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Microorganisms in marine oxygen minimum zones (OMZs) drive globally impactful
biogeochemical processes. One such process is multistep denitrification (NO; —>NO,”
—-NO—-N,0—-N,), which dominates OMZ bioavailable nitrogen (N) loss and nitrous
oxide (N,O) production. Denitrification-derived N loss is typically measured and mod-
eled as a single step, but observations reveal that most denitrifiers in OMZs contain sub-
sets (“modules”) of the complete pathway. Here, we identify the ecological mechanisms
sustaining diverse denitrifiers, explain the prevalence of certain modules, and examine
the implications for N loss. We describe microbial functional types carrying out diverse
denitrification modules by their underlying redox chemistry, constraining their traits
with thermodynamics and pathway length penalties, in an idealized OMZ ecosystem
model. Biomass yields of single-step modules increase along the denitrification pathway
when organic matter (OM) limits growth, which explains the viability of populations
respiring NO, ™ and N, O in a NO; -filled ocean. Results predict denitrifier community
succession along environmental gradients: Pathway length increases as the limiting
substrate shifts from OM to N, suggesting a niche for the short NO;”—>NO,™ mod-
ule in free-living, OM-limited communities, and for the complete pathway in organic
particle-associated communities, consistent with observations. The model captures and
mechanistically explains the observed dominance and higher oxygen tolerance of the
NO; —»NO, module. Results also capture observations that NO;™ is the dominant
source of N,O. Our framework advances the mechanistic understanding of the relation-
ship between microbial ecology and N loss in the ocean and can be extended to other
processes and environments.

denitrification | microbial ecology | marine oxygen minimum zones | ecosystem modeling

The ocean is experiencing rapid changes, including but not limited to warming (1) and
deoxygenation (2). How marine microbes respond to changes in their environment feeds
back on the biogeochemical cycles that control the availability of nutrients and the pro-
duction of greenhouse gases, and thus influences the evolution of the oceanic ecosystem
and Earth’s climate. Microbes that inhabit the anoxic layers of marine oxygen minimum
zones (OMZs), located between the oxygenated surface and deep interior (3), have outsized
biogeochemical impacts. Despite occupying less than 1% of the ocean’s volume, microbes
in the anoxic zones of OMZs contribute up to 30% of the fixed nitrogen (N) loss from
the ocean (4) to generate the widespread N deficit that limits primary production in over
half of the surface ocean (5). As deoxygenation progresses (6), it is speculated that losses
of fixed N may intensify and further constrain primary production at the surface (7),
though dynamics remain uncertain (8). Greater N loss than N input from fixation may
not only reduce the oceanic drawdown of atmospheric carbon dioxide but also increase
the production of the potent greenhouse gas nitrous oxide (N,0), which is a key inter-
mediate of anaerobic metabolism in OMZs (7, 9). Thus, understanding how diverse
microbes interact and control N cycling within OMZs, especially N loss, is imperative
for estimating the future of ocean health and climate.

Fixed N loss occurs through two microbial processes: anaerobic ammonium oxidation
(anammox) and denitrification. Anammox (NH,"+NO, —N,) is performed by a taxo-
nomically conservative group of bacteria that fix carbon dioxide into their biomass using
the energy generated from the anammox reaction. In contrast, denitrification is performed
by diverse taxonomic groups. Though chemoautotrophic denitrifiers are present, especially
in sulfidic environments (10), denitrifiers in the open ocean are mostly heterotrophs that
respire organic matter (OM) (11). Denitrification consists of multiple steps that sequen-
tially reduce nitrate (NO;") to produce reduced N (NO; -»NO, - NO—-N,0—N,). In
practice, denitrification in OMZs is often assumed as a two-step reaction (i.e., NO;~
—NO, and NO, —=N,), with nitrite (NO,") as the intermediate excreted to and taken
up from the extracellular environment, and thus N loss from denitrification is measured
only as a single step (i.e., NO, =N,) (12, 13). This one-step representation is incorporated
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into ocean biogeochemical models. However, recent metagenomic
studies suggest that populations in OMZs have all possible com-
binations of genes from the denitrification pathway and that pop-
ulations with only subsets of the full pathway are much more
abundant than those containing the complete pathway (14-16).
The mechanisms allowing for the prevalence of certain denitrifi-
cation modules over others and the coexistence of modules com-
peting for the same substrates remain unclear.

Because only some denitrifying modules result in N loss (Fig. 14),
intermediates may be rerouted toward or away from N loss pathways
as the environment changes. Thus, microbial control of N loss is
too complex to be accurately captured by single-step representation
in ocean biogeochemical models. Trait-based ecosystem models
resolving microbial functional types have the potential to synthesize
and ultimately predict the outcome of these complex interactions.
However, only a few denitrifiers in OMZs have been cultured or
characterized (17-19), so we lack comprehensive knowledge of the
quantitative traits and tradeoffs of the diverse metabolic strategies
associated with different denitrifiers (though see Dataset S1 for a
list of marine denitrifier isolates that we have identified in the
National Center for Biotechnology Information database, which
may provide a potential means forward). Previous work has demon-
strated that the chemical redox reactions underlying metabolism
can be used to quantify traits of “metabolic functional types,” linking
modeled microbial growth to the chemical potential of the environ-
ment in ways that may be more robust than relying solely on species-
or location-specific measurements (20). This approach successfully
captures coarse-grained biogeochemical dynamics in OMZs (21)
and therefore has the potential to provide insight into the more
complex dynamics of modular denitrification.

In this study, we aim to understand how populations with
diverse denitrification modules (hereafter all referred to as “deni-
trifiers” for simplicity) can co-occur in OMZs. As heterotrophs,
all denitrifiers compete for OM, and some compete for the same
N substrate. Thus, the observed diversity seems to contradict the
competitive exclusion principle that the number of sustainable
populations cannot exceed the number of resources (23, 24). We
aim to identify the niches of different denitrifiers, exploring in
particular why NO; —NO,™ denitrifiers (often referred to as
nitrate reducers) are the most abundant denitrifiers, with NO;~
—NO, as the most dominant N transformation rate measured,
while complete denitrifiers, along with measurements of complete
denitrification rates, are rare but still present (14-16, 25, 26). To

answer these questions, we develop a theoretical model that quan-
titatively describes functional types carrying out diverse denitrifi-
cation modules by linking the redox reaction fueling each
metabolism to traits (20) while accounting for proteome con-
straints for longer pathways (27-29) (Fig. 1).

