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Abstract

A bioenergetic model has been developed to examine growth kinetics associated with bacterial utilization
of dissolved organic matter (DOM), NH,*, and NO,~. A set of 11 metabolic reactions are used to govern
the incorporation, oxidation, and N remineralization of DOM and dissolved inorganic N associated with
bacterial growth. For each reaction, free energies and electron transfer requirements are calculated based on
the C, H, O, and N composition of the substrates and their concentration in the environment. From these
reactions, an optimization problem is constructed in which bacterial growth rate is maximized subject to
constraints on energetics, electron balances, substrate uptake kinetics, and bacterial C: N ratio. The opti-
mization approach provides more information on bacterial growth kinetics than do the Monod-type models
that are typically used to describe bacterial growth. Simulations are run to examine bacterial C yield and
growth rate, N remineralization or immobilization, and substrate preferences as resource concentrations and
compositions are varied. Results from the model agree well with observations in the literature, which indicate
that the premise of the model, that bacteria allocate resources to maximize growth rate, may be an accurate
overall description of bacterial growth. Simulations indicate that bacterial growth rate and yield are strongly
correlated to the oxidation state of the labile DOM, as determined from its bulk elemental composition.
Furthermore, the model demonstrates that bacterial growth cannot always be explained by a single constraint
(such as the C: N ratio of substrate), since several constraints are often active simultaneously and continuously

change with environmental conditions.

Dissolved organic matter (DOM) represents an im-
portant component of aquatic ecosystems in terms of both
the size of the compartment relative to particulate organic
matter (POM) and its impact on the functioning of mi-
crobial food webs. Consequently, many descriptive and
experimental studies have been conducted to characterize
the composition of DOM, examine its production and
utilization, understand its impact on microbial dynamics,
and determine the extent to which it supports higher tro-
phic levels. The results of these studies have been incor-
porated to various extents in both simple bacterial growth
models and more complete food web models that ex-
amine DOM utilization. These models are based almost
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exclusively on Monod-type growth expressions in which
bacterial C yield (mol bacterial C/mol C consumed, also
called bacterial growth efficiency) and maximum specific
growth rate are fixed, and N uptake or excretion is de-
termined by C and N mass balances. Although these Mo-
nod-type models have been quite useful for improving
our understanding of microbial food webs, they prove
difficult to use for detailed studies of bacterial DOM pro-
cessing because they do not account for the variable en-
ergy content and oxidation state of DOM. Here we present
a new, bioenergetically based model for describing bac-
terial utilization of DOM based on growth rate optimi-
zation subject to constraints on energy, redox reactions,
substrate uptake kinetics, and the C: N ratio of bacteria.

It is well known that bacteria are primarily responsible
for the processing of DOM in aquatic environments
(Wright and Hobbie 1966; Azam and Hodson 1977) and
that the efficiency with which bacteria utilize dissolved
organic C (DOC) is an important factor governing the
flow of C and energy through the microbial food web that
leads to higher trophic levels (Azam et al. 1983; Ducklow
etal. 1986; Sherr et al. 1987, Turner and Roff 1993). The
extent to which dissolved organic N (DON) is reminer-
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alized or dissolved inorganic N (DIN) is immobilized by
bacteria is also tightly coupled to DOM processing (Carls-
son and Graneli 1993). Because phytoplankton directly
compete with bacteria for DIN (Bratbak and Thingstad
1985; Stone 1990; Caron et al. 1988), it seems probable
that the quality and quantity of DOM directly affects the
dynamics of the entire food web, especially in estuarine
and coastal environments, where allochthonous inputs
are high. In this study, DOM quality refers to character-
istics such as the C: N ratio, energy content, oxidation
state, and the fraction of DOM that is labile (i.e. available
to bacteria).

To assess how DOM is processed by microbial food
webs, we must know the fraction of DOM subject to
bacterial degradation over a characteristic time of interest
(e.g. the residence time of an estuary or continental shelf),
the rate of DOM consumption, the efficiency of DOC
incorporation into bacterial biomass (i.e. bacterial C yield),
and the extent of DON remineralization or DIN im-
mobilization associated with DOM utilization. To quan-
tify each of these processes for a particular ecosystem, the
DOM must be characterized, for which two main ap-
proaches exist: chemical analysis and bioassay. Although
significant improvements have been made in character-
izing DOM by chemical analysis (Benner et al. 1992;
Perdue 1984; Malcolm 1990), such techniques are cur-
rently unable to distinguish labile from refractory DOM.
Consequently, microbial ecologists use bioassay tech-
niques (Kirchman et al. 1991; Amon and Benner 1994)
as the preferred method to determine biological avail-
ability of DOM.

Identification of the constituents, sources, and sinks of
labile DOM is an active area of research. Low-molecular-
weight compounds, such as amino acids, sugars, and or-
ganic acids, are readily assimilated by bacteria, as are
easily degraded polymers (Amon and Benner 1994). Uti-
lization of these low-molecular-weight compounds is the
focus of our model. Production of these compounds by
processes such as enzyme hydrolysis (Smith et al. 1992),
ultraviolet radiation (Mopper et al. 1991), direct excretion
(Williams 1990; Wood and van Valen 1990), sloppy feed-
ing (Taylor et al. 1985), and cell lysis from viral attack
(Steward et al. 1992) will not be considered in this study,
although it is clear such processes are important (Billen
et al. 1990).

To quantify many of the bacterial processes involved
in DOM utilization, bioassay studies have been con-
ducted to examine bacterial C yield (Kroer 1993; Linley
and Newell 1984; Bjornsen 1986; Goldman et al. 1987),
N utilization (Tupas and Koike 1991; Jorgensen et al.
1993; Kirchman et al. 1989; Wheeler and Kirchman 1986;
Goldman and Dennett 1991), and lability of DOM (Amon
and Benner 1994; Kirchman et al. 1991) under a variety
of environmental conditions. These studies have shown
that bacterial C yield can range from <5% to >90% and
that there is also a wide range of N utilization from both
net N immobilization to net remineralization. However,
owing to the lack of DOM chemical characterization, the
causes of such significant variations in bacterial growth
kinetics and growth processes remain unclear.
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Because of the broad range of results that have been
observed and the chemical complexity of DOM, concep-
tual models that attempt to describe general bacterial
growth kinetics have been slow to develop. Most models
for bacterial N processing are based on mass balance
constraints that require knowledge of bacterial C yield
(Goldman etal. 1987; Linley and Newell 1984). No mod-
els exist to predict bacterial C yield in natural environ-
ments, although such models have been developed for
bacterial axenic cultures growing on defined medium
(Heynen and van Dijken 1992). As a result, most micro-
bial food web models define bacterial yield as a constant,
and either do not incorporate C and N coupling (Pace et
al. 1984; Moran et al. 1988) or base such coupling on
elemental balances only (Fasham et al. 1990; Taylor and
Joint 1990; Moloney and Field 1991). Whether such sim-
plifications are good approximations to reality depends
on the focus of the study, but it is clear from bioassay
experiments that these model “‘constants’ are quite vari-
able 1n nature. Furthermore, if a model is intended to
examine the effects of DOM quality on its processing,
then simple Monod-like growth models are inadequate.

Here, we do not examine a complete food web model,
but rather focus entirely on bacterial utilization of DOM
and DIN. The Monod-type expressions typically used to
describe bacterial growth and nutrient uptake are replaced
by a simple set of metabolic pathways that represent the
processing of DOM and DIN into bacterial biomass. Re-
action rates for the pathways are obtained by solving an
optimization problem in which bacterial growth rate is
maximized subject to constraints on energy, electron
transfers, substrate kinetics, and biomass composition.
This approach is similar to that developed by Anderson
(1992), except a more generalized metabolism is used,
redox reactions are accounted for, and the optimization
problem eliminates the need to include numerous explicit
equations for substrate preferences. The optimization ap-
proach itself is a rigorous implementation of the princi-
ples developed by Bloom et al. (1985) to explain resource
limitations in plants. Similarities to Lassiter’s (1986) work
on ecosystem metabolism are also evident.

