of 1-hexanol whichwas prepared to 18.5MBq l−1 at
0.37 GBq mmol−1. 1-Hexanol solutions were always less than 577 μM,
the solubility limit for 1-hexanol in seawater at 20 °C.

2.3. Sample preparation and incubation conditions

Samples (70ml) for kinetic and competition incubationswere trans-
ferred to either 70 or 125 ml glass serum bottles for assimilation and
respiration measurements, respectively. Kinetic experiments were
initiated by the addition of 9 concentrations of a labeled substrate
(from 1 nM to 365 nM, spaced logarithmically), in triplicate
(n = 486). Competition experiments were initiated by the addition of
32 nM of a labeled substrate in the presence of 2 μM of each unlabeled
substrate competitor, in triplicate (n = 486). A single killed control
(fixed at 4 °C for 1 hwith 2%w/v formaldehyde)was used for each treat-
ment (n = 162). Following addition of the radiolabeled substrate, as-
similation bottles were crimped sealed without a headspace with
Teflon® stoppers using aluminum caps. The respiration bottles were
fitted with “sleeve-style” rubber stoppers pierced with center well
cups containing a dry piece of fluted cellulose filter paper (Whatman®)
in the headspace. All bottles were incubated upright in the dark for 8 to
10 h, submerged in a bath of circulating surface seawater to approxi-
mately maintain the 25m collection depth temperature (24.0 ± 0.1 °C).

2.4. Assimilation

Incubations were terminated by gentle vacuum filtration
(b70 mBar) onto nominal 0.3 μm pore size glass fiber filters (GF75,
Sterlitech). Bottles, caps, and filter funnels were thoroughly rinsed
with 0.2 μm filtered seawater (three rinses of approximately 20 ml
each). Filters were transferred to 20 ml glass scintillation vials followed
by a 10 ml addition of scintillation cocktail (UltimaGold LLT, Perkin
Elmer). 14C activity was counted on a Perkin-Elmer 2910TR TriCarb liq-
uid scintillation counter using the spectral index of an external standard
for quench correction. Substrate retained on the glass fiber filters or
adsorbed to cells was estimated with killed controls, which were pre-
pared for each concentration of each substrate. Killed controls were in-
cubated alongside live samples and processed identically.

2.5. Respiration

Incubations were terminated by soaking the filter paper in the cup
with 150 μl PEA and then acidifying the sample by adding 4 ml of
4.5 N sulfuric acid through the gas-tight stopper. The acidified solution
was allowed to passively distil for 48 h before removing the stoppers.
This procedure changes the dissolved CO2 solubility and leads to a flux
of 14CO2 first into the headspace, then into center well cups containing
the PEA. Center well cups containing the filter paper were transferred
to scintillation vials. 500 μl aliquots of the remaining volume of each
samplewere also transferred to scintillation vials (n=486). 14C activity
was quantified identically to the filters (see Assimilation). Activity other
than 14CO2 that was retained by the cup was estimated by equilibrating
each substrate in 0.2 μm filtered seawater and processing identically to
live samples. 14CO2 trapping efficiency was estimated by processing a
known quantity of H14CO3

− added to 0.2 μm filtered seawater.

2.6. Data analysis

Filter samples (i.e., “assimilation”) were corrected by subtracting
killed control activities and cup samples (respiration) were corrected
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for cell-free incubation activities. Transient isotope effects affect appar-
ent uptake rates due to mass-dependent kinetic isotope fractionation
under isotopic disequilibrium; specific transporter fractionation factors
differ widely between different enzyme-substrate systems, and the res-
piration to assimilation ratio influences the magnitude of this effect.
However, substrate specific activities and added concentrations were
sufficiently high so as to reduce this effect to well below the analytical
standard error of the measurement (b5% standard error). Kinetic pa-
rameters (Table 2) were determined for assimilation (vA), respiration
(vR), and uptake (vU) of each substrate by non-linear least squares
(NLS) optimizations for each of four potential kinetics models:
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where SA is the substrate concentration [nM], b is the transition concen-
tration [nM],Km [nM] and Vmax [nMh−1] are theMichaelis–Menten-like
half-saturation constant and maximal rate, KD is a diffusive parameter,
and v is the kinetic velocity. To account for systematic analytical vari-
ance, which varied as a function of SA added, weweighted the cost func-
tion using standard errors. A sensitivity analysis of the initialization
parameters resulted in derived kinetics parameters that were stable to
within b1% over a ten-fold range of expected values (data not shown).
Models (1–4) were selected using the minimal Akaike Information
Criterion (AIC) using the log-likelihood of each NLS fit; the AIC model
selection procedure rewards the goodness-of-fit of each model while
penalizing overly complex models. Standard errors for Km and Vmax