We first examine the general patterns of how OM- vs. N-limited
(i.e., electron donor- vs. acceptor-limited) growth regulates the
modularity that emerges from thermodynamic constraints. We
then incorporate the denitrifier functional types into an idealized
OMZ ecosystem model, allow the ecosystem to self-assemble by
resolving the interactions among functional types and substrates,
and use resource competition theory (22) to interpret the more
complex patterns resulting from the interdependencies of the
many types. We study the resulting succession of modularity along
gradients in OM:NOj supply and oxygen supply. We show that
diverse coexisting denitrifying microbes can be maintained by
temporal and spatial niche partitioning and implicate this diversity
as central to resolving key chemical features observed in OMZs.

A Theoretical Framework for Modular
Denitrification

We develop a theoretical framework to quantitatively describe
microbial functional types carrying out different denitrification
modules (Fig. 14). We simplify the denitrification pathway as
three steps (NO; =NO, =N,0—N,), neglecting the interme-
diate NO, following previous work (30), because the genes pro-
ducing and consuming NO are usually coupled (16, 31), and
because NO is unstable and the ability to consume it is a nearly
ubiquitous trait of microorganisms, beyond just denitrifiers (32).
'The three-step pathway allows for seven possible modules, includ-
ing the six modules listed in Fig. 14. The 7th, nonadjacent module
(NO; —»NO, and N,O—N,) does not result in a potential niche
within our framework, which suggests that an advantage for this
type of metabolism remains unaccounted for, although its bioge-
ochemical impact is represented by the corresponding single-step
functional types (S Appendix). In general, a functional type may
represent multiple species (or species-like equivalents) with the
same function, and conversely, a metabolically flexible species may
be associated with multiple functional types at different times.
We use the redox reaction fueling each module to estimate a
metabolic budget for each functional type, resulting in a biomass
yield for each required substrate and the stoichiometry for each
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Fig. 1. Schematic of denitrifier functional types. (A) The six modules of the denitrification pathway that are represented by microbial functional types in the
ecosystem model, and their subsistence concentrations of OM (R*4y) and inorganic N (R*\) which reflect underlying thermodynamics of redox chemistry and
proteome constraints via the biomass yields. A lower subsistence concentration allows microbes to be more competitive when the substrate is limiting (22)
(Methods). The colors of bars represent different N substrates, and line types of bars represent the number of denitrification steps of each functional type.
(B) Schematic of the redox-fueled metabolism for a denitrifier cell. OM participates in both the biomass synthesis (anabolic) and the denitrification (catabolic)
reaction. The balance of the energy needed by the former and generated by the latter sets the biomass yields.
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excreted product. This metabolic budget thus links the biological
(biomass of microbes) and chemical (nutrient concentrations)
components in the model. Each functional type involves two cou-
pled biomass yields: 1) the yield with respect to OM [y, mol
biomass (mol OM)™'], which serves as the electron donor for the
redox reaction and also provides building blocks for biomass syn-
thesis, and 2) the yield with respect to the reduced inorganic N
species used as the electron acceptor [y,; mol biomass (mol N).
These biomass yields are coupled according to the fraction of
electrons channeled toward biomass synthesis (anabolism reac-
tions) vs. respiration (catabolism reactions), which is informed by
the chemical potential (i.e., Gibbs free energy) of the reactions
(33). We also apply pathway length penalties to the yields so that
functional types carrying out more than one denitrification step
are penalized to account for increased energetic costs associated
with synthesizing more enzymes and transporters (34). Though
the magnitude of the penalty is uncertain, we analyzed the qual-
itatively distinct outcomes of different penalty assumptions (see
Methods for an overview and SI Appendix for a full detailed descrip-
tion). We choose the unique penalty assumption that results in a
plausible outcome that is consistent with observations such that
the remaining uncertainty affects the model solutions quantita-
tively but not qualitatively. To summarize, the resulting biomass
yields of the denitrifier functional types differ because of two fac-
tors: the redox reaction—specifically, the stoichiometry and Gibbs
free energy of the half-reaction for N reduction—and the deni-
trification pathway length. Our results are consistent with meas-
ured y, for different N substrates of one cultured denitrifier (35),
measured yy for NOj™ of 75 taxonomically diverse denitrifiers
with different denitrification steps (36) (SI Appendix, Fig. S1 B
and D), and the estimated ., of a marine denitrifier
(Marinobacter) in 59 different media by a metabolic model
(81 Appendix, Fig. S1 A and C).

The metric of competitive ability for functional types in the
ecosystem is the resource subsistence concentration (22). In our
model, the subsistence concentrations (R*yy, and R*y, Fig. 14)
are the minimum OM or N concentrations for which a functional
type population is viable (i.e., when growth balances mortality)
(22). Therefore, populations with a smaller R* can competitively
exclude microbes with a larger R* when growth is limited by that
resource and changes in its supply are slow relative to the times-
cales of microbial growth (20, 22). Here, R*5,; and R* of deni-
trifiers reflect solely the biomass yields (Eq. 3 in Methods) with
higher yields corresponding to lower R*. Though differences
between R* values are small, our premise is that their ordering is
robust following the fundamental constraints. Thus, we introduce
no other distinctions between the functional types: We parame-
terize each denitrifier type with the same biomass loss rate (i.c.,
the dilution rate of the virtual chemostat) and the same uptake
kinetics for the same substrate. In other words, we assume that
the underlying constraints to the functional types rather than their
ability to evolve their substrate affinity and other traits, in a given
environment, predominantly differentiate their fitness.