The model permits predictions of bacterial C yield,
growth rate, and N processing. The model also is some-
what of a bridge between chemical and biological char-
acterization of DOM in that basic information on DOM
chemical characteristics is used to predict how bacteria
will process the material. Results from our simulations
employing various substrates indicate that the oxidation
state of the substrate largely governs its processing by
bacteria. Furthermore, the model demonstrates that bac-
terial growth cannot always be explained by a single con-
straint (such as the C:N ratio of the substrate), since
resources are allocated such that several (or all) con-
straints are often active concurrently.

Model development

The model presented here focuses on bacterial utili-
zation of DOM, nitrate, and ammonium for growth. DOM
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is represented by three compartments: dissolved labile C
and N (DLCN)-containing material, dissolved labile car-
bon (DLC)-containing material, and dissolved refractory
C and N (DRCN)-containing material. An underlying
rationale used in the model development is that the labile
pools are made up of small molecules (or macromolecules
that are easily hydrolyzed) that form the building blocks
for bacterial biosynthesis. For simplicity, POM is not
currently included in the model, but could be similarly
represented in three compartments. The six compart-
ments and their interconnections are illustrated in Fig. 1.
Pathways leading from DRCN into the labile pools (DLCN
and DLC) and the bacterial mortality pathway are spec-
ified by simple first-order kinetics and are only included
for closure and for later integration into more complete
food web models.

Metabolic reactions—Bacterial utilization of organic and
inorganic nutrients is governed by a condensed set of
metabolic reactions (Table 1) in which the rates (rg) are
the desired unknowns. Mass balances are constructed for
C and N flows only; however, C, H, O, and N composition
of DOM is required to determine energy released from
oxidation of the substrates and for balancing redox re-
actions (discussed below). If we view bacterial metabo-
lism as a “*black box,” the DLCN pool (i.e. nitrogenous
DOM) can be processed in four distinct ways: complete
incorporation of both C and N into biomass (rg,); incor-
poration of C, but excretion of N as NH,™ (rg,); incor-
poration of N, but oxidation of C to CO, (rg3); and com-
plete oxidation of the compound to CO, and NH, T (rg,).
Two similar reactions (rgs, /g¢) represent bacterial utili-
zation of the carbohydrate-like pool (DLC). Ammonium
can be either incorporated into biomass (rg,) or oxidized
to nitrate (rgg), whereas only one reaction is included for
nitrate—incorporation into bacteria (7). A respiratory
reaction is also included (o), but discussion of electron
balancing is deferred until later. A final reaction is in-
cluded to represent oxidation of stored bacterial reserves
at the expense of bacterial biomass (rg;,). Although bac-
terial excretion of low-molecular-weight metabolites is
possible (Jorgensen et al. 1993), the significance of such
excretion in aquatic environments is unknown and is not
represented here. We also give in Table 1 the vectors r¢
and ry, which specify the amounts of C and N leading to
bacterial biosynthesis per mole of substrate consumed.

To balance the stoichiometric reactions in Table 1, the
elemental composition and the average molecular weight
of the constituents that comprise DOM must be specified.
Because most living organisms consist primarily of pro-
teins, carbohydrates, nucleic acids, and lipids (Morowitz
1968; Ingraham et al. 1983), we can assume that labile
material will similarly consist of such components and
that the monomers that comprise these polymers will be
likely candidates for transport across bacterial mem-
branes and biosynthesis. Consequently, the nitrogenous
pool (DLCN) represents material with a composition sim-
ilar to that of amino acids and nucleic acids, and the non-
nitrogenous pool (DLC) represents material with a com-
position similar to that of carbohydrates and lipids. For
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Fig. 1. Compartments and their interconnections associated
with the bioenergetic model. The dissolved organic matter pools
consist of (1) labile nitrogenous (DLCN), (2) labile carbohydrate
(DLC), and (6) refractory nitrogenous (DRCN) materials. Pools
1-4 have fixed composition, whereas the composition of pools
5 (bacteria) and 6 are allowed to vary. Flows illustrated by heavy
lines are determined by bioenergetics; other flows are given by
first-order kinetics.

some simulations and as a point of reference, the com-
position of the DLCN pool and its free energy of for-
mation (AGY°) (Table 2) are based on the average amino
acid composition found in DOM (Zhang et al. 1992).
Glucose is often used for the DLC pool; however, com-
positions of either pool can be manipulated to investigate
growth on specific compounds or averaged mixtures, as
will be demonstrated. The elemental composition of bac-
teria is similar among genera (Roels 1980); an average
value is given in Table 2. The free energy of formation
of a bacterial cell (Table 2) is from Morowitz (1968). The
composition of DRCN (Table 2) is based on humic sub-
stances (Rashid 1985), but it does not play a significant
role in the simulations presented here. To apply con-
straints to the reaction rates, we next determine both the
change in free energy associated with each reaction and
the requirements for electron acceptors or donors (i.c.
redox balances).

Reaction redox and thermodynamics—The NAD*/
NADH half-reaction is used to balance all oxidation or
reduction of substrates except for nitrification (rgg), which
is coupled directly to oxygen reduction. Oxygen is also
used as the terminal electron acceptor in respiration (rg;o).
Electron balancing is readily achieved when the reactants
and products are well defined; however, a problem arises
when dealing with poorly defined substrates, such as DOM
and bacteria. To circumvent this problem, we compare
the degree of reduction () of the substrates and products
(in this case, bacteria) to determine the required number
of electron transfers that must occur to balance the re-
action. The degree of reduction of an organic compound
is defined as the number of electrons transferred to oxygen
when the substrate is oxidized to CO,, H,O, and NH,
(Minkevich and Eroshin 1973). For a compound with
elemental composition C,HzO,N; and charge £, the de-
gree of reduction is defined by
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Table 1.
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Biochemical reactions for bacterial assimilation of organic and inorganic nutrients, Free energy of reaction (AG,) and

electron pair production (AE) are based on substrates given in Table 2 at 1 mM concentration and a thermodynamic efficiency, 0,

of 20%. Also see Tables 3 and 5.

AG, AE
) Description and stoichiometry* re ry (kJ mol=!) (e™ pairs)

DLCN utilization
rs1 C and N incorporation

C..H; O, N;, + aNAD* — bacteria + aNADH + aH* a, 8, 120 —0.26
Fro C incorporation, N excretion

C,H; O, N, + aNAD* — bacteria + 6 NH,* + aNADH + (a — §,)H* o, 0 288 —0.26
re3 C oxidation, N incorporation

C,H;O,N,, + aNAD* + bH,0 — bacteria + «,CO, + aNADH + gH* 0 6, -21.3 8.2
raa C and N oxidation

C,H;0,N,, + aNAD* + bH,0 — ,CO, + §,NH,* + aNADH + (@ — 6)H* 0 0 -574 9.4
DLC utilization
I'es C incorporation

C,,H;,0,, + aNAD* — bacteria + aNADH + aH* o, 0 118 —0.60
s C oxidation

C,H;,0,, + aNAD* + bH,0 — ,CO, + aNADH + aH~ 0 0 —~53.7 12.0
Ammonium utilization
7 Incorporation

NH,* + NADH + H* — bacteria + H,O + NAD* 0 1 —-5.9 -1.0
Ies Oxidation (nitrification)

NH,* + 20, — NO,~ + H,0 + 2H* 0 0 —69.6 0.0
Nitrate utilization
Fgo NO,~ + SNADH + 6H* — bacteria + 4H,O + S5NAD+ 0 1 -108 —-5.0
Respiration
FB10 NADH + H* + 1/20, — NAD* + H,O 0 0 —43.4 -1.0
Bacterial death (cellular oxidation)
iy Bacteria + aNAD™* + pH,0 — «,CO, + 6, NH,* + aNADH + (a — 6;)H* —a —ds —-19.4 10.5

* The stoichiometric coefficient a equals AE for the corresponding reaction.

y=4da+ 5 — 2y — 36 —§ (1)

which reflects the valence states of the four elements. The
degree of reduction has been used extensively in studies
of bacterial stoichiometric growth (Roels 1983; Heijnen
and van Dijken 1992) and represents the relative oxi-
dation state of the compound. Often, the degree of re-

Table 2. Chemical characteristics of compartments used as
the standard reference case for the bioenergetic model (see Fig.
1).