values were propagated by the root sum of squares deviation. Specific
affinities (not biomass normalized) were calculated as the initial slope
of the fast (aFo) and slow (aSo) subsets. Competition experiments were
processed similarly, except that rates were treated as a fold-change
relative to an unamended control.

Community respiration estimates corresponding to the same casts
based on ΔO2:Ar and electron transport activity measurements varied
by 28% and 19% over the course of the sampling period, respectively
(Ferrón et al., 2015). This day-to-day natural variability was not taken
into account in our error analysis and potentially influenced Vmax esti-
mates since our experiments were conducted over an 11 day period,
however, both community respiration estimates could explain b1% of
the variance in Vmax (p = 0.936).

Standard enthalpies of combustion were calculated for each sub-
strate according to a simplification of the Kharash equation (Kharasch,
1929):

ΔHc0 ¼ 200a1 þ 280a2 þ 220a3 þ 105a4 þ 60a5 þ 40a6–20a7
s

h−1

h−1

h−1

h−1

h−1

h−1
where the coefficients are the average bond energies (kJ mol−1) corre-
sponding to the number of π bonds in aromatic compounds (a1), non-
aromatic double bonds (a2), σ and C–H single bonds (a3), C–N and N–
H bonds (a4), carbonyl groups (a5), hydroxy (a6), and carboxyl groups
(a7).

3. Results and discussion

3.1. Method evaluation

We evaluated the 14C-respirometry method for determining
compound-specific assimilation and respiration rates in natural seawa-
ter incubations. We consistently found quantitative recovery to be
99.85± 1.98% (calculated as the sum of filter, cup, and remaining activ-
ity as a percentage of activity added) and low sample-sample variability
(8.3 ± 1.9%; Fig. 1). Killed control activities were consistently b0.1% of
activity added and consistently b15% of assimilationwith the exception
of [1-14C]D-ribose (45.5 ± 17.9% of assimilation), indicating low cell
surface and glass fiber filter adsorption over the entire SA range. The
trapping efficiency of PEA soaked filter paper after acidifying a known
quantity of H14CO3

− was 98.99 ± 4.28%. When the same procedure
was followed for 32 nM additions of each labeled substrate in 0.2 μm fil-
tered seawater, the absorption was 0.08 ± 0.04% of total radioactivity
added, with the exception of [1-14C]hexanol which was 10.4%.

3.2. Substrate preference and kinetics

Assimilation, respiration, and uptake kinetics were biphasic or
multiphasic within the range 1 nM to 364.5 nM of SA for 7 of the 9 sub-
strates tested with “breakpoints” (the transition between two trans-
porter systems operating at different concentration ranges) between
20 nMand 90 nMof the SA (Fig. 2, Table 3). No differences in breakpoint
concentrationswere found between assimilation, respiration, or uptake
kinetics curves for a given substrate. Multiphasic kinetics in natural ma-
rine bacterial populations have been reported previously for themetab-
olism of glucose and mixed amino acids (Azam and Hodson, 1981;
Nissen et al., 1984) and for ectoenzyme kinetics (Unanue et al., 1999).
Artifacts associated with SA and Sn concentration dependencies of Km

and multiphasic kinetics have been proposed to result from a diffusive
model with a sub-unity slope resulting from different membrane per-
meabilities, intracellular substrate concentrations, and kinetic fraction-
ation of the radiolabeled substrate uptake between species (Logan and
Fleury, 1993). However it is highly unlikely that marine bacteria rely
on concentration gradients alone for substrate uptake, especially since
intracellular metabolite concentrations are frequently in the μM to
mM concentration range (e.g., Bennett et al., 2009); rather, it is much
more likely a combination of multiple transporters (Button, 1993). Al-
though themultiphasicmodel has been theoretically and experimental-
ly described in a multitude of biological systems (Nissen and Nissen,
1983), we cannot discount the possibility that breakpoints were an arti-
fact of de novo transporter synthesis during the course of the approxi-
mately 8 hour incubations. The remaining two substrates were not
well described by the multiphasic or biphasic models; rather a
monophasicmodel was selected for L-arginine kinetics and an addition-
al diffusive term best fit the kinetics of L-lysine, according to our AIC
model selection procedure.