General Patterns of Competitive Ability for
OM and N Resulting from the Theoretical
Framework

The resulting biomass yields order the competitive abilities of the
denitrifier functional types for OM and N (Fig. 14 and
SI Appendix, Fig. S1 A and B). For the three single-step modules
(pathway length = 1), the efficiency of both OM and N use
increases along the pathway, so that R* for both OM and N are
highest (least competitive) for NO; —-NO, , lower for
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NO, —N,0, and lowest (most competitive) for N,O—N,. This
means that if these three functional types were all competing for
OM alone (i.e., if NO; 7, NO,, and N,O were all abundant), the
N,0O—N, type would outcompete the other two. However, as
explored in the ecosystem model below, subsequent modules may
often rely on earlier modules to supply the N.

For longer pathways, when considering only reaction thermo-
dynamics (without the pathway length penalty), the efficiency of
both OM and N use increases with pathway length, since more
energy is extracted from the same electron donor. Therefore, com-
plete denitrifiers would always competitively exclude all other
types. However, this is in stark contrast to observations that com-
plete denitrifiers are rare within OMZs (14-16, 25, 26). If we
consider the cost of maintaining a longer pathway, the efficiency
of OM use instead decreases for longer pathways, while the effi-
ciency of N use still increases (Fig. 14 and SI Appendix, Fig. S1 A
and B). Thus, the complete denitrification module is least com-
petitive for OM, but most competitive for NO;". This is a robust
result across the plausible penalty space used in our framework
(Methods) and is consistent with estimated yields using a metabolic
model in 59 different media (S Appendix, Fig. S1 A and C) and
measured yields in 75 taxonomically diverse denitrifiers (36)
(SI Appendix, Fig. S1 B and D).

Together, the constraints from thermodynamics and pathway
length penalty suggest a set of general patterns in competitive
ability: 1) when functional types are limited by OM, shorter deni-
trification pathways can competitively exclude longer pathways
using the same N substrate, and 2) when functional types are
limited by the same N substrate, longer denitrification pathways
can competitively exclude shorter pathways. These patterns reflect
a tradeoff between pathway length and yield, and in this way are
similar to the well-studied cellular optimization for pathway
length when considering only organic carbon limitation: The
longer pathway (respiration) has a higher yield, and so is favored
over the shorter pathway (fermentation) when organic carbon is
limiting (27-29, 37). These patterns are also consistent with the
hypothesis that complete ammonia oxidizers (comammox) per-
forming two steps of nitrification in one cell is favorable, compared
to the division of labor between two microbial groups in an
N-limited environment, again because the longer pathway has a
higher yield but is penalized by pathway length (34, 38, 39). Here,
we explore the more complex patterns emerging when considering
requirements for two different resources (OM and N).

These patterns provide guiding hypotheses for how the denitri-
fication modularity is ordered by substrate availability. We hypoth-
esize the prevalence of the NO;”—=NO,™ module (the observed
dominant module) in the NO; -rich, OM-limited open-ocean
OMZ environment (11, 12, 40) over complete denitrification. We
next use these patterns and hypotheses from the theoretical analysis
to understand more complex outcomes from the interactions of
the functional types in the ecosystem model where some modules
depend on others for required intermediates.

The Coexistence of Single-Step Modules

The substrate of the first denitrification step (NO; —=NO, ),
NO;, is the most abundant form of fixed N in the ocean.
Consequently, the latter steps of denitrification usually rely on
prior steps to produce their N substrates. Seawater in open-ocean
OMZs usually contains much higher concentrations of NO;™ than
other inorganic N forms (i.e., NO, and N,O), but it is well
known that NO, -reducing and N,O-reducing denitrifiers are
present in the system. Here, we aim to explain why OMZ deni-
trifiers have not all evolved to preferentially utilize NO;™ undil it
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is depleted at least to the concentrations of the other N forms.
Because our model frames the underlying energetics in terms of
resource competition (i.e., R*, Fig. 14), we can use it to provide
a mechanistic and ecologically based explanation for the use of N
intermediates while NO;™ remains at high concentrations.

We incorporate the three functional types carrying out the
single-step modules into a simple ecosystem model. We supply
OM and NOj;™ at a ratio that results in OM-limited growth.
Initially, the NO;™ reducer is the only functional type that can be
sustained. Its production of NO, then allows the NO,™ reducer
to invade, becoming ecologically sustainable because of the NO,~
reducer’s superior competitive ability for OM (i.e., lower R*y).
However, the NO,™ reducer’s reliance on the NO;™ reducer for
NO,™ means that it becomes NO, -limited, allowing the NO;~
reducer to continue to survive. Similarly, the N,O reducer is then
able to invade because it is the superior competitor for OM, but
it also then becomes N,O-limited and so cannot competitively
exclude the other types. Therefore, all three types carrying out the
single-step modules coexist at steady states (S/ Appendix, Fig. S2A)
due to the dependence of the latter modules on the former.

Thus, our analysis combines the thermodynamics of denitrifi-
cation with ecological theory to provide a fundamental explana-
tion for why populations have evolved to carry out modules using
N species other than NO;™ as oxidants. The ecological model
clarifies that populations carrying out denitrification modules
using intermediate substrates (i.e., NO,” and N,O) are viable
when OM is limiting only because they are sequentially better
competitors for OM. If the thermodynamics were such that the
latter modules along the pathway were associated with a lower

generation of free energy, the latter modules would not be able to
invade the ecosystem and sustain their populations.

Community Succession along the OM:NO;~
Supply Gradient

We next introduce more functional types into the ecosystem
model while varying the ratio of OM to NO;™ supply to simulate
different ocean environments. This OM:NOj;™ supply spans the
OM-limited, open-ocean conditions encountered by “free-living”
microbes to the OM-rich conditions inside or nearby organic
particles (41). We solve for the steady state at each supply ratio.
Though the results are complex, they remain interpretable using
our two general patterns for OM vs N limitation and pathway
length: OM competition favors shorter pathways, and N compe-
tition favors longer pathways.