Elemental AGS

Pool composition (kJ mol-1) "
DLCNY C,6Hs,0,6N, 5 —454 18.8
DLC (glucose) Ce¢H,,04 -917 24
Ammonium NH,* —-75.7 0
Nitrate NO;- —115 )
Bacteria C;H,0O, ;N —345 21
DRCN Ci62H2405N —i —3

* Degree of reduction (see Eq. I).
+ Average amino acid composition of protein.
F Not required for bioenergetics.

duction is reported on a per-C-mole basis, Y, by dividing
Eq. 1 by a, so that compounds of differing C content can
be readily compared. For instance, the degree of reduction
of methane is 8, whereas that of glucose is 4 per C mole.
Additionally, it has been observed that . is similar for
many different genera of bacteria and yeast, having a
value of 4.2+0.13 per C mole (Minkevich and Eroshin
1973; Roels 1980). Furthermore, because ¢ is based on
a linear combination of elements and charge, it is a con-
served quantity; that is, the degree of reduction summed
over all substrates on the left-hand side of a reaction must
equal that summed over the products on the right-hand
side. Consequently, the number of electron pairs liberated
(or required) by a reaction, defined here as AE, in which
the substrate is completely converted to bacterial biomass
is given by

i
AE = E(““ - &305). ()
s

The subscript 5 refers to bacteria, i to either DLCN or
DLC, and «, and ¥, to the carbon content and degree of
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Table 3. Equations used to calculated electron transfer pairs,
AE, for reactions given in Table 1. The quantities AE(I), AE(NR),
and AE., represent electron transfers associated with N im-
mobilization, nitrate reduction, and substrate oxidation, re-
spectively.

1 1
AE(ra)) = 5(% - j—w)

E 3
1 @
AE(rg;) = —0,AE(I) + §<¢1 - 28, — _Lkbs)
. as
AE(rg;) = AEC(CLXIHBI—:;MO?{:'M)T
AE(rg,) = AE(C, H,, 0, Niit)
1 o
AE(rgs) = 5(% - —2¢5>
Qs
AE(rgs) = AE(C,,H,, 08¢
AE(rg,) = AE(I) = —1

AE(rgs) = 0

AE(rg) = AE(NR) + AE(I) = (—4) + (1)
= —-5%

AE(rg0) = —1

AE(rg,) = AEC(CasHﬂ5075Ng§+)
AE(C,H, O, Nit) = (B8, + 4o, — 2y, — 36, — £)/2
=,/2

* Organic N remineralization.is the opposite of NH; immobi-
lization (rg,); incorporated carbohydrate material has a degree
of reduction of ¥, — 24,.

t Assumes N is removed by transamination, in which H-C-NH,
is reversibly replaced by C=0, before compound is oxidized.

L NO,; is first reduced to ammonium before immobilization.

reduction of the respective compounds. In effect, Eq. 2
represents the amount of NADH produced (or consumed
for AE <0) to bring the substrate to the same degree of
reduction as biomass per C mole. Equations for calcu-
lating AE for each reaction are given in Table 3.

The standard Gibbs free energy of reaction (AG,°, de-
fined at pH 7.0 and 25°C for biochemical reactions) spec-
ifies the amount of energy (kJ mol~!) that either can be
harnessed for useful work (AG,°<0, exergonic) or is re-
quired to drive a reaction forward (AG,°>0, endergonic)
when all the products and reactants are held constant at
1 M (except H* and H,O). The standard free energy of
reaction can be readily calculated from standard free en-
ergies of formation (AGY®) of the products (P,) and reac-
tants (R)), as given by

AGS = 2 AGR(P) — 2 AGER,). 3)

For reactions in which the products and reactants are not
at 1 M, the standard free energy of reaction is augmented
as
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Table 4. Free energies of reaction associated with monomer
polymerization for the macromolecular constituents of biomass
calculated from group contribution methods (Mavrovouniotis
1991).

AG.S

kJ TE* Cellular
Macromolecule Monomer mol-!) (%) fraction
Protein Amino acids 20 16 0.55 (fp)
Lipidt Fatty acid and 21 —  0.23(f)

glycerol

Carbohydrate Glucose 24 31 0.10 (fo)
Nucleic acid Nucleotides 34 21 0.12 (/)

* Thermodynamic efficiency.

T Synthesis of fatty acids from acetate generates energy (AG,° =
—13. kJ mol~!) but requires an electron pair. The energy re-
leased is not thought to be harnessed (so it is not included),
and electron pair requirements are accounted for by Eq. 2.

I1 (P
AG,= AG? + RT In = 4)

II®Y

where [P,] and [R;] are product and reactant concentra-
tions, R is the gas constant, and 7°is absolute temperature.
The logarithmic term (Eq. 4) also accounts for energy
expended in transporting substrates from the environ-
ment and into the cell (discussed below).

Examination of the reactions that lead to biomass syn-
thesis reveals what seems to be a discrepancy between
the left- and right-hand sides of these reactions (Table 1).
Clearly, a mole of NH,* alone cannot lead to a mole of
bacteria (rg7). This equation and the others involving bio-
mass synthesis are intended to portray the incorporation
of all or part of the substrate into ‘“‘biomass.”” Conse-
quently, the standard approach to obtain AG,° (i.e. Eq. 3)
cannot be applied. Instead, to calculate AG,° for many of
the reactions listed in Table 1, we used a group contri-
bution method (Mavrovouniotis 1991) combined with
knowledge of the biochemical reactions involved in sub-
strate incorporation and the bulk composition of bio-
mass. This approach is similar to that used by Morowitz
(1968).

The energy associated with biomass synthesis is largely
determined by the energy required for the transport of
monomers across the cell membrane and their polymer-
ization into the four macromolecular constituents of bio-
mass (proteins, lipids, carbohydrates, and nucleic acids),
since oxidation or reduction of monomers has already
been accounted for (Table 3). Standard free energies of
reaction associated with the polymerization of the four
macromolecules, calculated by the group contribution
method, are listed in Table 4 along with the fraction of
bacterial biomass that they represent (Ingraham et al.
1983). The AG,°s for the biosynthetic reactions involving
DLC and DLCN (rg;, rg,, and rgs) are then determined
by weighting the AG,° for the polymerization reactions
by the cellular fraction of each macromolecule (Table 4).
The AG,%s for the oxidation reactions (rgs, /84, ¥gs, and
re1,) are calculated via Eq. 3, with NAD™ as the electron
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Table 5. Equations used to calculate free energies of reaction for reactions given in Table
1. The thermodynamic efficiency operator, 0, is given by Eq. 6 and AGy by Eq. 5.

AG(rg)) = @[AGT(DLCN) +

AG(rpy) = @[AGT(DLCN) — AGAD +

Je S
Jo

AG2(P) + ———AGS(N)

In Jot I

o i
T+ ANOO T TR

AG?(F)]

AG (rg3) = O[AGH(DLCN) + AG(C,Hp, -5, 055, )1

AG (rgs) = B[AG{(DLCN) + AG(C, H;,0,Ni+)]

AG(rps) = B[AG(DLC) + frAGS(P) + SNAGS(N) + fAGAC) + frAG(F)]
AG(rzs) = O[AGL(DLC) + AGA(C,,H,,05%)]

AG(ra7) = O[AG(NH,) + AG(D]

AG(rss) = O[AGT(NH,) + AG(AO)]
AG (rge) = O[AG(NO;) + AG°(NR) + AG(D)]

AG(rs10) = O[AG(R)]

AGHrp11) = O[AG(CoH, 0, NE )]

12

AGA(CH; O, N = a,AG(CO,) + 0 AGS(NH, ') + EAGS(NAD+ — NADH)

+ <% -6 F E;)AGE’(H*) - [AGA(CH,0,N{*)

+ Qa, — v)AGA(H,0)]

AG(NAD+ — NADH): NAD* conversion to NADH (19.8 kJ mol~1)}

AG2(D): Ammonium immobilization (—29.5 kJ mol~!)}

AGZS(NR): Nitrate reduction to ammonium by NADH (—512 kJ mol-!)}

AG(AO): Ammonium oxidation to nitrate by O, (—348 kJ mol~1)
AG°(R): Oxidation of NADH to NAD* by O, (=271 kJ mol~!)}
AGP(CO,): Formation energy of CO, (—394.6 kJ mol~?)
AGP(HN,*): Formation energy of NH,* (—75.73 kJ mol~!)
AGP(H,0): Formation energy of H,O (—236.8 kJ mol~!)

