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Abstract

Anaerobic ammonia-oxidizing (Anammox) bacteria (AnAOB) rely on nitrite supplied by ammonia-oxidizing bacteria
(AOB) and archaea (AOA). Affinities for ammonia and oxygen play a crucial role in AOA/AOB competition and their
association with AnAOB. In this work we measured the affinity constants for ammonia and oxygen (half-saturation; k,,) of
two freshwater AOA enrichments, an AOA soil isolate (N. viennensis), and a freshwater AnAOB enrichment. The AOA
enrichments had similar kinetics (¢ = 0.36 d!, kmNpa = 0.78 uM, and kyy, 0n = 2.9 uM), whereas N. viennensis had similar
ky, values but lower g,y (0.23 d™'). In agreement with the current paradigm, these AOA strains showed a higher affinity for
ammonia (lower kp, npa; 0.34—1.27 uM) than published AOB measurements (>20 uM). The slower growing AnAOB (Up,x =
0.16 d~") had much higher ki, values (kynua = 132 UM, kyno2 = 48 uM) and were inhibited by oxygen at low levels (half-
oxygen inhibition; k; o, = 0.092 uM). The higher affinity of AOA for ammonia relative to AnAOB, suggests AOA/AnAOB
cooperation is only possible where AOA do not outcompete AnAOB for ammonia. Using a biofilm model, we show that

environments of ammonia/oxygen counter diffusion, such as stratified lakes, favors this cooperation.

Introduction

Anaerobic ammonia oxidizing (Anammox) bacteria
(AnAOB) grow autotrophically on ammonia and nitrite
under oxygen deplete conditions, which gives them a
unique ecological niche. As a result, AnAOB are widely
distributed in suboxic environments throughout the world,
including marine, freshwater, terrestrial, and various
extreme environments [1, 2]. In fact, it is estimated that
Anammox is responsible for ~30% of global oceanic
nitrogen loss [3]. However, the use of nitrite necessitates
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synergistic relationships between AnAOB and organisms
that produce it, including ammonia oxidizing bacteria
(AOB) and archaea (AOA) that aerobically oxidize
ammonia to nitrite [4]. Since Anammox is inhibited by
oxygen there is a delicate oxygen balance between the
aerobic and anaerobic oxidation of ammonia. For example,
in the oxic/anoxic boundary region of the stratified water
column of the Black Sea, diffusion of nitrite produced by
microaerophilic AOA and AOB growing in the upper low-
oxygen region supports AnAOB in the adjacent lower
suboxic region (<5 uM oxygen) [5]. Another example of
their concomitant growth is in engineered biofilm systems,
such as granular sludge wastewater treatment, where AOB
reside in the aerobic surface layer of the spherical biofilm
and AnAOB reside in an anoxic interior [6].

AOB are the dominant ammonia oxidizers in most
wastewater treatment plants due to their copiotrophic
growth characteristics [7, 8], whereas AOA dominate oli-
gotrophic open oceans and soils where ammonia con-
centrations are significantly lower [9, 10]. AOB and AOA
affinity, or the degree that these organisms can grow at low
levels of ammonia and oxygen, therefore plays a crucial role
in niche differentiation [11]. AOA also have a more effi-
cient pathway for carbon fixation than do the AOB,
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contributing to better growth on limited substrate [12].
Similarly, affinity plays a role in niche differentiation of
AnAOB species, where it has been suggested that members
of the Brocadia clade are copiotrophic and dominate under
nutrient replete conditions whereas members of the Kue-
nenia clade have more oligotrophic characteristics [1, 13].
Finally, affinity plays a role in cooperation (passing of
nitrite) and competition (for ammonia) between AOA or
AOB and AnAOB.

Since affinity plays a large role in determining what
environments AnAOB and AOA or AOB cooperate and
compete, in this work we characterized the kinetic affinity
constants (half-saturation concentrations; k) of two fresh-
water AOA enrichment cultures, one AOA pure culture (N.
viennensis), and an AnAOB enrichment. Those data were
then used to model environments supporting the synergistic
association of ecotypes having differing affinities. Those
analyses suggest that AOA and AnAOB cooperation is
enhanced by cross-diffusional conditions (as in the ocean),
whereas AOB and AnAOB cooperative growth is more
compatible with co-diffusional habitats (as in biofilm
systems).