vR/vU ratios, which are upper constraints on bacterial growth effi-
ciencies (BGE) due to isotopic disequilibrium of intracellularmetabolite
pools during short incubations (King and Berman, 1984), were not con-
stant over the concentration range of substrates tested (Fig. 3). Coeffi-
cients of variation (CV) of substrate vR/vU ratios ranged from 14 to 45%
for glyceraldehyde to L-arginine, respectively. SA dependencies of BGE
are ignored in most bacterial production assays, including those based
on [3H]L-leucine assimilation (CV= 28%), and will introduce ambiguity
to their interpretations since ambient substrate concentrations are
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Fig. 2. Uptake kinetics (vU = vA + vR) for all substrates. Mean values (filled symbols), standard
(lines) are shown for AIC selected models. Values for all transport systems are given in Table 3

Fig. 1. Summary of performance of assimilation and respiration methods. A: “Box-and-
Whiskers” plot of loss of radioisotope for each labeled substrate. Calculated for all samples
(n= 972) as the percent of isotope addedminus the sum of activities caught on the filter,
trapped in the cup, and remaining in solution. B: Stacked bar plot of percent recovery of
respirometry for each labeled substrate and Na2H14CO3 (see Methods: Respiration; n =
12). Solid bars represent percent of added activity trapped in the cups; open bars repre-
sent percent of added activity remaining in solution. C: “Box-and-Whiskers” plot of killed
control percent of assimilation for all kinetics samples (n = 486).
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rarely measured prior to incubations and substrate is usually added at
saturating concentrations (N20 nM; e.g., Church et al., 2004).

Because ambient substrate concentrations (Sn) were not measured,
“tracer” substrate concentration additions, ideally b10% of Sn, were not
necessarily achieved. We therefore approximate ambient substrate up-
take rates as the initial velocity (vo) at 1 nM SA. With this proviso, amino
acids were taken up at rates higher than other substrates tested. Anoth-
er metric for substrate affinity, Vmax/Km (h−1), was also found to be
highest for the amino acids compared with other substrates. We found
a linear relationship (R2 = 0.70, slope = 0.85 ± 0.1, p = 0.0001;
Fig. 4) between the ambient substrate uptake rate and the substrate af-
finity, as expected for Michaelis–Menten kinetics at SA + Sn b b Km.
Agreement between ambient uptake rates and substrate affinities sup-
ports the hypothesis that microbial communities collectively optimize
the scavenging of resources according to substrate availability and
demand. Since Km is an intrinsic property of transporter-substrate affin-
ity, both the cell surface density of transporters and the distribution of
transporters among different microbial community taxa are optimized
for the exploitation of specific substrates. For example, amino acid
transporters are likely common to a majority of microbial taxa,
andmay represent a larger fraction of outermembrane transporter pro-
teins than e.g., fatty acid transporters, as was the case for coastal
bacterioplankton (Poretsky et al., 2010).

Over the concentration range tested, we found that 1-hexanol was
assimilated at rates comparable to other C6 substrates. Marinemicrobes
are known to use methanol as both a carbon and energy source, and
several alcohol dehydrogenases are common to methylotrophic bacte-
ria including the numerically dominant Pelagibacter ubique SAR11
(Sun et al., 2011). 1-Hexanol is dehydrogenated to hexanaldehyde and
further to hexanoic acid and subsequently directed toward fatty acid
synthesis or degradation pathways to regenerate acetyl-CoA. Perhaps
since 1-hexanol is uniquely connected to hexanoic acid, ambient sub-
strate uptake rates and substrate affinities were nearly identical for 1-
hexanol and hexanoic acid, despite almost certainly depending on sep-
arate transporters due to differences in charge distribution. We
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.