First, we illustrate these patterns in the simplest way possible
by considering only the three functional types that use NO;~
(Fig. 2 A, D, and G). As OM supply rate increases relative to
NO; supply, the system shifts from OM limitation to NO;™ lim-
itation (Fig. 2G), and the pathway length of the surviving deni-
trifier type increases (Fig. 2D). Thus, as hypothesized by the
general patterns, single-step NO;—NO, is dominant when OM
is limiting, while complete denitrification is dominant when NO;~
is limiting, and two-step (NO; =NO, =N,O is sustained at
intermediate supply (Fig. 24). The thresholds that delineate the
prevalence of each functional type and the stable coexistences
among them can be computed from the traits (yields) using
resource competition theory (42). Specifically, the three critical
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Fig. 2. The shift of the denitrifier community composition and biogeochemistry with increasing OM:NO5™ supply [mole-N (mole-N)"'] when the O, supply rate
is 0. (A-C) Biomass concentrations of the denitrifier functional types. (D-F) N loss via denitrification and mean denitrification pathway length. (G-/) Equilibrium
(with constant OM supply) or quasi-equilibrium (with OM pulses) NO;~ and OM concentrations. (A, D, and G) Simulations include three NO;™-reducing denitrifier
functional types with constant OM supply. (B, £, and H) Simulations include six denitrifier types with constant OM supply. (C, F, and /) Simulations include six
denitrifier types with OM pulses. Vertical gray lines in A are reciprocal of CVs (1/CV = yyos/Yon) Of the three denitrifiers (S/ Appendix, Fig. S3). The N loss in black
lines in D-F is the reduction rate of any fixed N to any gaseous N as shown in Fig. 1A. The mean pathway length in green in D-F is the sum of the pathway length

of each denitrifier population weighted by their biomasses.
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OM:NOj™ supply ratios separating the four distinct survival
regimes are defined by the reciprocal of the consumption vectors
(CVs) of the three functional types (SI Appendix, Fig. S3), which
reflect ynps70p (gray lines in Fig. 24).

Next, we include six denitrifier functional types in the model
and again solve for the steady state along the OM:NO;™ supply
gradient (Fig. 2 B, E, and H). While the increase in OM supply
rate shifts the nutrient regime generally from OM limitation to
NOj" limitation (Fig. 2H), the cross-feeders using NO,” and N,O
are N-limited for the entirety of the domain. This complex network
of cooperation and competition results in a community succession
along the OM gradient. When OM supply is lowest, single-step
NO; —-NO,” and two-step NO, -»N,0O—-N, are sustained
(Fig. 2B and SI Appendix, Fig. S2B). This is because OM limits the
types competing for NO;, favoring the shorter pathway, but the
NO, reducers are limited by NO,, favoring the longer pathway
beginning with NO,". In the OM-rich, NO; -limited regime, the
three-step complete denitrifier is sustained. This suggests that
OM-rich environments such as particles (41, 43) or shallower
depths with high OM supply (44) are potential niches for the rare
and otherwise energetically unfavorable complete denitrifiers.

Note that the model distinguishes the ratios of biomasses from
the ratios of associated N transformation fluxes according to the
redox stoichiometry (SI Appendix, Fig. S4). For example, at low
OM:NOy, the biomass of the NO;—=NO, type is lower than
that of the NO, =»N,O0—N, type, but the NO; —=NO," trans-
formation rate is equal to the NO, —N, transformation rate. This
difference between ratios of biomasses and ratios of measured rates
reflects the stoichiometry of the redox reactions. This exemplifies
that ratios of gene abundances, which relate more directly to bio-
mass ratios, may be different than ratios of measured rates (or rates
inferred from transcriptomics or proteomics). Because our model
explicitly resolves biomass, it provides a theory-based conversion
between biomass and rates, which may aid in the interpretation of
different ‘omics datasets. Modeled biomasses can be converted into
gene abundance estimates with two factors: the carbon content
(quota) of the cells and the cellular gene copy number. We can then
link these model-derived gene abundance ratios to rate ratios and
compare them to inferred ratios from ‘omics. The connection
between transcripts or proteins with rates is more complicated as
transcript and protein levels are influenced by different decay rates
and regulated by cellular responses to environmental conditions.

Time-Varying Substrate Supply Creates an
Intermediate Regime

Analyses thus far have assumed a steady supply of OM and NO;~
at each point along the supply ratio gradient. The resulting steady
state enables complete competitive exclusion, according to R*y
and R*y. However, phytoplankton blooms, eddies, extreme
weather, and subduction events mean that substrate supply, par-
ticularly OM supply, varies in time (45-48). Moreover, the
reworking of heterogenous OM by different heterotrophic com-
munities changes the availability of particular organic substrates
over time (40). To mimic this temporal variability and examine
how it impacts coexistence regimes of denitrifiers, we supply OM
in pulses to the virtual chemostat as instantaneous OM additions
at a certain frequency (Methods).

Time-varying OM supply results in a more gradual transition
from OM-limited to NO; -limited state (Fig. 2/ and SI Appendix,
Fig. S4K). Critically, time-varying supply introduces an interme-
diate regime (with two-step NO; —=NO, =N, O and single-step
N,O—N, types) where N, O is the intermediate substrate (Fig. 2C
and SI Appendix, Fig. S4). Observations show that the former type
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(NO;—NO, =N,0) is the major contributor to N,O produc-
tion in OMZs (49-51). Our model suggests that non-steady-state
conditions represented by time-varying OM supply here allow the
prevalence of this functional type (Fig. 2 B and C). Consistently,
the largest rates of N,O production from NO;™ are measured at
the bottom of the upper oxycline, which is often referred to as the
oxic—anoxic interface (50, 52, 53). This interface is subject to
variable OM supply (i.e. the sinking OM flux) due to surface
phytoplankton blooms, zooplankton migrations, and physical
transport (i.e., eddies) (54-56).

The frequency of OM pulses affects the coexistence pattern of
denitrifiers quantitatively but not qualitatively (S/ Appendix,
Fig. S4 C and D), with higher frequencies approximated by a
constant supply. The relevant timescales in open-ocean OMZs are
that of the environmental perturbations relative to that of micro-
bial growth. OM pulses associated with large-scale physical pro-
cesses in the open ocean usually occur less frequently (weekly to
monthly) (57) than microbial turnover (every few hours to days)
(58). This timescale ratio is consistent with our choice of OM
frequency relative to the dilution rate of the chemostat model in
Fig. 2, suggesting that our intermediate regime characterized by

the NO;"—»NO, =N, type may indeed be common in OMZs.