Materials and methods
AOA and AnAOB culturing

Three AOA strains were used in this study, enrichments
from Lakes Delaware (DW) and Acton (AC2) in Ohio, and
a pure culture Nitrososphaera viennensis isolated from soil,
all belonging to the group I.1a of the Thaumarchaeota [14,
15]. On the basis of ammonia monooxygenase gene
sequence comparisons, AC2 is 82% identical to DW, and N.
viennensis is 70 and 71% identical to AC2 and DW,
respectively [15]. AnAOB granular biomass collected from
an Anammox reactor treating anaerobic digester effluent
pretreated with a nitritation reactor was provided by the
wastewater treatment plant in Rotterdam Sluisjesdijk, the
Netherlands [16]. The dominant Anammox organism in this
sludge was Brocadia anammoxidans [16]. All cultures were
grown at 30 °C in Crenarchaeota Medium containing 1 mM
or 2 mM NH,CI. Per L the media contained: 53.5 or 107 mg
NH,CI, 476.8 mg HEPES, 48 mg NaOH, 585 mg NaCl, 75
mg KCI, 147 mg CaCl,-2H,0, and 49 mg MgSO,-7H,0,
168 mg NaCO3;, 2.8 mg FeNaEDTA, 0.2 mg KH,PO,, and
1 ml trace minerals mixture (per L): 8 mL 37% HCI, 30 mg
H;BO;, 100 mg MnCl,-4H,0, 190 mg CoCl,-6H,0, 24 mg
NiCl,-6H,0, 2 mg CuCl,-2H,0, 144 mg ZnSO,-7H,0, and
36 mg Na,MoQOy4-2H,0. Sustained growth of N. viennensis
required the addition of 1 mM pyruvate as previously
reported [14]. AnAOB cultures were supplemented with 1.3
or 2.0 mM NaNO,. Except during AOA batch growth tests,
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nitrite, ammonia (total ammonia; ammonia and ammo-
nium), and total oxidized nitrogen (TON; nitrite plus nitrate)
were measured using a Gallery™ Automated Photometric
Analyzer (ThermoFisher Scientific, Waltham, MA U.S.A.)
with the respective reagents, and measurements were cali-
brated using NaNO,, NH,Cl, and NaNO;, respectively.
During batch growth tests, nitrite was measured by hand
colorimetrically using diazotized sulfanilamide and NED
dihydrochloride [17].

Maximum specific growth rate for AOA

The maximum specific growth rate (4,,,x) of the four strains
as well as the kinetics for oxygen (limitation of AOA or
inhibition of AnAOB), ammonia limitation, and nitrite
limitation of AnAOB were characterized for all cultures.
For determination of the yu,,,x of AOA, cultures were placed
in 100 ml of media in an unmixed closed 250 ml glass
media bottle. AOA activity was tracked by measuring nitrite
production, which is presumed proportional to biomass
production, and un,, was fit to the resultant exponential
growth curve. These tests were conducted at both 1 mM and
2mM NH,CL

Oxygen and ammonia affinities for AOA

Similar to studies reported by Martens-Habbena et al. [11],
AOA nutrient limitation tests were conducted using a
Unisense oxygen needle sensor OX-N 13621 (Unisense,
Aarhus N, Denmark) to measure activity. 120 ml of culture
was placed in a 120 ml serum bottle (no head space), sealed
with a rubber stopper, and continuously mixed using a
magnetic stir bar to ensure homogeneity. The oxygen sensor
was calibrated using a two-point calibration with the zero
taken as the flat line of the oxygen depletion experiments
and a saturation point (0.238 mM at 30 °C) taken by bub-
bling air in deionized water for at least an hour. The sensor
was inserted through a hole punched through the rubber
stopper and calked around it to prevent gas exchange.
Oxygen measurements were taken every minute and
“smoothed” by taking a 30 min average, computing oxygen
consumption as the change in oxygen divided by the time
step (1 min). Oxygen affinity was determined by tracking
oxygen consumption as oxygen was depleted, and ammonia
affinity was determined by tracking oxygen consumption as
ammonia was depleted.