AGP(H™): Formation energy of H* (—=39.75 kJ mol~!)

* AGR(C, Hy, _3, 0%, = AGS(DLCN) — 115.95,.

+ Obtained by group contribution method.

acceptor (not O,). Ammonium immobilization (rg;) pro-
ceeds by reductive amination of a-oxoglutarate, where
the AG.° is obtained via the group contribution method.
The AG,° for nitrification (rgg) is calculated directly via
Eq. 3. Nitrate assimilation (rg) proceeds first by reduc-
tion to NH,*, where the AG,° is obtained by the group
contribution method, and then by immobilization (as for
rg;). The equations for calculating AG, for the 11 meta-
bolic reactions for a given substrate C, H, O, and N com-
position and charge are summarized in Table 5; however,
these equations have been modified to account for trans-
port and thermodynamic efficiency.

Free energy change associated with metabolite trans-

port across the cell membrane (AGy) i1s given by Eq. 4,
with AG.° set to zero and [P,] and [R)] replaced by the
intracellular and extracellular substrate concentrations,
respectively. Because the concentration of many intra-
cellular metabolites is in the millimolar range (Simon and
Azam 1989) and the concentration of extracellular sub-
strates is in the nanomolar range (Billen et al. 1980),
metabolites are typically concentrated by a factor of ~ 109,
resulting in a free energy change of 34 kJ mol~! at 20°C
(for comparison, hydrolysis of 1 mol ATP releases 30.5
kJ). In the model, intracellular concentrations of all sub-
strates are held at 1| mM, while extracellular concentra-
tions are free to vary. We therefore assume
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1,000
AGr(E) =RTIn ([TJ) , (5)

where [£] is the extracellular concentration of metabolite
E, in uM.

The free energy of reaction specifies the amount of
energy that can be harnessed for useful work if the process
(i.e. reaction) is run reversibly. However, AG, does not
specify the actual energy the cell recovers from exergonic
reactions or the energy expended to drive endergonic re-
actions. Comparison between the calculated AG,° for the
polymerization reactions and the actual energy expended
by the cell, obtained from actual ATP requirements
(Stouthamer 1973), reveals thermodynamic efficiencies
of 15-30% (Table 4). Consequently, the actual energy
required or recovered from a biochemical reaction is giv-
en by the following thermodynamic efficiency operator:

AGSH for AG, =0

O(AG,) = .
AG for AG, >0

(6)

0 is the thermodynamic efficiency, which is held constant
in the model at 0.2 for all reactions. Because the © op-
erator is not distributive [i.e. @(a + b) # 0(a) + O(b)], it
is always applied to each step in a series of reactions before
addition, so that ®(AG,; £ AG,,) is converted to O(AG,,)
* O(AG,,).

Reaction constraints and optimization—The basis of
the bioenergetic model is maximization of bacterial growth
rate, which is governed by the metabolic reaction rates
(Table 1). However, the selection of the reaction rates
must comply with physics and our understanding of bac-
terial growth. In this section, reaction constraints dictated
by substrate kinetics, energy balance, electron conserva-
tion, and the bacterial C: N ratio are developed, and the
optimization function for bacterial growth rate is defined.

Total uptake rates of substrates from the environment
are limited by enzyme kinetics and the concentrations of
bacteria and substrates. Monod-type growth kinetics are
typically used to specify the biomass specific uptake rate
of a limiting substrate (Taylor and Joint 1990; Fasham
et al. 1990). A similar approach is taken here, except that
the kinetic expressions do not limit growth directly, but
instead limit the biochemical reaction rates associated
with the particular substrate. These kinetic constraints on
the reaction rates are given as

o+ Py + s + 1y = % lbacteria]  (7)
Fps T Fgg < % [bacteria] (8)

Fgs Tt rps = % [bacteria] )

o < i% [bacteria],  (10)
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where k, s is the half-saturation constant for the corre-
sponding substrate, ¢,(¢) is the allocated maximum uptake
rate per unit of bacterial biomass at time ¢ associated with
each substrate, and [bacteria] is the concentration of bac-
teria. Fixed maximum uptake rates in the kinetic con-
straints are not used because organisms are able to allo-
cate resources (i.e. uptake and processing pathways) to
substrates that enhance growth rate (Rastetter and Shaver
1992; Bloom et al. 1985). Diauxic—or biphasic—growth
observed in bacteria is a result of such reallocation of
enzymatic systems (Gottschalk 1986). These four allo-
cation variables [a,(7), ... a,(¢)] are not specified by the
user or environment, but rather become auxiliary vari-
ables that are adjusted to maximize growth rate in the
optimization problem. However, the total resources
available to bacteria are not unlimited, so the a, for the
four bacterial substrates are constrained by

4

> a,(t) = Gpgrs

=1

(11)

where a,,,, specifies the maximum resources per bacterial
biomass that can be allocated and is set so that the re-
sulting bacterial growth rate is consistent with observa-
tions.

The reallocation of resources cannot occur instanta-
neously (time is required for DNA transcription, protein
synthesis, etc.), so upper and lower bounds on the rate at
which resources can be reallocated (i.e. da,/dt) are placed
on each allocation variable as

Amax Amax
at =7 — |12 =a) <at — 1)+ |1/

i=1,2,3,4. (12)

w is the time required to reallocate all resources, and 7
specifies the increment between iterations. Presently, the
respiration reaction rg;q i1s not constrained by kinetics in
the standard model, but this can easily be modified if
oxygen limitations are imposed.

Reaction rates are constrained such that energy liber-
ated from the exergonic reactions must be greater than
or equal to the energy consumed by the endergonic (i.c.
biosynthetic) reactions and maintenance, as given by

11
> re®(AG,) = m[bacteria),

=1

(13)

where m, is the maintenance coeflicient for bacteria, and
© is the thermodynamic efficiency operator given by Eq.
6. Similarly, electron acceptors and donors summed over
all reactions must balance exactly, so that

11
D rpAL,, = 0. (14)
=1

Although the C: N ratio for bacteria is not constant, it
does not vary beyond observed limits for viable cells.
Consequently, the relative C and N rates of biosynthesis
must be constrained between lower and upper bounds.
The rate of bacterial C synthesis is given by r&ry, while



1598

Vallino et al.

Table 6. State equations for bioenergetic model.

Cm=%ﬂmwm+?@mm—m@m+mw+mm+mm*

Nl(t) = flsq,lmsz(t) + déN,lNé([) = 81 [rei(®) + rax(®) + ras(t) + reu(D)]

a Ns(t)

0= (1 TG0

S5 - f(53,6>mbcs(t) + dS,Cs(t) — azlres(®) + res(OIF

Na([) =5, [rp2() + ra(O} + 05751, () — [re.(8) + rps(D]

N4([) = rpg(8) — ras(?)

CS(Z) = o [rp,(8) + rp2(0)] + carps(t) — asren(t) — m,Cs(D)

Ns([) = 0,[re (®) + rps(D)} — 05781, (8) — MNs(0)

Q@=%%@@—%%M@—ﬁﬁ@

1

Né(l) =(1 = fF)m,Ns(t) — d§Ne(t)

* Enough C accompanies N from bacterial and DRCN decomposition to preserve C: N stoi-
chiometry of the DLCN pool (first two terms of eq.).
T Excess C associated with bacterial decomposition is partitioned into the DLC pool (first

term in eq.).

that for N biosynthesis is rirg (the vectors re and ry are
listed in Table 1). The composition constraints are giv-
en by

T T _ Ty <
L = Lol < py or (rf — purldrs = 0’ (15)
r{rg (rf = puri)rg = 0

where py; and p, are the upper and lower bounds on the
bacterial C: N ratio.

