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Ammonia oxidation, a critical nitrogen cycle process, exhibits contradictory
responses to aquatic acidification, and the underlying mechanism remains

unresolved. Here, through pH manipulation experiments across diverse eco-
systems and with a model ammonia-oxidizing archaea species, Nitrosopumilus
maritimus strain SCM1, we discover a unifying adaptive mechanism: acid-
ification triggers a compensatory increase in substrate affinity in ammonia-
oxidizing microorganisms. This enhancement counteracts the reduction in
ammonia availability, with the magnitude of increase being significantly
greater in ammonia-oxidizing archaea than in ammonia-oxidizing bacteria.
Consequently, in ammonia-oxidizing archaea-dominated systems, this adap-
tation can sustain or even stimulate oxidation rates under moderate acid-
ification, while ammonia-oxidizing bacteria-dominated systems experience a
decline. By incorporating this affinity response into models, we accurately
reconcile prior disparate field observations. We thus establish the regulation of
substrate affinity as a key determinant of microbial resilience, providing a
framework for predicting nitrogen cycle dynamics under future acidification.

Aquatic systems globally—including lakes', estuaries*’, and the open
ocean systems*—are undergoing rapid acidification due to rising atmo-
spheric carbon dioxide (CO,). Projections suggest that continued CO,
uptake by the oceans could lower surface pH by up to 0.5 units by 2100
compared to pre-industrial levels’. In coastal eutrophic waters, acid-
ification is often more pronounced, with pH declines of up to 0.85 units
in oxygen-depleted subpycnocline waters due to intensified respiration®.
Additional drivers include oxidation of reduced chemicals (e.g., ammo-
nium, manganese(ll), hydrogen sulfide, iron(ll), methane), organic acid
inputs, and atmospheric deposition of sulfur and nitrogen oxides”.
Understanding the impacts of acidification on biogeochemical processes
is thus critical for predicting ecosystem responses to global change’.
Ammonia oxidation (AO), mediated by ammonia-oxidizing
archaea (AOA), bacteria (AOB) and complete ammonia oxidizers
(comammox), is a linchpin of the nitrogen cycle. This process initiates

the formation of nitrate (NO5"), drives denitrification—a vital nitrogen
loss pathway—and generates the potent greenhouse gas nitrous oxide
(N,O). While all three groups oxidize ammonia (NH3) into nitrite
(NO;"), they occupy distinct niches™. Typically, AOB thrive in nutrient-
rich systems (e.g., eutrophic lakes and coastal waters), whereas AOA
dominate oligotrophic oceans due to their superior affinity for total
ammonium (NHz + NH4*)". In contrast, comammox Nitrospira species
are often found in stable, low-turnover habitats such as soils, sedi-
ments, and engineered systems (e.g., biofilms and wastewater
reactors)”, and are thus expected to play a minor role in the dynamic
water columns of reservoirs, estuaries, and the open ocean that are the
focus of this study.

Anthropogenic nitrogen inputs and acidification are altering these
dynamics”. Conventional models posit that pH decline reduces the
availability of NH;, which is the substrate for ammonia-oxidizing
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microorganisms“*® (NH;+H" 2 NH4'; pK,=9.24 at 25°C), thereby
decreasing oxidation rates'’'®, Yet, laboratory culture experiments
revealed varying pH sensitivities within the same microbial
lineages”?, and field studies report conflicting results, with acid-
ification sometimes suppressing and other times enhancing rates
(Supplementary Fig. 1)*'%?*%, These inconsistencies suggest NH;
availability alone cannot explain microbial responses.

AOA’s unique adaptations, such as high-affinity ammonium
transporters® and acid tolerant cellular structures”, may enable them
to exhibit greater resilience to low pH than AOB. Yet, community-
specific responses across environments remain poorly resolved, hin-
dering predictions of nitrogen cycling under acidification.

To address these knowledge gaps surrounding acidification
responses, we conducted dual-factor manipulation experiments
(substrate concentration and pH) across a broad environmental gra-
dient, from freshwater to oligotrophic oceans (Supplementary Fig. 2),
and simultaneously examined the response of AOA Nitrosopumilus
maritimus SCML. Our results demonstrate that ammonia oxidizers can
counteract acidification stress by enhancing their substrate affinity, a
mechanism that reconciles previously contradictory observations.
This adaptive response highlights a previously underappreciated
dimension of microbial resilience, deepening our understanding of
nitrogen cycle dynamics in a changing aquatic ecosystem.