All AOA nutrient limitation results followed Michaelis—
Menten type kinetics:

S

_ Hmax

“_S+km

where u is the specific growth rate (mM O, d~' mM
NO, "), § is the limiting substrate concentration (oxygen or
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ammonia; mM), and k, is the half-saturation constant
(mM). We determined u by taking the oxygen consumption
(mM O, d~') normalized to nitrite concentration (mM
NO,), which was assumed to be proportional to biomass
production. The unit conversion between d~! (reported for
the exponential growth u,,x determination) and mM O, d!
mM NO, ! (reported y for the nutrient limitation experi-
ments) was assumed 1.5 (i.e., nitrite is produced in a 1:1.5
ratio of nitrite produced to oxygen consumed). To
determine k;,,, 4 was plotted against oxygen or ammonia
depending on which nutrient was depleted in that experi-
ment to generate an affinity curve. For ammonia, the
ammonia concentration was computed by assuming ammo-
nia is consumed at a 1.5:1 ratio to oxygen and was depleted
when oxygen consumption stopped. The u;,, value was
fixed to the average value determined for each organism,
and the initial biomass concentration (as nitrite) and k,,, were
fit by minimizing the sum of squared difference between the
measured and modeled x using Microsoft” Excel 2016
and the Solver Add-in. Initial nitrite concentration (surro-
gate for biomass) was fit instead of using an initial
measurement because unlike during u.., determination,
the biomass had gone through periods of starvation, and,
therefore, biomass had decayed when nitrite had not, and
measured nitrite was not a reliable measure of initial
biomass concentration.

Maximum specific growth rate for AnAOB

Similar to AOA, AnAOB pp,x was determined by growing
the AnAOB enrichment in a batch culture and measuring
the removal of ammonia and nitrite. AnAOB granules were
broken up using a tissue potter and grown in serum bottle
batch cultures. Bottles were sparged with nitrogen gas to
remove oxygen prior to initiating batch growth and mixed
with a stir bar throughout the experiment. The u,.x was
determined by fitting to the exponential nitrite removal
curve (taken as the nitrite measurement at each time point
minus the initial nitrite). Thus, each batch culture yielded
tWO Umax Values (from ammonia and nitrite). However, p.x
determined using ammonia was systematically higher than
for nitrite. We speculated that there were other organisms in
the AnAOB culture contributing to this consumption (e.g.,
due to ammonia assimilation) as indicated by the reported
ratio of nitrite to ammonia consumed during these tests.
Since ammonia pm,, Wwas not a reliable measure of Ana-
mmox activity, um.x was only determined using nitrite
removal.

Oxygen and ammonia affinities for AnAOB

Nutrient limitation and oxygen inhibition were determined
using septum bottles with OxiTop® anaerobic pressure

sensing heads (Xylem Analytics Germany Sales GmbH &
Co. KG, Oberbayern, Germany), which detects pressure
difference caused by the dinitrogen gas produced during
anaerobic ammonia oxidation. The OxiTop system recorded
a pressure every 1-4 min depending on the duration of the
experiment recorded (624 h). Because the OxiTop system
reports the pressure in discrete increments of whole number
hPa, the pressure data was “smoothed” by taking a 2h
average, as opposed to the 30 min average used with the
oxygen sensor. Gas production was computed as the change
in pressure divided by the time step between sampling
points. Ammonia and nitrite were measured at the begin-
ning and end of each OxiTop experiment. Comparing the
change in pressure to the change in ammonia or nitrite
gave an approximate ratio of ammonia or nitrite consumed
to gas pressure produced, which was used to compute a
curve of continuous nitrite and ammonia consumption at the
resolution of the pressure readings. The nitrite consumption
rate was used as the measured u, which, along with the
nitrite or ammonia concentrations, were used to determine
k. Similar to the procedure for AOA, the un,, value was
fixed to the average value determined in the exponential
growth experiment, and the initial biomass concentration
(as nitrite) and k&, were fit by minimizing the sum of
squared difference between the measured and modeled u
using Excel Solver.