Table 3
Summary of uptake kinetics for each labeled substrate. Standard deviation reported in parentheses. NA- not applicable.

Substrate Model Breakpoint
[nM]

Vmax (Fast)
[nM h−1]

Km (Fast)
[nM]

Vmax (Slow)
[nM h−1]

Km (Slow)
[nM]

R2

Citric acid Multiphasic 52.3 0.094 (0.003) 6.2 (0.6) 0.195 (0.003) 54.2 (3.2) 1.00
Hexanoic acid Multiphasic 45.5 0.050 (0.004) 16.6 (2.4) 0.712 (0.150) 912.1 (109.1) 1.00
1-Hexanol Multiphasic 89.1 0.037 (0.003) 6.9 (2.8) 0.218 (0.004) 243.8 (19.7) 1.00
Glyceraldehyde Multiphasic 22.9 0.096 (0.010) 11.4 (1.5) 0.410 (0.021) 80.3 (8.7) 1.00
D-Ribose Biphasic NA 0.001 (7.1e−5) 0.3 (0.1) 0.004 (2.2e−4) 97.7 (11.5) 0.97

D-Mannose Multiphasic 20.7 0.024 (0.001) 2.6 (0.4) 0.151 (0.001) 157.1 (15.1) 1.00

L-Leucine Biphasic NA 0.035 (0.001) 0.6 (0.2) 0.203 (0.015) 368.3 (57.1) 0.97

L-Lysine Monophasic/Diffusive NA 0.096 (0.003) 3.7 (0.6) NA KD = 0.0003 0.97

L-Arginine Monophasic NA 2.028 (0.090) 255.1 (16.1) NA NA 0.99
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Fig. 3. Respiration: uptake (vR/vU) ratio for A: carbohydrates, B: carboxylic acids and C: amino acids over the SA range (log scale). 1-Hexanol is not shown (see text).
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estimated an upper limit on the concentration of 1-hexanol to be 7.0 ±
1.9 nM (Table 4), however there are no direct determinations for the
ambient concentration of any primary alcohols other than methanol in
seawater to compare. Km and Vmax values (Table 3) were comparable
to methanol (Km = 9.3 to 86 nM; Vmax = 1.0 to 1.2 nM h−1 in Dixon
et al., 2011). 1-Hexanol respiration could not be determined due to a
high sample blank, perhaps due to volatility and subsequent scavenging
by PEA, though we are unaware of this reaction at room temperature.
We suggest that future respirometry determinations of volatile and
semi-volatile substrates use another trapping solvent (e.g., hyamine, a
quaternary ammonium hydroxide).
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Fig. 4. “Ambient” substrate uptake rates (vo) as a function of substrate affinity (aFo, aSo).
Closed symbols correspond to fast uptake kinetics and open symbols correspond to slow
uptake kinetics. Error bars represent one standard deviation for both variables. Values
are plotted with the line of unity for reference.
D-Ribose was taken up at unexpectedly low rates and respiration
was near the detection limit (3 times the standard deviation of vR for
each SA concentration) resulting in poor confidence in kinetic constant
estimates (3 out of 9 SA concentrations with p N 0.05). This study is
the first to report D-ribose uptake rates in natural seawater and the
few direct concentration determinations available for the North Pacific
suggest D-ribose is typically depleted (b5 mol%) in monomeric
(MW b 200 Da), oligomeric (MW 200–4000 Da), and polymeric
(MW N 4000Da) fractions of total hydrolysable dissolved carbohydrates
(Mopper et al., 1980; Sakugawa and Handa, 1983). Rather, D-ribose is
likely present mostly as the sugar moiety of RNA and free or polymeric
nucleotides, which are abundant both in cells and dissolved in seawater
(Karl and Bailiff, 1989; Björkman and Karl, 2005). Pentosyltransferases,
such as purine and pyrimidine nucleoside transferases are probably not
active exoenzymes, otherwise wewould expect an accumulation of dis-
solved D-ribose since nucleotide turnover times are relatively short
(1–2 d; Björkman and Karl, 2005). Therefore, RNA and nucleotides
must be transported prior to dissimilation (e.g., xanthine degradation
Table 4
Summary of turnover times and Km(Fast) + Sn. Standard deviation reported in parenthe-
ses. D-Ribose not reported (see text).