Higher Oxygen Tolerances of NO;” Reducers
with Cryptic Oxygen Cycling

So far, analysis has exclusively considered the anaerobic denitrifi-
cation metabolisms. However, denitrifiers in OMZs occupy both
functionally anoxic layers and oxic—anoxic interfaces, and it is also
becoming increasingly clear that “cryptic” oxygen cycling is a key
feature of the seemingly anoxic layers where small but nonnegli-
gible amounts of oxygen are produced locally or delivered through
physical processes (59-63). Therefore, denitrifying populations
subsist in environments where trace oxygen is supplied, even
though oxygen may not accumulate. Thus, the interactions of
anaerobic and aerobic functional types may impact community
structure and denitrification modularity.

To examine this impact, we add an axis of oxygen supply to the
model (Fig. 3). We include three key aerobic functional types: aer-
obic heterotrophs, ammonia-oxidizing archaea, and NO, -oxidizing
bacteria (NOB) using recently published parameterizations that are
consistent with observations (64, 65). Following observations, we
assume that chemoautotrophic functional types have a higher affin-
ity for inorganic N than the denitrifiers, who must devote a portion
of their cellular machinery to OM uptake and processing (66—69).
We also add an anaerobic ammonia-oxidizing (anammox) func-
tional type to complete the set of functional types required to rep-
resent key N cycling and loss processes in open-ocean OMZs. As
in previous work (21), we do not impose any oxygen thresholds or
oxygen tolerances on microbial functional types and rather examine
the relationships with oxygen that emerge from the ecological inter-
actions. Consistent with the previous work (21), anaerobic metab-
olisms are sustained at a sufficiently low ratio of oxygen to OM
supply (i.e., ¢ = 1, the white line in Fig. 3A4).

Results show that modeled denitrification modularity varies
with oxygen supply, despite assuming no direct oxygen sensitivity
of denitrification (Fig. 3 A-F). Specifically, results suggest that
NO; -reducing denitrifiers are able to survive under a wider range
of oxygen conditions than NO, -reducing denitrifiers (Fig. 3 A-C
and £ and 87 Appendix, Figs. S5 and S6), matching observations
(26, 49, 71, 72). The apparently stronger oxygen inhibition on
NO, -reducing denitrifiers relative to NO; -reducing denitrifiers
in our model is because the former become limited by NO,” when
oxygen is available due to the presence of aecrobic NOB. NOB
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Fig. 3. Biomasses of the six denitrifier functional types simulated by the model with OM pulses and the comparison between modeled and observed gene
abundance and rates. (A-F) Simulated denitrifier biomasses. The white lines indicate ¢ = 1, where ¢ is a theoretical boundary defining the transition from aerobic
to anaerobic metabolisms (21). (G and H) Modeled gene abundances of nar (nitrate reductase genes encoding NO;—NO,"), nir (nitrite reductase genes encoding
NO, —NO), and nos (nitrous oxide reductase genes encoding N,O—N,), and the modeled rates of NO;”—NO,” and NO, —N, when a mean OM supply rate is
0.015 pM-N/d and when quasi-equilibrium O, concentration is below 2 uM (the O, detection limit of the Seabird sensor used to measure the rates in the figure)
and measured gene abundances (14) and rates (26) in the Eastern Tropical North Pacific OMZ when O, concentration is below the Seabird sensor detection
limit (2 uM). The model assumes cells have four copies of nar (14, 70) and one copy of nir or nor. Both modeled and observed gene abundances reflect relative
abundances of genes, and thus the order instead of the absolute number of the genes are comparable. Error bars are SD.

outcompete the NO, -reducing denitrifiers due to their higher
affinity for NO,™ (67, 69, 73). NOB’s high affinity for oxygen
also allows them to grow at low oxygen supply (74, 75). This
outcome is for the case when NO, is limiting but oxygen supply
is nonnegligible, such as in the low oxygen waters surrounding an
anoxic core. The complex interactions produce a nonmonotonic
decrease in the NO, —N,0—N, functional type with increasing
oxygen (Fig. 3E). A model sensitivity experiment without the
NOB functional type shows that this nonmonotonic decrease
disappears when the complex interaction between denitrifiers and
NOB is excluded (S Appendix, Fig. S7), and additional model
sensitivity tests demonstrate the robustness of this mechanism to
the most uncertain parameters (S/ Appendix). This result is also
intuitive: The apparent higher oxygen tolerance of NO;™ reducers
emerges because NOj;™, unlike NO,7, is always available when
oxygen is present. These results hypothesize fundamental expla-
nations from the perspective of microbial niche differentiation for
why some OMZ microbes have not evolved away from actual,

https://doi.org/10.1073/pnas.2417421121

measured oxygen sensitivities that reflect oxygen-intolerant
enzymes. This reflects the understanding that microbes and their
environments coevolve, and that such coevolution may maintain
oxic—anoxic gradients and permanently anoxic states, resulting in
distinct oxygen sensitivities in microbes that have not (yet)
encountered evolutionary pressure to evolve away from their
low-oxygen or anoxic niches (64, 67, 76).

Dominance of the NO;"—NO,”  Module

Synthesizing our analysis of variations in both OM:NO;™ and oxy-
gen supply in the ecosystem model provides an explanation for
why the short NO;”—>NO,” module is the most abundant deni-
trifying pathway observed in OMZs (14-16). This explanation has
two parts. First, most areas of the ocean on average are considered
oligotrophic in terms of OM supply (11), which is consistent with
the modeled predominance of NO; —»NO, and NO, -»N, mod-
ules when OM supply is low (Fig. 2). However, even the most
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oligotrophic areas of the ocean experience episodic blooms, sup-
plying high amounts of limiting substrates temporarily, and our
model suggests that such events may favor longer NO; -utilizing
pathways. Thus, model results suggest that the short NO; —NO,”
module dominates in most conditions, though it is not the exclu-
sive pathway. Second, the model also predicts the wider oxygen
niches of types using NO;™ (Fig. 3 and S Appendix, Fig. S6), pro-
viding further explanation for the prevalence of the NO;”=NO,~
module over the subsequent NO, =N, module.