Oxygen inhibition for AnAOB

For oxygen inhibition of Anammox, the OxiTop system
was again used to measure activity. In addition, a Unisense
oxygen needle sensor OX-N 13621 (same as was used for
the AOA nutrient limitation tests) was inserted into the
OxiTop serum bottle to track oxygen. At the beginning of
the experiment a small volume of pure oxygen was injected
into the bottle (0.8—1.2 uM O, as measured by the oxygen
sensor). The microbial community in the AnAOB enrich-
ment slowly consumed the oxygen until it was depleted.
The resulting pressure reading showed a slow decline in
pressure as the oxygen was consumed and began to
increase once Anammox activity was resumed (presented in
Supplemental Information Figure S13). Similar to the k,,
values, the half-maximum inhibition concentration of oxy-
gen (k; mM) was determined using u (computed from
pressure change) and oxygen concentration, and k; and
initial biomass concentration (as nitrite) were fit using Excel
Solver.

A typical inhibition function was used to describe oxy-
gen inhibition:

_:umax*ki
 k+S

where S is the oxygen concentration (mM).
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Fig. 1 Representative plots used to determine the maximum specific
growth rate (Umax; dh plot a) half-saturation constant for ammonia
(kmNpa; mM; plot b) and half-saturation constant for oxygen (ky, o2;
mM; plot ¢) for DW ammonia oxidizing archaea enrichment culture.

Mathematical model

A one-dimensional biofilm model was used to demonstrate
spatial cooperation/competition between AOA, AnAOB,
and AOB. The model was implemented using Aquasim
software [18], model structure, and diffusion properties
from Volcke et al. [19], and typical AOB kinetic parameters
from Rittmann and McCarty [20] extrapolated to 30 °C
(Umax = 1.36 7', kpnpa = 0.16 mM,  ky 00 = 0.016 mM,
and b (decay) =0.19 d™!). The AOA and AnAOB kinetic
parameters determined as described above were used,
except the above determined u;,, was a net growth and
therefore, considered p,x —b in the model. For the model,
b was assumed 0.14 * pup.(measured) and ppax = Umax
(measured) + b. Yield was set to 0.1337 gCOD gN~! for
AOA and 0.0905 gCOD gN~! for AOB assuming 1.44
gCOD gVSS™! [12]. For ammonia/oxygen co-diffusion,
bulk oxygen was fixed to 0.3 mg/L, and for ammonia/
oxygen counter-diffusion oxygen diffused from the biofilm
substratum set at 300 mg/L (approximate air). The models
were run for 300 days with a hydraulic retention time of 0.4
d and influent ammonia of 7.0 mM. The complete equations
and variables are displayed in Supplementary Information
Tables S1 and S2.

Results
AOA and AnAOB kinetic parameters

Representative plots used for calculating pp.x, kmNpa, and
km.o2 for the DW AOA enrichment culture are displayed in
Fig. 1, and a summary of results for AOA enrichments DW
and AC2 and pure culture N. viennensis are present in
Table 1. All parameter curve fittings are present in Sup-
plemental Information Figures S1-S9.
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The exponential production of nitrite was used to determine fy, in
plot A (umax =0.41 d’l). Half-saturation constants were determined
using the rate of oxygen consumption in plots B and C (ky, ngsa = 0.77
UM; ko2 = 3.6 M)

Table 1 Values for umax, kmnms, and, kg oy determined for AOA
enrichment cultures (DW and AC2) and the pure culture of N.
viennensis. Each reported value is the average and (standard deviation)
of six batch tests for uy,y, and four limitation tests for each &y, ngs4 and
kmoo. Parameter curve fittings are presented in Supplemental
Information Figures S1-S9

AOA Hinax (A7) Kt (M) k02 (M)
DW 0.37 (0.03) 0.90 (0.24) 2.9 (0.5)
AC2 0.34 (0.02) 0.61 (0.39) 2.9 (1.3)
N. viennensis 0.23 (0.01) 0.81 (0.38) 2.8 (1.4)

Representative plots used for calculating tm. and ki o
for the AnAOB enrichment are shown in Fig. 2. Determi-
nations of kg, g4 and ki, op were done as for AOA (Fig. 1),
except activity was determined with pressure change with
the OxiTop system. The values for p,, ratio of nitrite to
ammonia consumed, ki op, kmnp4, and, kyno2 determined
for an AnAOB enrichment are present in Table 2. All
parameter curve fittings are present in Supplemental Infor-
mation Figures S10-S14.