Compound name Turnover time
[h]

Km + Sn
[nM]

Citric acid 75.3 (9.2) 7.2 (0.4)
Hexanoic acid 277.2 (29.6) 12.9 (1.0)
1-Hexanol 981.3 (262.0) 7.0 (0.4)
Glyceraldehyde 109.0 (10.9) 9.7 (1.2)

D-Mannose 112.2 (13.4) 2.6 (0.1)

L-Leucine 44.1 (20.7) 2.4 (0.2)

L-Lysine 54.4 (15.1) 7.0 (0.4)

L-Arginine 74.6 (16.4) 38.1 (10.0)
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pathway, purine catabolic pathways, pyrimidine catabolic pathways),
or polymerization.

In contrast to D-ribose, the remaining carbon substrates (citric acid,
glyceraldehyde, and D-mannose) were rapidly utilized. Of these, only
D-mannose uptake has been previously reported in an aquatic ecosys-
tem, albeit in a mesotrophic lake, with roughly comparable turnover
times (20 to 170 h; Bunte and Simon, 1999). Citric acid vR/vU ratios
(0.65 ± 0.10) were significantly higher (p b e−6) than the other carbo-
hydrates glyceraldehyde (0.35 ± 0.05) and D-mannose (0.23 ± 0.05).
Glyceraldehyde and D-mannose vR/vU ratios were comparable to
D-glucose in other marine environments (Williams, 1970; Williams
and Yentsch, 1976). Although we expected high catabolism of citric
acid due to its role as a tricarboxylic acid (TCA) cycle intermediate,
high anabolic assimilation of carbohydrates suggests an unexpected
prevalence of carbon storage by gluconeogenesis in marine bacteria
inhabiting the NPSG. The disparity in the vR/vU ratio for glyceraldehyde
and D-mannose further supports this hypothesis. Intermediates at the
top of glycolysis (β-D-fructose-6-phosphate derived from D-mannose
by hexokinase, M6P isomerase) are expected to show higher anabolism
relative to bottom of glycolysis intermediates (2-phospho-D-glycerate
or 3-phospho-D-glycerate derived from glyceraldehyde by glyceralde-
hyde dehydrogenase or triose kinase, respectively) under conditions
where the oxidative pentose phosphate pathway flux is low.

Ambient uptake rates were similar (p N 0.05) between amino acids,
however differences were observed in the substrate affinity, turnover,
kinetic constants, and efficiencies of nitrogen assimilation. For example,
the efficiency of nitrogen assimilation, expressed as the nitrogen assim-
ilated as amolar fraction of the nitrogen added, increased in the order of
nitrogen atoms per molecule (L-leucine (1) b L-lysine (2) b L-arginine
(4)). Turnover times and Km constants increased in the same order,
while ambient substrate uptake rates were similar, suggesting trans-
porter abundance (proportional to Vmax) was predominantly responsi-
ble for the high uptake rates.