For a given set of substrate and bacterial concentra-
tions, solutions for the reaction rates (rg(f); Table 1) and
allocation variables (a(z), Eq. 7-10) can be obtained by
maximizing bacterial C and N biosynthesis rates subject
to the constraints outlined by Eq. 7-15. Because all func-
tions are linear, the optimization is implemented by set-
ting up the following linear programming (LP) problem:

Maximize: (r + ppri)rg

rB,a

Subject to: A[‘:]Sc and {ﬂzo. (16)

The matrix A and vector ¢ represent the constraints em-
bodied in Eq. 7-15, and py is the average C: N ratio for
bacteria. The solution to the LP problem (Press et al.
1986) provides the 11 reaction rates (Table 1) that replace
the simple Monod-like growth equations, as well as sim-
ilar substrate consumption approximations, used in most
bacterial growth models.

State equations—To complete the bacterial growth
model, a standard state model is constructed from C and
N balances around each of the six compartments follow-
ing the connections illustrated in Fig. 1. The C, H, O,
and N compositions of the DLCN, DLC, NH,+, and
NO;~ pools are maintained at their initial values (Table
2), whereas the compositions of the DRCN and bacterial

compartments are allowed to vary. Two flows that are
not obtained from solution of the LP problem are the
mortality of bacteria and the decomposition of DRCN
into the DLCN and DLC pools. When C,and N, represent
the C and N concentrations (uM) in compartment i of
Fig. 1, the state model is given by the set of differential
equations listed in Table 6. In these equations, bacterial
mortality occurs via first-order kinetics, governed by the
rate constant m1,, and is partitioned into the three organic
matter compartments. Similarly, the decomposition of
the DRCN pool into the DLCN and DLC pools is also
governed by first-order kinetics as specified by d¥, and
dg,. All other flows are governed by the solution to the
linear programming problem (Eq. 16).

The algorithm implemented to obtain a solution of the
state variables at various increments is as follows. At time
t, the linear programming problem (Eq. 16) is solved
based on the current concentrations of the state variables,
C(z) and N(¢). The reaction rates obtained from the op-
timization, rg(¢), are used to set most of the flows in the
state model (Table 6), which is integrated forward in time
to obtain the concentration of the state variables at ¢ +
At, thereby completing one iteration. Fortran routines
from the SLATEC library (National Energy Software Cen-
ter, Argonne, Illinois) were used to integrate the state
space model and solve the linear programming problem.
These routines were obtained from Netlib (Dongarra and
Grosse 1987).

Parameter values—Parameter values used for all sim-
ulations (Table 7) were chosen to be close to values typ-
ically observed for bacterial populations found in natural
environments, The maximum resource allocation value,
Amax> Of 6.0 d~! was chosen to be intermediate between
maximum growth rates observed for natural populations
(typically 0.7 d=!) and those observed for laboratory cul-
tures (often >16 d—!). The bacterial maintenance coef-
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ficient, m,, is based on the lower range of values found
for bacteria and yeast (Stouthamer 1978).

Each of the simulations presented below is run in a
batch mode (i.e. no advection or diffusion), so that sub-
strates soon become exhausted. Conducting simulations
in batch mode forces the model to adjust to continuously
changing environments in one run. In order for results
from the growth model to be easily analyzed, bacterial
mortality, 75, has been set to zero and the concentration
of the refractory DOM (i.e. DRCN) has also been ini-
tialized to zero in all runs.

Results

In this section we present results from a variety of
simulations in which environmental conditions (i.e. com-
partment concentrations and compositions) have been
varied or model parameters have been modified. Some
of these simulations were conducted to examine how the
model responds to a particular set of conditions, such as
DON limitation, while other simulations represent in-
teresting results observed during the course of model de-
velopment. The first two simulations investigate the ef-
fects of changing the relative concentrations of the DLCN
and DLC pools. Simulations 3 and 4 illustrate an inter-
esting result in which the model switches from a high
substrate uptake, low-yield mode to a low substrate up-
take, high-yield mode when the half-saturation constant
for DLCN uptake is increased. The last set of simulations
examines the effects of changing the degree of reduction
of the substrate.

Manipulations of the labile DOM C: N ratio—The first
two simulations examine the general response of the mod-
el to different concentrations of the DLC and DLCN pools,
which affects the C: N ratio of the bulk labile pool and,
hence, N cycling. In both cases, glucose is used as the
representative compound for the labile carbohydrate pool
(DLC), while the bulk composition of an aggregated pool
of amino acids is used to represent the DLCN pool, as
given in Table 2. The first simulation (Fig. 2) shows the
response of the model when the initial concentration of
DLCN is greater than DLC, so that the total labile pool
C: N ratio is 4.8. During the first part of the simulation,
both DOM substrates are consumed concurrently (Fig.
2A, 0-0.25 d), but are processed differently. During this
period, all DLCN consumed is incorporated into biomass
(1), while DLC is mostly used for energy production
(rge), although just enough C is incorporated into biomass
to satisfy bacterial C: N constraints (Fig. 2C). The ratio
of C to N incorporation throughout the simulation is
maintained at the lower bound, p;, so that the average
bacterial C: N ratio decreases continuously (Fig. 2B).

Near the point of DLC exhaustion (~0.25 d), resource
allocations shift to the uptake of DLCN only. This switch-
ing is accompanied by decreases in specific growth rate
and yield (Fig. 2B) and is reminiscent of diauxic growth
behavior (Gottschalk 1986). During the transition, the
oxidation of DLC is replaced by complete oxidation and
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Table 7. Parameter values used in simulations unless oth-
erwise noted in text.

Param-

eter  Value Description

6 0.2 Thermodynamic efficiency (dimensionless)

m, 50 Bacteria maintenance energy (kJ mol-! d-1)

Anax 6.0 Maximum resource allocation (d—')

w 1 Total reallocation time (d)

ks 0.1 Half-saturation constant for DLCN uptake
(uM)

kys 0.1 Half-saturation constant for DLC uptake
(uM)

ks s 0.1 Half-saturation constant for NH,+ uptake
(uM)

Kus 0.1 Half-saturation constant for NO;~ uptake
(uM)

Os 5.0 Bacterial C: N ratio

oU 5.2 Upper bound on bacterial C: N ratio

oL 4.8 Lower bound on bacterial C: N ratio

My 0 Bacterial mortality rate (d—1)

5 0.8 Fraction of bacterial N to DLCN pool
$6 0.1 Fraction of bacterial C to DRCN pool
a3, 0.001 Decomposition of DRCN into DLCN
ds, 0.001 Decomposition of DRCN into DLC

N remineralization of DLCN (rg, and ry,; Fig. 2C), which
results in the accumulation of NH,* (Fig. 2A). This mode
of operation continues until the exhaustion of DLCN.
Near the end of the simulation, nitrification (rgg) com-
mences, which results in the accumulation of NO,;~ at
the expense of NH,* (Fig. 2A, D). Nitrification does not
occur before this time because of its poor energy yield;
resources allocated to this process would not give the
greatest possible return. This is not to imply that hetero-
trophic nitrifiers exist. The nitrification reaction was add-
ed to examine the conditions under which nitrification
might occur.