AnAOB competition/cooperation with AOA/AOB and
mathematical modeling

For cooperation between AOA and AnAOB to occur there
needs to be a balance with oxygen (promotion of AOA/
AOB and inhibition of AnAOB) and ammonia (supplied to
both). We address two possible scenarios for this coopera-
tion to occur: microaerophilic conditions, where oxygen is
at a level that AOA activity is promoted to the same level as
AnAOB is inhibited, and spatial separation, where nitrite
produced by AOA/AOB diffuses from aerobic to anoxic
environments for AnAOB to consume.

As opposed to ammonia, which promotes growth of
AOA and AnAOB, oxygen inhibits AnAOB and promotes
growth of AOA. Therefore, there is a concentration of
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Fig. 2 Representative plots used to determine the maximum specific
growth rate (Umax; d—'; plot a) and half-maximum inhibition con-
centration of oxygen (k; op; UM; plot b) for AnAOB. The exponential

Table 2 Values for Mmaxs NO,/NH;, ki,OZ’ km,NH4s and km,NOZ
determined for an AnAOB enrichment. Each reported value is the
average and (standard deviation) of six batch tests for um,, and NOy/
NH;, and four limitation/inhibition tests for each kjop, kmnpa, and
kmNop. Parameter curve fittings are present in Supplemental
Information Figures S10-S14

fmax (A7) NOo/NH;  kir (UM) kinNus (M) - ko2 (MM)
0.16 (0.04) 1.20 (0.05) 0.092 (0.080) 132 (24) 48 (25)
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Fig. 3 Average oxygen affinity curve for AOA (using fy.x = 0.36 d!
and kp, 02 =2.9uM) and inhibition curve for AnAOB (using pmax =
0.16 d! and ki 0o = 0.092 uM) demonstrating an ideal cooperation
point at 0.32 uM

oxygen that inhibits AnAOB activity to the same level as
AOA growth promotion. This is shown in Fig. 3, using the
oxygen affinity curve for AOA (generalized to be the
average Um and kp o, of DW and AC2) and inhibition
curve for AnAOB. Because our “activity” was normalized
to measured nitrite production or consumption, the point
where the curves cross is where the AOA are producing
nitrite at the same rate AnAOB are consuming it; 0.32 uM
or 10 ug/L.

Alternatively, spatial distributions could achieve coop-
eration if nitrite produced by AOA diffuses from aerobic to
anoxic environments. To illustrate the separation of aerobic
ammonia oxidation and Anammox, Fig. 4 shows modeled

w
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consumption of nitrite was used to determine g, in plot A (U =
0.15 d7"). Gas production as pressure change was used to determine
k02 (kioo=0.12 uM)

results of a biofilm with oxygen and ammonia supplied
from the same side (co-diffusion) and from opposite sides
(counter-diffusion).

Discussion
AOA kinetics

All three strains of AOA had approximately the same ki, Npa
and kp op. The kynps was also similar to the value pre-
viously reported for an AOA enrichment from agricultural
soil (kynpsa =0.69 +£0.04 uM), where the dominant AOA
was Candidatus Nirosoarchaeum koreensis, MY1 (99.8%
identical to AC2 and 81% similar to DW [15]) [21]. The kp,
o2 of the strains from this study (km o2 = 2.9 uM), however,
showed higher affinity for oxygen than that determined for
MY (ky o2 =10.38 +1.08 uM). These results further con-
firm the previous observations that AOA have a higher
affinity for ammonia than AOB (kp,, nus4 ranging from ~20 to
2000 uM) [8]. The kp nua of these AOA is also comparable
to the reported affinity of the complete ammonia oxidizing
(comammox) bacteria Nitrospira inopinata (0.65 (0.12)
uM), however in the same study they reported a sub-
stantially higher k,, ng4 for N. viennensis (5.4 (0.6) uM) than
we report here [22]. From a kinetic standpoint comammox
and AOA should compete for ammonium and future studies
are required to enhance our understanding of their ecolo-
gical niche differentiation.