We demonstrate the dominance of the NO;”—»NO, ™ module
in model and data by comparing model solutions to gene abun-
dances. We convert modeled biomasses to a quantity that is pro-
portional to gene abundance by summing up the biomass of all
microbial functional types that would contain a certain gene and
assuming one gene copy per cell, with the exception of nar (for
which we assume four copies per cell), based on observations (14,
70). These estimated gene abundance proxies are consistent with
measured gene abundances showing that the gene encoding the
NO; —=NO, pathway (nar) is significantly more abundant than
the gene encoding NO, =NO (zir) (Fig. 3G). Rates of NO;~
—NO, are much higher than the rates of NO, —N, in both
model and data (25, 26, 71) (Fig. 3H).

Controls on N Loss

The modeled denitrifier community succession suggests accompa-
nying patterns in N cycling and loss dynamics. As the dominant
denitrifiers shift with OM:NOj;™ supply, there is also a shift in the
dominant N species predicted by the model to be produced, excreted
from the cell, and then consumed by different cells (Fig. 4), which
we here term the N “intermediates.” These intermediates may not
accumulate, because they may be consumed as quickly as they are
produced. Thus, an N species’ status as an intermediate in our frame-
work is a necessary but not sufficient condition for its accumulation.
At low OM:NOj;" supply, NO,™ is the only N intermediate. This
result is consistent with the general understanding that NO,™ is a
key intermediate in OM-limited open-ocean OMZs. At relatively
higher OM:NOj;™ supply, the regime that emerges from time-varying

dynamics, N,O is the intermediate. This result suggests that active
N, O fluxes, and thus the potential for denitrification-derived N,O
emissions from ocean to atmosphere, require relatively higher
OM:NO;™ supply and a more dynamic environment than many
oligotrophic open-ocean locations. Because OM supply generally
wanes with depth, this implies that this denitrifier-led N,O cycling
may be most critical in the dynamic areas of the upper OMZ oxy-
cline in productive locations. This is consistent with the most intense
N,O accumulation and N,O cycling rates being measured in the
upper oxycline (Fig. 4) (51, 53, 77, 78). At the highest OM:NOj5’,
likely inside organic particles (41), N-limitation favors complete
denitrification. This suggests a smaller role for N,O cycling and for
anammox (which requires NO,") inside or in close association with
particles.

The community transition also shifts the bioavailable N that is
directly transformed (within one functional type) into a gaseous
form (N,O or N,), which we term the “N loss source” (Fig. 4).
At low OM:NOj supply, NO, is the main N loss source from
denitrification. Since anammox requires NO,, this regime is the
only regime compatible with anammox being an active and dom-
inant contributor to N loss. Indeed, in the model, the contribution
of anammox to N loss is consistent with previous theory (~30%)
(12,79, 80) when aerobic heterotrophy is negligible (since increas-
ing oxygen supply means that more OM is respired acrobically,
but ammonia supply from heterotrophs remains about the same).
This implies that anammox is sustainable when denitrification is
limited by OM rather than NO;™ (S] Appendix, Fig. S5, black line).

In contrast, as OM:NOj supply increases, NO; ™ rather than
NO, ™ becomes the N loss source. This suggests that measurements
targeting NO, ™ as the source of N loss in OM-rich environments
may be missing much of the flux. In this way, results provide a set
of testable hypotheses for considering N loss from the ocean for
new experiments and observations (Fig. 4), as discussed below
(Concluding Remarks).

Opverall, the succession of denitrifier communities along envi-
ronmental gradients results in a succession of active intermediates
and N loss sources of denitrification. In general, in less productive
waters where OM supply is lower, NO, ™ cycling is more favorable.

A Oligotrophic water Phytoplankton bloom Concentration
i ‘.'. { ] * "
e Particles [ ) 5
. i Dynamic NOs>Nz0
Nutrient oM |“‘. interface.  Hotspot
availabilities NO5-

N 0379 N 027 N 0379 Nzo
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Depth

Fig. 4. Schematic of predictions from our theoretical framework and model. (A) Predicted microbial niches, intermediates of the denitrification process, and N
loss sources under different nutrient conditions. The green and light blue bars in the intermediates panel indicate niche overlaps of microbes resulting in NO,”
and N,O cycling, N,O and no intermediate, respectively. The orange bar in the “N loss sources” panel indicates a niche overlap of microbes resulting in NO,” and
NO; being N loss sources. (B) Schematic of a typical open-ocean OMZ water column, emphasizing the predicted hotspot for NO;"—N,O. Three typical vertical
profiles are plotted: oxygen (black line), OM (brown line), and NO5™ (gray line). The shaded red area indicates the dynamic oxic-anoxic interface where variable
OM supplies as a hotspot for NO;—N,0. Green circles and brown circles represent the phytoplankton and nonliving OM, respectively.
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In contrast, N,O cycling by denitrifiers is predicted to be generally
more favorable in more productive, anoxic locations where OM
supply is dynamic. It is important to note that our results do not
imply that NO,™ and N,O cycling must be spatially separated.
They can occur in the same water mass due to inherent complex-
ities allowing different subsets of denitrifiers to experience different
OM:NOj supply. For example, free-living (low OM:NO;™ sup-
ply) and particle-associated (high OM:NO;™ supply) communities
may be sampled together. Additionally, different denitrifier species
may preferentially consume different organic substrates, and the
relative supply of OM:NO;™ differs for diverse types of OM, as
discussed further below. Our simple model provides the necessary
step of untangling this complexity and can aid in the interpreta-
tion of more complex regimes. The broad, simple patterns pre-
sented here can provide guiding principles and testable predictions
that can be used to design sampling strategies targeting different
fractions of the same water mass or environmental gradients to
better understand the relationship between complex microbial
ecology and N cycling.

Concluding Remarks

Models simplify complex natural ecosystems based on what ques-
tions they are designed to answer. Many biogeochemical models
without microbial components have captured key biogeochemical
features of OMZs (30, 81-83). However, our theoretical model
with explicit microbial functional types is necessary to explain the
observed functional diversity of denitrifying microbial populations
and to elucidate the biogeochemical dynamics arising from their
interactions with each other and with the rest of the ecosystem.