In the next simulation, the relative concentrations of
DLCN and DLC are reversed, so that the labile pool
C: N ratio is 29 (Fig. 3). As before, when both substrates
are present, both DLC and DLCN are taken up concur-
rently with identical processing, growth rate, and vyield.
However, the transition that accompanies DLCN ex-
haustion (Fig. 3A at ~0.2 d) differs significantly from the
previous simulation. At the transition, DLCN incorpo-
ration is replaced by DLC incorporation and oxidation
(rgs and rge) coupled with NH,* immobilization (rg,, Fig.
3C, D). This mode proceeds until near NH,* exhaustion
(~0.63 d), at which time NO;~ uptake commences (rgg).
During this transition, there is a brief period when assim-
ilation of both NO;~ and NH,* occurs (Fig. 3D). The
two reallocation periods are also reflected in changes in
growth rate and yield, as well as a change in the trend of
the bacterial C: N ratio following exhaustion of DLCN
(Fig. 3B). Such trends in the bacterial C: N ratio are con-
sistent with observations on bacterial growth during pe-
riods of C limitation, N limitation, or co-limitations (Egli
1991; Goldman and Dennett 1991). Near the end of the
simulation, following DLC exhaustion, oxidation of bac-
terial biomass is observed (rg;;; Fig. 3D).
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Simulation 2 initialized with a high concentration (5 uM) of glucose (DLC) and a

low concentration (1 uM) of amino acid mixture (DLCN). See caption of Fig. 2 for details.
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conditions as given in the caption of Fig. 2.

During the initial phase of each simulation, while both
substrates are present, N is neither immobilized nor re-
mineralized, even though the bulk C:N ratio of the ag-
gregated labile pools is 4.8 for the first simulation and 29
for the second simulation. Eventually, N is remineralized
or immobilized, as is expected from simple mass balances
(Goldman et al. 1987; Linley and Newell 1984) for batch
processes. However, if the simulations were conducted
for a chemostat under conditions where neither substrate
is exhausted, N immobilization or remineralization would
not occur. Such co-substrate processing, which seems to
occur to some extent in nature (Kirchman et al. 1989;
Goldman and Dennett 1991; Egli et al. 1993), can be
important for N dynamics in environments subject to
strong advection, such as rivers and estuaries. It is also
clear from these two simulations that amino acids are the
preferred N source. Experimental support for this obser-
vation is still unclear (Goldman and Dennett 1991;
Kirchman et al. 1989; Kirchman 1990).

Optimality and yield— An interesting result observed
in model simulations is the sensitivity of bacterial growth
kinetics to slight changes in environmental conditions or
growth parameters. To illustrate the phenomena, phen-
ylalanine (Phe) is used as the DLCN source without any
DLC substrate. In this simulation, with the standard set
of model parameters (Table 7), Phe is initially solely con-
sumed at a rapid rate, producing a higher growth rate
than in previous runs, but at a reduced yield (Fig. 4).
After exhaustion of Phe, nitrification explains the increase
of NO,~ at the expense of NH,*. An interesting phenom-
enon occurs near the point of Phe exhaustion at 0.3 d.

As Phe becomes limiting, bacterial yield begins to in-
crease significantly and both NO,;~ and NH,* are con-
sumed (Fig. 4). To examine this change in more detail,
we ran another simulation in which the half-saturation
constant for DLCN uptake (k, 5) was increased to 1.0 uM,
thereby increasing the resistance to (or constraint on) Phe
uptake. With this relatively minor change, a significant
alteration in metabolism occurs (Fig. 5). In contrast to
the first run, Phe uptake rate is greatly reduced and is
accompanied by DIN uptake. Furthermore, growth rate
is slightly reduced from 6.1 to 5.4 d—!, but there is a
sizable increase in yield from 58 to 88% (Figs. 4B, 5B),
which is evident in the greater final bacterial concentra-
tion.

This increase in yield can be explained by the high
C: Nratio for Phe (C: N of 9, which is at the upper bound
for the standard amino acids). Because this C: N ratio is
significantly higher than that of bacteria (pg = 5), one
approach to optimality is to place all resources on Phe
incorporation (rg,) and C-only oxidation (rg;), so that the
C: N ratio of the resulting material conforms with the
constraints on bacterial C: N ratio. This approach results
in low bacterial yield, but so long as Phe can be consumed
at a high rate, it is the optimal choice for maximizing
growth rate when Phe uptake is saturated. The situation
changes, however, when Phe becomes limiting, as in the
second simulation. In this case, optimality involves al-
location of some resources to DIN uptake to effectively
reduce the C:N ratio of Phe. Phe uptake rate is lower
owing to allocation of some resources to DIN uptake, but
because of the secondary source of N, more Phe-C can
be retained in biomass, thereby enhancing yield.
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3 of Fig. 4, except the half-saturation constant

for Phe uptake, k, s, has been increased from the nominal value of 0.1 uM to 1.0 uM.

It is clear from these two simulations that resource
allocation plays a crucial role in the model. The transition
from low yield to high yield occurs when resources al-
located to Phe uptake can be better utilized for DIN con-
sumption. This transition also occurs in the dynamics of
DIN uptake. In the second simulation (Fig. 5A, D), NH,*
uptake is partially replaced by NO,;~ consumption for a
significant portion of the simulation. This change occurs
because for a given DIN uptake rate fewer resources have
to be allocated to NO; ™ uptake than to NH,* uptake when
the former is at a higher concentration and the half-sat-
uration constants for both nutrients are the same. At a
certain threshold, the reduction in resources for DIN up-
take associated with NO,;~ more than offsets the greater
energy cost in NO,;~ assimilation.

The switch in Phe uptake modes is a direct consequence
of maximizing the rate of growth instead of energy effi-
ciency. Although the two optimization strategies often
overlap, maximizing growth rate can lead to preferential
uptake of a less desirable substrate if the substrate can be
consumed at a significantly higher rate than can an energy-
rich substrate. The main point illustrated by these two
simulations is that slight changes in uptake kinetics, which
may result from changes in population structures or sub-
strate concentrations, can significantly affect the process-
ing of organic matter and DIN.

Degree of substrate reduction —Because organic com-
pounds have different elemental compositions, we ran a
set of simulations to examine the effect of substrate re-
duction (defined by Eq. 1) on bacterial growth kinetics.
The first compound examined, glycollate (C,H,O37; Y

= 2.0), is more oxidized than is glucose (Y = 4.0) or
bacteria (¢ = 4.2). Glycollate is ecologically important
in that it is a typical, if not dominant, phytoplankton
exudate (Marlowe et al. 1989; Fogg 1983). To comple-
ment glycollate, we used the average amino acid mixture

- (Table 2) at low concentration for the DLCN compart-

ment; all other parameters were kept at their previous
values (Table 7).

Results from the simulation (Fig. 6) show that pro-
cessing of glycollate differs significantly from that of glu-
cose (Fig. 3). Unlike glucose, glycollate is not utilized
while DLCN is present, so that DLCN-N is remineralized
at the start of the simulation (Fig. 6A,C). Following DLCN
depletion, uptake switches to glycollate, but the resulting
growth rate and vyield are substantially reduced, and the
bacterial C:N ratio continues toward its lower bound
(Fig. 6B). These results indicate that the degree of reduc-
tion of a substrate may significantly affect bacterial growth.
To examine this effect further, we ran another simulation
involving urea.

In this simulation, urea was used as the DLCN sub-
strate (CH,ON,; ¥ = 0) and glucose as the DLC source
at low concentration (Fig. 7). During the first part of the
simulation when glucose is present, urea is consumed as
the preferred N source, over NH,*, and growth rate and
yield are high, as in previous simulations. Bacterial C in
this period comes solely from glucose, since the urea-C
1s oxidized (Fig. 7C, rgs). Following glucose depletion,
growth rate and yield drop to zero because urea does not
provide enough energy for growth; this is consistent with
observations (Goldman et al. 1987). Examination of the
metabolic reactions reveals that complete oxidation of
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urea (rp,) is the dominant pathway immediately following
glucose depletion, which explains the initial accumulation
of NH,*. As the simulation proceeds, complete oxidation
of urea is slowly replaced by N remineralization from
urea (ry,), slight urea incorporation into biomass (rg;),
and a high rate of nitrification (rgg). From this combi-
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nation of reactions, NH,* is both consumed and pro-
duced at the same time (rg, and rgg).

To more thoroughly investigate the impact that sub-
strate oxidation has on bacterial yield and growth rate,
we conducted a series of simulations with individual sub-
strates (Table 8). For each simulation, the initial substrate
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Simulation 6, with urea and glucose as the DLCN and DLC substrates, respectively.