The measured u,,.x for the AOA enrichment cultures is
similar to that measured by French et al. (= 0.38 d=H[15).
While the measured p,, is similar for the two enrichment
cultures, the maximum growth rate is markedly slower for
N. viennensis (=33% lower). A possible reason is that N.
viennensis has been shown to have an optimal temperature
of 35-37 °C whereas these characterizations were done at
30 °C [14]. Tourna et al. (2011) also reported that enrich-
ment cultures of N. viennensis grew very well, but pure
cultures only grew when they added pyruvate [14].

SPRINGER NATURE
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Fig. 4 Mathematically modeled
comparison of a co-diffusion
biofilm (left) and counter-
diffusion biofilm (right)
removing ammonia via partial
nitritation and AnAOB using
Aquasim. AOB dominate the co-
diffusion biofilm, whereas AOA
dominate the counter-diffusion
biofilm

----- Ammonia
--------- Nitrite

= = Oxygen

Concentration (mM)

Anammox
—AOA
e AOB

Concentration (gCOD L)

Although, pyruvate was added to the N. viennensis culture
experiments reported here, it is possible that they are still
limited (compared to the two enrichment cultures) due to
factors consumed or supplied when growing with other
organisms in enrichment culture. Thus, in consideration of
high similarity of the other measured parameters for all
three AOA, the u.x of N. viennensis may be closer to that
of the DW and AC2 strains characterized in this study.

While affinity characterization can be very useful in
determining niche differentiation, it cannot be taken as
absolute determinant. As we have shown, there is variability
in parameter determination, and other environmental con-
ditions such as temperature, pH, and community factors can
be important in apparent kinetic parameters. The extremely
high affinity of AOA for ammonia, and a capacity for some
to grow at an acidic pH where ammonium is the major
species, has served for speculation that ammonium rather
than ammonia is their substrate. Although recent modeling
[23] indicates that a charged S-layer typical of most AOA
could act to concentrate ammonium near the active site of
ammonia oxidation, as yet there is no direct evidence for
either species being the substrate.

AnAOB kinetics

The variability among replicates of the measured parameters
for AnAOB was generally higher than for AOA, which is
likely due to a combination of: (i) less precise activity
measurements (OxiTop pressure sensor for AnAOB verses
Unisense oxygen sensor for AOA), (ii) added variability
due to clustered growth of AnAOB (despite dispersal of the
culture), and (iii) higher degree of community complexity.
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Although AnAOB granular biomass was disintegrated, the
resulting cells tended to flocculate/cluster again and settle
faster, which could have resulted in diffusion limitations in
the culture. The measured affinities were similar to some
reported values [13], and other studies report much higher
affinities for ammonia and nitrite (values for ky, nps and ki,
~o2 that are an order of magnitude lower; down to 5 and 2.5
uM, respectively) [24-26]. The likely explanation is niche
differentiation associated with affinity differences among
AnAOB strains. This enrichment came from a wastewater
treatment plant receiving very high concentrations of
ammonia and nitrite [16], which likely selected for an R-
strategist population. In contrast, AnAOB that are active in
oligotrophic environments, such as found in oxygen mini-
mum zones of the ocean, would be expected to have higher
affinities typical of k-strategists. Aerobic nitrite oxidizers
show a similar range of ky, no2 values: 9-1400 uM [27]. The
ki 02, determined for AnAOB on the other hand, is on the
order of the value used by Strous et al. [26] (313 uM) and is
quite low. Still, it does show some limited tolerance to
oxygen suggesting the potential for activity in micro-
aerophilic conditions. The u,,, reported in literature ranges
from 0.0038 d ' t0 0.33 d~" at 30 °C [28], and therefore, the
value we report is within this range. Similar to affinity, the
Umax Of different strains would be expected to differ based
on their environment.