Our framework suggests that the coexistence of microbes in
OMZs can largely be attributed to temporal and spatial niche par-
titioning in accordance with ecological theories and experiments
(24, 42, 84, 85). This framework reproduces key observed features
of the N cycle in OMZs, including the dominance of the NO;~
—NO, pathway, particularly in oligotrophic waters more prone to
oxygen supply, and its higher oxygen tolerance. Additionally, it
captures the dominance of NO; —NO, =N, O pathway in N,O
production. While microbial functional types driving different deni-
trification pathways may belong to distinct niches in our framework
(Fig. 4), their coexistence is possible through microscale gradients
in both space and time, which would allow diverse denitrification
processes to occur and intermediates (NO,™ and N,O) to accumu-
late in what is observed to be the same water mass.

Other environmental or biological factors, such as eddies and
mixing (55), the top—down control of biomass by grazing or viral
lysis (86, 87), the variety of OM substrates as distinct resources (88),
and additional tradeoffs among traits that characterize other fitness
aspects of microbial functional types (84) can also influence the
diversity of denitrifiers. For example, the model could be easily
extended to include distinct pools of OM. Labile OM substrates
are supplied at high rates, thus supporting the majority of
OM-consuming microbial biomass, but are depleted to low (nano-
molar) limiting concentrations (89). Therefore, we speculate that
denitrifiers consuming labile substrates are more likely to align with
the OM-limited community structure predicted here. In contrast,
recalcitrant substrates that accumulate to high concentrations may
have consumers that are limited by the rate at which they can utilize
them, or other ecological factors (90), and so the denitrifying com-
munity consuming recalcitrant substrates may be subject to a dif-
ferent set of ecological dynamics not explored here. The preference
for specific OM types has been associated with microbial taxonomy
(91), but more work is needed to connect such preferences to micro-
bial functions. In addition, metabolically flexible chemoautotrophic
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denitrifiers (92), which use different reduced sulfur compounds
instead of OM as electron donors, add another layer of diversity,
particularly in coastal sulfidic environments (10). The framework
here may be extended to consider these additional metabolic path-
ways and environments.

Odur results also produce testable hypotheses for niche partition-
ing and its relationship with N loss dynamics. The model suggests
that denitrifier functional types performing longer denitrification
pathways thrive under N limitation conditions but may become
outcompeted by types performing shorter pathways once OM
becomes limiting. Consistent with gene-level (14, 93) or
genome-resolved metagenomic observations (16), our results show
that the most abundant functional type, the NO;—NO,™ module,
prefers a free-living lifestyle, and the rare functional type, complete
denitrification, becomes competitive in OM-rich, N-limited parti-
cles (Fig. 4). This niche differentiation maps onto a hypothesized
shift of denitrification intermediates and N loss sources when nutri-
ent limitation changes (Fig. 4). Our framework, for example, indi-
cates that relatively high levels of OM supply in a dynamic,
low-oxygen environment will favor extracellular N,O fluxes from
denitrification, which, if conditions allow, may accumulate and
potentially then fuel N,O emission to the atmosphere. These con-
ditions may be more commonly satisfied in the upper OMZ, close
to the oxycline, where inputs of OM are strong and variable. Also,
results suggest that the source of N loss, from outside the cell, will
switch from NO,™ to NO;~ with increasing OM supply (i.e., from
free-living to particle-associated environments). These hypotheses
can be tested using single-cell or metagenomic sequencing and stable
isotope incubation experiments.

This simple framework, rooted in thermodynamics and redox
chemistry, could be incorporated into higher-dimension models
or extended to other ecosystems. With the explicit, yet theory-based
representation of microbes, our model sets the stage for consider-
ing the effect of microbial ecoevolutionary dynamics on ocean
biogeochemistry, which is critically needed to understand and
predict the response of ecosystems to global change.

Methods

Denitrifier Functional Types. Our model framework quantitatively describes
diverse denitrifier functional types in an ecosystem model of an anoxic zone
based on their unique redox chemistry. This framework builds on previous redox-
based frameworks for aerobic and chemoautotrophic functional types (17). We
simplify the denitrification pathway into NO; —NO, —N,0—N,. All possible
combinations of denitrification steps result in seven possible functional types
(Fig. 1A): Three NO5 -reducing denitrifier types (NO; —NO,", NO; —NO, = N,0,
NO; —NO, =N,0—N,), two NO, -reducing denitrifier types (NO, —N,0, NO,”
—N,0—N,), one N,0-reducing denitrifier types (N,O—N,), and one group with
nonadjacent denitrification steps (NO;—NO,” and N,0—N,) (16). This latter
nonadjacent type is competitively excluded in a model simulation (S/ Appendix).

Thermodynamics Methodology. We estimate biomass yields y,,, and y,, from
thermodynamics and pathway length penalty. First, we use redox half reactions to
describe and summarize the partitioning of electrons to balance biomass synthesis
(anabolism) with energy-generating redox reactions (catabolism) (See S/ Appendix
for details). These half reactions do not necessarily represent the detailed reactions
occurring at the enzyme level. The standard molal Gibbs free energy of formation
(AG®) values for compounds in the model as a function of temperature are from
(94). We calculate the actual Gibbs free energy (AG) from (AG®) using the Nemst
equation, considering the ballpark concentrations of substrates measured in OMZs.
The total energy needed for synthesizing biomass per electron transferred (AG,) is
defined as the energy needed to convert OM to pyruvate plus the energy needed
to convert pyruvate to biomass considering an efficiency term of electron transfer
(ep). The energy released per electron from the redox reaction (AG,) is different
for each denitrification reaction. Following Rittmann & McCarty (33), we estimate
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the fraction f of electrons from OM used for biomass synthesis vs. the fraction used
in the energy-generating redox reaction (i.e., denitrification). Assuming the same
inefficiency ep for the energy production, the energy produced from denitrifica-

tion (AG, « ep « (1 — f)) must equal to the energy needed for biomass synthesis
(=AG, « f).Thus,f = ﬂ(smppendix).