Other conditions as described in the caption of Fig. 2.
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Table 8. Substrates used to examine bacterial growth kinet-
ics as a function of degree of reduction (¥.) given by Eq. 1 and
normalized by C. Free energies of formation (AGY®) are from
Thauer et al. (1977) or calculated from Mavrovouniotis (1991).

AGP Y
Substrate Composition (kJ mol~!) (per C mol)

Urea CH,ON, —213 0.0
Oxamate C,H,O;N- —514 1.0
Oxalate C,0,2- —674 1.0
Adenine CsH;N; +321 2.0
Glyoxylate C,HO,~ —474 2.0
Glycine C,H;O,N —-371 3.0
Aspartate C,H;O,N,~ —700 3.0
Asparagine C,H;O;N, —=510 3.0
Glycollate C,H,0,~ —515 3.0
Arginine Ce¢H ;O,N,*+ —240 3.67
Alanine C;H,0O,N —372 4.0
Glucose Ce¢H ,Oq -917 4.0
Acetate C,H,;0,- —369 4.0
Lactate C,H,05~ —-518 4.0
Phenylalanine Cy,H,,O,N —207 4.44
Lysine C¢H,sO,N, —356 4.67
Valine CsH,,O,N —356 4.8
Leucine C¢H,;O,N —343 5.0
Caproate C¢H,,0,~ —338 5.33
Palmitate C,sH;,0, —267 5.75

concentration was 400 uM and the initial concentration
of NH,* was 100 uM. For simulations in which nitrifi-
cation occurred concurrently with substrate uptake (ob-
served when Y <1), we also ran simulations with NO;~
instead of NH,*.

Results show that bacterial yield (Y) exhibits a linear
increase with the substrate’s degree of reduction per C
mole (Y) (Fig. 8A) and is well described (+?2 = 0.89) by

Y = 0.17¢c — 0.038. (17)

Bacterial C-specific growth rate (u d=!) (Fig. 8B) exhibits
more scatter, but appears to increase as the square of Y,
as given by (¥ = 0.86)

u=0.18yc2. (18)

Scatter in the data is due to other factors that affect bac-
terial growth, such as the substrate’s free energy of for-
mation and the variety of elemental combinations that
yield the same Y. Substrates with high C:N ratios or
that lack N altogether must be augmented with NH,* (or
NO;7) or C must be dissipated (i.e. oxidized), while N
in substrates with low C: N ratios must be remineralized.
The C:N ratio of a substrate (pg) is optimal when pgY
equals pg, since neither C nor N need be dissipated (Gold-
man et al. 1987). Molecular weight also affects bacterial
growth kinetics because cellular transport costs (Eq. 5)
depend on a substrate’s concentration, not on its C, H,
O, and N content. Nevertheless, it is clear from the data
that bacterial yield and growth rate appear to be largely
governed by the substrate’s degree of reduction.
Published data on bacterial yield (Fig. 8A, open sym-
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Fig. 8. (A) Bacterial C yield (mol C bacteria/mol C substrate
consumed) and (B) specific growth rate (d—1!), based on bacterial
C, as a function of C-normalized substrate degree of reduction
(¥¢). Filled circles are from simulations of bacterial growth on
substrates listed in Table 8, in which the concentration of C-con-
taining substrate was initialized at 400 uM (molecular concen-
tration) and NH,* and/or NO;~ were initialized at 100 uM. For
oxamate and oxalate (Y = 1), simulations were run with only
NH,* or NO;~ present (data enclosed by ellipses). Functions
(solid lines) were fit to model data only, and the dotted lines
specify the 95% prediction intervals. Experimental observations
of bacterial yield are shown with open symbols: [1— Billen et al.
1980; O—Crawford et al. 1974; { —Goldman et al. 1987; A—
Hobbie and Crawford 1969; V—Wright and Shah 1975; O—
Heijnen and van Dijken 1992.

bols) are from bioassay studies on specific compounds
(Goldman et al. 1987; Heijnen and van Dijken 1992) and
whole-system '#C tracer studies (Wright and Shah 1975;
Crawford et al. 1974; Hobbie and Crawford 1969; Billen
et al. 1980). Although the latter data are not ideal for
making comparisons, they do provide good indication of
how individual substrates are processed in the presence
of a mixture of substrates. What few data do exist seem
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to support the relationship between yield and ¢ for nat-
ural systems. This relationship is also supported by work
in which a correlation between bacterial yield and the
aliphatic content of DOM was observed (Meyer 1994;
Sun 1993).

Discussion

We have developed a bioenergetic model that uses basic
principles of biochemistry, kinetics, and thermodynamics
to help us better understanding the processing of DOM
and DIN by bacteria. The model is based on the pre-
sumption that competition requires bacteria to maximize
growth rate. The overall maximization algorithm is fairly
simple and contains relatively few adjustable parameters,
but it produces a rich spectrum of results that directly
reflect the variety of environmental conditions. Growth
characteristics of bacteria have not been directly built into
the model as they typically are in Monod-like models (i.e.
preference for NH,* over NO;~, fixed bacterial C: N ra-
tio, fixed bacterial C yield, fixed maximum specific growth
rate, etc.). Instead, general constraints based on first prin-
ciples are specified for the processing of DOM and DIN
into biomass, and the optimization search specifies the
set of reaction rates and allocation variables that maxi-
mize growth rate for a particular set of conditions. Often,
results produced by the model were not anticipated and
they required examination to determine why a particular
set of reactions was selected as optimum. Such infor-
mation can often provide insight for interpreting exper-
imental observations. The current model implementation
is not intended to predict bacterial growth kinetics with
high precision or under all circumstances. Specific path-
ways regarding the processing of unique substrates are
not included; for example, in the model, plastics and
hydrocarbons would be processed as easily as lipids. In-
stead, the model is intended to provide a framework for
facilitating the understanding of the basic mechanisms
that might control bacterial kinetics.

Substrate limitation of bacterial growth—During the
past two decades, microbial ecologists have tried to iden-
tify the basic factors that control bacterial growth and
yield. Experimental studies have had diverse results and,
consequently, there is no agreement at present on the
primary controls of bacterial growth. This is not surpris-
ing given the variety of approaches and techniques that
have been used. Populations have been perturbed with
nontracer substrate additions (cf. Suttle et al. 1991), with
manipulation of growth medium (cf. Kristiansen et al.
1992), and with long, closed-system incubations (cf.
Zweifel et al. 1993) that prevent continuous input of fresh
labile DOC, as occurs under in situ conditions (Cofhin et
al. 1993). In many studies, investigation of the factors
that control yield was secondary to another focus, so re-
sults have been difficult to interpret. Our bioenergetic
model greatly helps in the interpretation of seemingly
disparate experimental results.
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The many responses that have been observed experi-
mentally for bacterial growth, such as preferential use of
dissolved amino acids over glucose and NH,*+ (Kirchman
1990) or vice versa (Goldman and Dennett 1991), vari-
able dependence on NH,™ to meet bacterial N demands
(Tupas and Koike 1991; Jorgensen et al. 1993), and N
remineralization or immobilization (Kirchman et al.
1989), can be duplicated, at least qualitatively, with our
model. Because our modeling results indicate that bac-
terial response is very sensitive to environmental con-
ditions and bacterial metabolic capabilities, it may be
necessary to precisely define the environment and bac-
terial consortium in order to accurately predict bacterial
response. Unless such measurements are made, experi-
ments in which only bulk properties are measured may
be difficult to interpret or the interpretations may be over
simplified.

To make the model quantitatively match experimental
observations, differences in actual metabolic capabilities
of the bacteria, such as pathways for glucose but not hy-
drocarbon utilization, must be accounted for. This can
be accomplished by adjusting half-saturation constants
(k) and placing maximums on allocation variables (a,)
for individual substrates to account for intrinsic meta-
bolic capacities. Differences in actual kinetic parameters
are expected because it seems probable that bacterial
pathways have evolved control architectures that reflect
conditions typically encountered in the natural environ-
ment.