Among the carbohydrates, the number of carbon atoms was not a
determinant in vU, vA, vR, Km, Vmax, aFo, aSo, or turnover time. However,
the turnover time was exponentially dependent on energy density
(kJ mol C−1; Fig. 5). It is important to note that the carbon substrates
exhibiting the most rapid turnover (citric acid, glyceraldehyde, and
D-mannose) have potential energies, average degrees of reduction,
and respiration quotients (RQ) closely matching those of microbial cell
biomass (based on an average of Escherichia coli and Saccharomyces
cerevisiae). Few compound-specific turnover time determinations are
available for oligotrophic marine environments, still fewer with
substrates representing a broad energy density range; however, the
turnover dependence on substrate energy density appears to be consis-
tent. For example, in an assessment of substrate-specific turnover times
of 10 substrates in the Black Seawater column, L-ornithinewas both the
highest energy density substrate surveyed (626 kJmol C−1) and had the
longest turnover time (172 d;Mopper and Kieber, 1991). Long turnover
times have been reported for other high energy density substrates; ace-
tone (607 kJ mol C−1) turnover was estimated at 41–55 days in the ol-
igotrophic gyres (Dixon et al., 2013), methanol (700 kJ mol C−1)
turnover times were 7–33 days in the northeast Atlantic (Dixon et al.,
2011), comparable to 1-hexanol turnover times (41 days). Methane
(880 kJ mol C−1), the most reduced of all organic substrates, has been
estimated to turn over between a few years and hundreds of years in
the western North Pacific (Watanabe et al., 1995) and Sargasso Sea
(Jones, 1991). The number of substrates surveyed in this andother stud-
ies are too few to formalize such a pattern; however, if this relationship
holds for other labile LMW DOM substrates, it may be applied to the
existing theoretical framework of ecological thermodynamics since
both bacterial growth yield (mol C mol C−1 utilized) and bacterial C
specific growth rate (mol C mol C−1 utilized d−1) tend to increase as
a linear and squared function, respectively, of the degree of reduction
of substrate (Vallino et al., 1996).We observed no relationship between
degree of reduction or energy density and vR / vU so the catabolic:
anabolic ratio of individual substrates did not alignwith theoretical pre-
dictions of growth yield in our study site. Conversely, for a particular
substrate as the sole carbon source for anoxygenic microbes, the ther-
modynamic efficiency for growth, defined as the product of the Gibbs
energy of assimilation: chemical potential energy ratio and the growth
rate: uptake rate ratio, is theoretically lower for reduced substrates
(degree of reduction N 4) than oxidized substrates (Westerhoff, 1993).
Correspondingly, the theoretical growth yield and the ratio of free en-
thalpy of catabolism to anabolism increases with degree of reduction
of the substrate (Westerhoff et al., 1983). The degree of reduction of in-
termediate metabolites in the central carbon pathways of metabolism
are reminiscent of this, since oxidized intermediates are associated
with high flux central carbonmetabolic pathways (TCA cycle, glycolysis,
and the oxidative pentose phosphate pathway), while reducedmetabo-
lites (long-chain fatty acids and alcohols) are associatedwith linear bio-
synthetic and degradation pathways (e.g., fatty acid biosynthesis,
β-oxidation) which turn over less rapidly. It is therefore plausible that
the degree of reduction produces an imbalance in the production and
consumption of LMW DOM substrates, resulting in the observed trend
with turnover time. Even for specialists, a single carbon source is unlike-
ly to support growth in the marine environment, so these generaliza-
tions are complicated by multiple and varying carbon sources.

3.3. Substrate competition

DOM composition is dynamic in the near-surface environment on
both spatial and temporal scales; diel oscillations in photochemical pro-
duction of organic matter, especially in the surface microlayer
(e.g., Carlucci et al., 1984; Kieber et al., 1989; Zhou and Mopper,
1997), and diel oscillations in phytoplankton extracellularDOMproduc-
tion interact with diurnal mixing cycles to alter the DOM age and com-
position throughout the upper water column. The intention of the
competition experiment was to broadly evaluate changes in substrate
uptake rates in the presence of saturating concentrations of substrates
that could aid in our interpretation of pairwise comparisons of kinetics
experiments, in a combinatorial manner. Substrate utilization is
constrained by one of two proteins: the membrane transporter (or
porin), and a rate-limiting metabolic reaction. For marine bacterial
genomes and metagenomes, adequate functional characterizations of
membrane transporters are unavailable; transporters are often annotat-
ed by homology to no better than the family level. With neither the
adequate identification nor the abundance of transporters known, the
distinction between transporter rate-limitation and metabolic rate-
limitation is unclear. Considering that a typical oligotrophic bacterium
(0.4 μm diameter) may have space for only 103 to 104 individual
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membrane transporter proteins (based on approximate protein sizes,
spacing, and surface area; Albe et al., 1990), and given the diversity
of potential substrates and minimal genome sizes, it is likely that
many transporters are of broad specificity and therefore subject to
competitive inhibition. Ultimately, the competitor may act in a
great manyways to affect a change in apparent uptake rates of the la-
beled substrates.