AnAOB competition/cooperation with AOA/AOB and
mathematical modeling

When assessing competition between AnAOB and AOA for
ammonia, it is clear that the AOA in this study have a
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higher affinity. The AOA ky Nua4 is an order of magnitude
lower than the lowest reported Kyps for AnAOB (ki nps =
SuM [26]). Thus, in oligotrophic environments with
ammonia as the growth limiting substrate, AOA would
easily outcompete AnAOB for ammonia. Cooperation
between these AOA and AnAOB, on the other hand,
depends on both nitrite, from AOA, and ammonia, not
consumed by AOA, supplied to AnAOB. Therefore, the
oxidation of ammonia by AOA needs to be partial, gen-
erating nitrite but not consuming all ammonia. This coop-
eration can be encouraged by limiting oxygen available to
the system (microaerophilic; displayed in Fig. 3) or by
spatial separation of the AnAOB and AOA activ-
ities (Fig. 4). Under oxygen saturated conditions nitrite
oxidizing bacteria (NOB) would outcompete Anammox for
nitrite, however this study sets its focus on environments
that are oxygen limited—such as oxygen minimum zones in
the oceans—and therefore NOB were not integrated into the
mathematical models.

Spatial separation can occur in biofilm environments,
such as in wastewater treatment where AOB consume
oxygen and ammonia at the surface while excess ammonia
and nitrite from the AOB diffuse into the lower anoxic areas
of the biofilm for AnAOB to consume. However, this
depends on ammonia being supplied in excess of oxygen so
there is not an over-abundance of nitrite produced. In more
oligotrophic environments these biofilms would favor AOA
(or N. inopinata showing a similarly high affinity) over
AOB, but oxygen would need to be significantly restricted
to allow ammonia to diffuse to AnAOB. On the other hand,
if ammonia was supplied in the anaerobic/anoxic side of a
biofilm, AnAOB would have preferential access to ammo-
nia. This leads to a situation where AnAOB are supplied
with higher ammonia, shielded from oxygen, and limited by
nitrite, and AOA have higher oxygen and limited ammonia,
ideal for outcompeting AOB. In a conventional biofilm,
AOB/AOA are oxygen limited. This “cross-diffusional”
biofilm could form a more natural synergism between AOA
and Anammox than through a microaerophilic environment
analogous to the cohabitation situation illustrated by Fig. 3.

From the modeled results, AOB dominate in the co-
diffusion biofilm, whereas the higher affinity AOA dom-
inate in the counter-diffusion biofilm due to the ammonia
limitation created by AnAOB. While cooperation with
AOA can be simulated in co-diffusion situations, by limit-
ing ammonia, this restricts the ammonia reaching the anoxic
AnAOB layer, and thus the oxygen and ammonia need to be
tightly adjusted to show this cooperation.

While counter-diffusion biofilms may not be significant
to global nitrogen cycling, analogous situations of counter-
diffusion occur within large regions of the marine water
column. Taking the Black Sea example reported by Lam
et al. 5, oxygen diffuses down from the oxygenated surface

waters, while ammonia diffuses up from decay byproducts
in the anoxic lower ocean. This leads to higher ammonia
and lower oxygen levels in the deeper ocean, more favor-
able to AnAOB, and lower ammonia and higher oxygen
levels in the upper ocean, more favorable to AOA. Similar
concentration gradients exist in freshwater environments
showing similar population responses [29, 30], and we
attribute cooperation in these environments to the counter-
diffusion of oxygen and ammonia. The topic of applying
Anammox systems to mainstream wastewater treatment is
also of interest due to the potential for low energy nitrogen
removal; however, achieving low effluent nitrogen con-
centrations is a challenge [28]. What this analysis suggests
is that at low ammonia concentrations, AOA enrichments
should be more efficient than AOB, however if AOA and
AnAOB are present in a biofilm, the most ideal scenario
would be to provide the oxygen and ammonia counter-
diffusionally to allow AnAOB activity (e.g., a membrane
biofilm reactor [31]). Common biofilm reactors (granular
sludge-based or moving bed biofilm reactors), however, are
more difficult to control.

The affinity results presented in this study generally
agree with published affinity k,,; values for AOA and
AnAOB. What has not been established, however, is the
impact affinity has on AOA/AnAOB cooperation. Because
of the very high affinity of AOA, we propound that it is
environment of oxygen/ammonia counter-diffusion that
encourage AOA/AnAOB cooperation. To further demon-
strate this, growing AOA and AnAOB in a membrane
biofilm reactor could be tried or populations in environment
where partial nitritation and Anammox co-occure could be
surveyed. Furthermore, there is a large diversity of AOA
and AnAOB whose kinetics have not been explored and
would be invaluable to this work.
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