It is evident from the model that NH,* is preferentially
consumed over NO;™ (Fig. 3A), a trait that is consistent
with observations (Wheeler and Kirchman 1986). The
model also switches to preferential uptake of NO;~ over
NH,* when respiration (i.e. oxygen availability) is con-
strained (data not shown). Indeed, application of our
model to investigate bacterial utilization of alternate elec-
tron acceptors and donors that occur in anaerobic envi-
ronments should be profitable.

When uptake kinetics and substrate concentrations are
similar, the model indicates that bacteria will preferen-
tially utilize N sources as follows: amino acids, urea, am-
monium, nitrate. However, subtle differences in environ-
mental (or experimental) conditions or uptake kinetics
owing to changes in bacterial population composition can
lead to changes in these preferences. These changes occur
because maximum growth rate does not necessarily imply
utilization of the most energy-rich compounds. Other
constraints, such as substrate consumption per resource
investment (i.e. cost) and the complementation of the
elemental composition of one substrate with another, play
significant roles in the choice of the substrate(s) utilized.
Furthermore, changes in environmental conditions, such
as substrate availability, can lead to new optimums with
only slightly different growth rates, but radically different
reaction rates that produce significant alterations in bac-
terial yield, N processing, and substrate preferences. Con-
sequently, it is difficult and possibly incorrect to gener-
alize results to indicate that growth is limited by C, N,
P, temperature, or energy, since it may be that several (or
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all) limitations occur simultaneously. For example, how
should growth on Phe be described (Figs. 4, 5)? In the
first Phe simulation (Fig. 4), bacterial growth during the
initial phase (0-0.2 d) appears to be C limited, since DIN
concentration is high but is not utilized. However, ex-
amination of the reaction rates reveals that excess energy
is produced during this phase, which is inconsistent with
C-limited growth. In fact, all constraints except energy
are active in the initial phase of the Phe simulation. Hence,
optimal allocation of resources to maximize growth rate
cannot always be rationalized by a single growth limita-
tion. A similar conclusion was reached by Bloom et al.
(1985) for resource limitations in plants.

Simple characterization of DOM to predict microbial
growth— Analysis of model results from simulations over
a range of substrates indicates that bacterial growth rate
and yield are strongly dependent on the degree of reduc-
tion of the substrate. Experimental data appear to support
the relationship, but the data are limited since elemental
composition of substrates in most bacterial yield studies
was not measured (Bjernsen 1986; Barillier and Garnier
1993). Indeed, the relationship between yield and degree
of reduction has been used in the biotechnology com-
munity (Heijnen and van Dijken 1992; Linton and Ste-
phenson 1978), but microbial ecologists do not seem to
use this relationship because of the difficulty of measuring
the elemental composition of DOM and other environ-
mental variables. However, this may not be an insur-
mountable problem, as we discuss below.

One of the subtleties associated with the relationship
between the C-normalized substrate degree of reduction
(¥c) and bacterial yield has to do with the concept of
refractory material. Although DOM can certainly be made
refractory by steric hindrances that protect high-energy
compounds from attack by bacterial exoenzymes (Keil
and Kirchman 1994), it is also possible that refractory
DOM may consist of highly oxidized carbon compounds
that are not readily utilized by bacteria owing to their low
energy yield. Small compounds that can be readily trans-
ported across the bacterial membrane or excreted by phy-
toplankton should not be considered labile if they are
highly oxidized, such as oxalate and perhaps glycollate.
Ideally, one should measure the oxidation state of DOM
and not just its concentration or even its molecular weight
(sensu Benner et al. 1992; Amon and Benner 1994).

Results from the model imply that if the degree of
reduction of the substrate can be determined, then bac-
terial yield and perhaps growth rate can be predicted by
Eq. 17 and 18. The most direct approach to measuring
Ve is to determine the C, H, O, and N composition of
DOM with techniques such as those developed by Perdue
(1984) and Serkiz and Perdue (1990) and to use Eq. 1.
The difficulty with this approach is that it does not dis-
tinguish between refractory and labile DOM pools and it
requires significant sample preparation. However, it is
not necessary to measure the C, H, O, and N composition
to determine Y. In the DOM oxidation reaction

aCH,O.N, + b0, = aCO, + ¢NH; + dH,0  (19)
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it is easy to show from elemental balances that Y. = 45/
a. Therefore, if DOM is chemically oxidized (either with
O, or titrated with an oxidizing agent) and there is a
quantitative measurement of CO, produced and oxidant
consumed, then the degree of substrate reduction per C
mole can be determined. This approach also measures
bulk DOM properties and therefore does not alleviate the
problem associated with labile and refractory material;
however, the approach may be easier to implement than
C, H, O, and N elemental analysis.

Presently, the only methods that distinguish labile and
refractory material are bioassays. If a bioassay incubation
is conducted with most of the microbial food web intact
(i.e. without filtration of eucaryotes), then a substantial
fraction of the labile DOM will be oxidized in a stepwise
manner through respiration associated with each trophic
transfer (i.e. community respiration). So long as the ac-
cumulation of POM is small compared to the loss in labile
DOM, use of Eq. 19 will provide a good approximation
to the overall process, and ¥ of the labile DOM will
approximate —(4ADO/ADIC), where ADO and ADIC are
the changes in dissolved oxygen and dissolved inorganic
carbon during the incubation. For bioassays in which
significant accumulation of bacterial biomass occurs, Eq.
19 must be augmented as

aCHzO,N; + 6O, — (a — ¢)CO, + ¢NH,;
+ dH,O + e bacteria. (20)
This augmentation accounts for the accumulation of bac-
teria. The substrate degree of reduction can still be cal-
culated in this case provided that the decrease in DOC
(—ADOC) is also measured. For this case, Y is given by

evs — bo, 4.2(ADOC + ADIC) + 4ADO

V=7 = ADOC ’

21)

where it has been assumed that the accumulation of bac-
teria, e, is given by the decrease in DOC that is not ac-
counted for in DIC increase. We have also made use of
the observed value for the degree of reduction of bacteria
(Yg) (see discussion following Eq. 1). Because the above
expressions for Y assume that NH,* is the only DIN
participant (consumption of NO;~ would significantly al-
ter the equations), NH,* should be added as a supplement
to these bioassays. Note that this amendment would be
for the purposes of characterizing DOM (Y) and not for
quantifying the rate or efficiency of degradation, which
might be altered.

The relationship shown in Fig. 8A (given by Eq. 17)
can be tested; that is, because Y is given by Eq. 21 and
bacterial C yield is given by e/a or (ADOC + ADIC)/
ADOC, new data can be compared to the model output.
Presently, the relationships between bacterial yield and
growth rate and Y. (Eq. 17 and 18 and Fig. 8) are still
unproven for mixed bacterial populations in natural en-
vironments. Even if these relationships were found to be
true, it is not known whether there would be enough
variability in Y to make it a good proxy for DOM us-
ability. Nevertheless, the modeling results provide a ra-
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tional framework upon which to base experimental ap-
proaches.

Theory of ecological thermodynamics—1t is uncertain
whether bacteria in nature have evolved to maximize
growth rate. Indeed, one of the theoretical questions of
ecosystems in general that has been debated for decades
is whether nature maximizes the ratio of structure (usually
measured as biomass, B) to maintenance metabolism
(usually measured as respiration, R), B: R (Margalef 1968),
or whether it is energy flow itself that is maximized (Odum
1971).

The biocenergetic model is based on the premise that
bacteria allocate resources so as to maximize growth rate.
This premise i1s difficult to test because it requires the
assessment of metabolic capabilities of the bacterial con-
sortium and the identification of all substrates present in
the environment and their concentrations. Although these
are areas of active research, it will be some time before
precision and accuracy are good enough to rigorously test
the model under environmental conditions. However,
many of the model results already compare favorably
with experimental observations, which would indicate
that the premise is operative for at least some subset of
conditions. Other theoretical premises could be evaluated
by comparing model results based on other optimization
goals with experimental observations.
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