We observed complex interactions between many labeled sub-
strates and their competitors, affecting significant changes in uptake
rates and the fraction of uptake respired, spanning more than a factor
of 20 and 7, respectively (Fig. 6). In general, competing substrates
with similar chemical properties (e.g., L-lysine and L-arginine) and/or
mutual metabolic pathways (e.g., hexanoic acid and 1-hexanol) were
inhibitors of one another, while substrates of varied structure from
disparate branches of the metabolic network affected assimilation and
respiration changes in more complex ways. We highlight several of
these interactions below; however, we stress that in all cases, inhibitive
or enhanced rates and ratios are exaggerated relative to natural condi-
tions due to the high concentration (2 μM) of competitor added with
each labeled substrate.

As might be expected, amino acids were potent inhibitors of other
amino acids, with 50.0 ± 0.2%, 72.7 ± 1.2%, and 88.1 ± 6.3% inhibition
of uptake for L-leucine, L-lysine, and L-arginine, respectively, regardless
of which saturating amino acid competitor was used. This result, togeth-
erwith similarity in the breakpoint of high and lowaffinity transport sys-
tems between these three amino acids, suggests that a high-affinity but
broad substrate-specificity amino acid transporter may be prevalent
and rate-limiting. Alternatively,metabolic regulation of protein synthesis
may be rate-limiting; Kirchman and Hodson (1984) used oligopeptides
as surrogates to alter the intracellular amino acid pool size, based on
the assumption that free and polymeric amino acids do not share trans-
port systems. They attributed the oligopeptide inhibition of extracellular
amino acid uptake to ‘buildup’ of intracellular amino acid pools and sug-
gested the feedback indicates direct coupling between amino acid up-
take and protein synthesis. In our competition experiment, amino acid
competitors similarly affected the fraction of substrate uptake that was
subsequently respired; L-leucine, L-lysine, and L-arginine vR/vU ratios
Fig. 6. Summary of competition experiments. Colors represent relative % change compared to c
from the control (p b 0.05; Student's t-test). Substrate names are abbreviated: cit — citric acid
glyc— glyceraldehyde, ribose— D-ribose,mann— D-mannose.
decreased by 53.4 ± 1.5%, 53.8 ± 14.1%, and 58.7 ± 11.9%, respectively.
Presumably, decreased vR/vU ratios are an indication of connectivity of
amino acid pools; degradation of the competitor amino acid to ammonia
and subsequent de novo protein synthesis would result in enhanced as-
similation of the labeled amino acid. L-leucine also inhibited the uptake
of all other substrates, with the curious exception of an increase in
both hexanoic acid and 1-hexanol respiration, perhaps suggesting that
the flux through fatty acid degradation pathways is increased when ni-
trogen growth limitation is relieved. L-leucine, the only acidic aliphatic
amino acid investigated, responded to carbon substrate competitor addi-
tions differently from the basic non-polar amino acids L-lysine and L-ar-
ginine. For example, L-leucine uptake was enhanced in the presence of
all three carbohydrates and hexanoic acid.
4. Conclusions

Pairwise comparisons of uptake kinetics and competition experi-
ments in natural seawater incubations are challenging to interpret;
however, by comparing substrates spanning a wide range of thermody-
namic and chemical properties, we identified three emergent patterns
of substrate selection in surface microbial communities. First, amino
acids were preferentially utilized at ambient concentrations compared
with all other substrates, and the number of nitrogen atomswas impor-
tant to amino acid uptake kinetics. Amino acids inhibited the uptake of
other amino acids, suggesting a broad specificity transporter system.
Second, a linear relationship between vo and aF

o was identified, suggest-
ing that interactions between transporter binding efficiency and trans-
lation among complex communities have evolved to optimize the
consumption of specific substrates. Third, among the non-amino acid
substrates, oxidized substrates turn over faster than reduced substrates,
consistent with theoretical assimilation efficiencies. The turnover times
of organic carbon substrates should therefore proceed in the order of
oxidation state (alkanes N alcohols, ethers, alkenes N ketones, aldehydes,
epoxides N carboxylic acids, hydroxy acids). Our results reveal that mi-
crobes are indeed picky eaters and that the surfacemicrobial communi-
ty prefers a “high protein, low calorie” diet.
ontrol (the diagonal is defined as unity, 100%). Asterisks represent significant differences
, hxoic — hexanoic acid, hxol — 1-hexanol, leu — L-leucine, lys — L-lysine, arg — L-arginine,
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