AG, - AG,
Second, a penalty(P) is applied to denitrifiers possessing more than one deni-
trification step assuming that higher proteome costs associated with longer steps
require more electrons from OM to be used in energy-generating redox reactions
(Fig. 1B). Because the functional form and magnitude of such a penalty is not
clear, we here assume a linear relationship between the penalty and the path-
way length, but other functional forms would give the same results qualitatively.
The penalty is applied to the fraction of electrons used for biomass synthesis:
fe(1—Pe(n—1)),wherenisthe numberof denitrification steps (the pathway
length). We analyze the effect of different Pvalues on the y,,, and y,, of different
denitrifiers (S/ Appendix) because measurements or other estimates of P are
limited (S/ Appendix, Fig. S8).The uncertainties in our penalty parameterization,
aswell as uncertainties in other functional type parameters (e.g. maximum uptake
rate of OM, half-saturation constants, and loss rates), will impact the magnitudes
of the plausible range of P values. However, the same scenarios presented here
will dictate the ecological dynamics. Thus, our results are qualitatively robust to
uncertainties and variations in parameters and penalty parameterizations.

Our Estimated Yields Supported by Experimental Observations and
Metabolic Modeling. To validate our estimated biomass yields y,,,and y, from
thermodynamics and pathway length penalty, we compared them with inde-
pendent observations from measurements and results from a metabolic model.
The first comparison was with y,, values for different N substrates (specifically
NO5",NO,, and N,0)in Pseudomonas denitrificans grown in a chemostat culture,
where glutamate served as the source of energy, carbon, and N (35). The second
comparison was with measured y, values for NO5™ from 75 taxonomically diverse
denitrifiers (including alpha, beta, and gamma Proteobacteria) under batch cul-
ture conditions with succinate as the carbon source (36). Our estimated y,, is
consistent with these experimental measurements (S/ Appendix, Fig. S1Band D).

Additionally, to validate the y,,, values obtained from our theoretical frame-
work, we compared them with estimates derived from metabolic modeling
(S Appendix). We reconstructed the metabolic model of a marine denitrifier
(Marinobacter) and used Flux Balance Analysis (95) to estimate y,,, across 59
different media, each with a distinct carbon source. The results from metabolic
modeling are also consistent with our y,,, estimates (S/ Appendix, Fig. S1Aand C).

Functional Type Growth. The growth rate (u) of any given functional type on
a required resource is set by the specific resource uptake rate and the biomass
yield with respect to growth on that resource, following previous methods (17), as

R
Hp =yRVmaerKR' [1]

where the resource uptake rate (V) for any resource R is modeled by the
Michaelis-Menten equation (96).

We assume identical uptake kinetics (V,,,, and Kg) for each resource for all
denitrifier functional types in order to isolate the impacts of thermodynamics
and pathway length penalty. The modeled growth rate is defined by the limiting
growth rate for multiple required resources (i.e., OM and N for the denitrifiers),
following Liebig's Law of the minimum, as

H= min[ﬂm, MRZ]' [2]

The subsistence concentration of a resource (R*) that is required for microbial
growth is the concentration that makes the growth rate of the microbial popula-
tion equal its loss rate (which is the dilution rate for the chemostat model; u = D):
yRVmaxR -D

Virtual Chemostat Model. The equations below describe changes in microbial
biomass and nutrient concentrations over time in the virtual chemostat, following
previous methods (21, 64). OM, NO;, and oxygen are supplied to the chemostat
accordmg to prescribed incoming concentranons[Ol\/l],n, [NO, ;. and[O,];, (mmol

m™~). D is the dilution rate of the chemostat (day™"), y is the functional type and
substrate specific yield (mol biomass N synthesized per mol substrate consumed),
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e is the excretion ratio (moles of a molecule excreted per mole biomass N synthe-
sized, proportional to y ). Both y and e are set by the stoichiometry of the redox
reactions listed above for the denitrifiers, and as described in references (21 65)
or the additional aerobic and chemoautotrophlcfunct|ona| types. u; (day™")is the
growth rate of functional type i, and B, (mmol N m™3) is the biomass. All inorganic
Nand OM concentrations are normahzed tommol N m™>. Forexample, the concen-
tration of N in the form of N, O in the model (N_N,0) is twice that of N,0.

dB,
- = Bi(w=D). (4]

d[OM] 1
e = D([OM], —[OM]) — Z%—Miﬂ,.B,, 5]

dio,] 1
Tf =D([0,],-10,]) - IzhjufB/, (6]

diNo;] B 1
— =D([NO3], — [NO3]) + ZeNOsiy,-B,— ZyN—%ﬂ,B,, (7]
d[NHT
[ ] Z i 1B, — Z%#; . —D[NH{], 8]
0;] 1 .
= X ewo,uB— Y, —wuB=DNO;|, 9]
i T Yno,
d[N_N,0] /v2

ZLM B, = D[N_N,0]. [10]

i 2Yi

ZeN NZOﬂ/ i~

We solve Eqs. 4-10 for variable OM:NO;™ supply. We vary [OM];, and assume
a constant NO,™ incoming concentration of 30 uM to simulate the NO, -filled
ocean. The equations are solved numerically by integrating forward in time until
a dynamic equilibrium is reached.

Functional Type Survival and Coexistence Regimes. \We use Resource
Competition Theory (42) to quantitatively identify the survival and coexistence
regimes for the three NO5"-reducing denitrifiers. These three types compete for
two nonsubstitutable resources (NO;”and OM). On this two-resource plane, we
can draw a zero net growth isocline for each type under NO,™ or OM limitation
(51 Appendix, Fig. S3), which is R*y or R*o, respectively. A CV, the ratio of the two
resources being consumed, is calculated for each functional type as

V= Voiate — HB/Vaitate — yO_M
Vom HB/You  Yaitwte

(1]

The CVs of the three NO5 -reducing denitrifiers indicate the critical OM:NO5” sup-
ply ratios that set the survival and coexistence regimes.

Data, Materials, and Software Availability. All code, model parameters, and
the reconstructed metabolic model are deposited in the Zenodo repository (DOI:
10.5281/zen0d0.14026993) (97).
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