Results and discussion

Diverse acidification response patterns across aquatic
ecosystems

Our study captured the acidification response across a wide range of
aquatic environments, from freshwater (Shanmei Reservoir, SM;
$=0.00) through estuarine waters (Pearl River Estuary, PRE;
S$=0.14-34.30 and Jiulong River Estuary, JRE; S =4.10-29.05), to oceanic
waters (Northwest Pacific, NWP; S =34.84-34.94). These systems exhib-
ited contrasting nitrogen regimes: SM displayed low ammonium (NH,* =
350 nM) but high nitrate (NO5;™ =131,000 nM), reflecting efficient nitrifi-
cation, while JRE showed NH," enrichment (up to 58,700 nM), indicative
of anthropogenic inputs (Supplementary Table 1).

The ammonia oxidation rates (AOR) at low NH," concentration
(INH,4*]) addition levels (AOR,o, See Methods) varied over 3 orders of
magnitude, from 0.9 to 376 nM d™, across the studied environments
(Fig. Ic, e, f, g, k, 1). Statistical analysis revealed two primary response
patterns to acidification: (I) a monotonic decline, where rates con-
sistently declined with pH reduction (Fig. 1c); and (II) no statistically
significant response, where rates remained stable or slightly increased
under moderate acidification (Fig. 1e, f, g, k, I). Notably, the second
pattern, with rates peaked under moderate acidification before
declining, was also observed in SCM1 (Fig. 1m). The absence of sig-
nificant inhibition in many field samples, coupled with the clear opti-
mization response in SCM1, suggests a capacity for nuanced microbial
adaptation to moderate acidification that counteracts a simple inhi-
bitory effect.

The addition of high substrate concentrations partially alleviated
substrate limitation and enhanced AOR in both the control and acid-
ification treatment groups (Fig. 1a, c, e, f, g, k, m). However, interest-
ingly, despite variations in salinity and [NH4'] across regions, these
distinct response patterns for the AOR,,,, group persisted after NH,"
enrichment (AORyigh, see Methods) (Fig. 1a-j, m), except at NWPI,
where high variability obscured the trend (Fig. 1k). Critically, acid-
ification responses were decoupled from NH," availability in multiple
regions, unlike the reported dual-factor manipulation experiments
revealing a [NH4']-dependent temperature sensitivity of AO%,

Substrate affinity as a key to modulate their acidification
responses

Substrate kinetics, which include both substrate (NHs) availability and
substrate affinity, play an essential role in understanding the variable

responses of ammonia-oxidizing microorganisms to acidification. While
(NH4* + NH3) is commonly measured and used to derive parameters for
substrate kinetics in many studies®°, we specifically focus on the un-
ionized NH3 in our analysis (Supplementary Table 2 and 3). This
is because NH3, as the direct substrate for AO, impacts the physiological
traits of ammonia-oxidizing microorganisms and their ecological niches.

To examine these dynamics, we designed substrate kinetics
experiments to assess how acidification affects the substrate affinity of
ammonia-oxidizing communities (see Methods). At a given pH, we
observed that oxidation rates increased with (NH4" + NH3) concentration
([INH4" + NHs]) until saturation, following either the Haldane substrate
inhibition model (see Methods and Supplementary Fig. 3a) or the
Michaelis-Menten model (see Methods and Supplementary Fig. 3b-g).
Results from our field manipulation experiments, AOA pure culture
assays, and literature-reported AOB pure cultures™* focused on
Nitrosomonas, the dominant aquatic genus, show that substrate kinetic
traits for (NH,* + NHs), including the maximum rate (Vna,), the half
saturation constant (K,,), and the substrate affinity (a), are all affected by
acidification (Supplementary Table 4 and 5; Supplementary Fig. 3h-j),
although no consistent trends are observed for K;,(NH;" + NH3) and
a(NH," + NH3) under acidification (Supplementary Fig. 3i, j). While V.«
decreases slightly with acidification (—0.7% + 0.8% in field studies except
at NWPI stations with high variability and -9.0% + 0.1% in pure cultures
per O.1-unit pH drop; Supplementary Fig. 3h), ammonia oxidation
communities are still mildly inhibited by acidification under [NH," + NH;]
saturated conditions. In addition, at the SM station we observed pro-
nounced substrate inhibition at high ammonium concentrations, which
was alleviated under acidified conditions.

We specifically calculated NH; concentrations in each treatment
group to more accurately fit the substrate kinetic model (see Methods;
Supplementary Table 2 and 3). When NH; was used as the substrate for
regression, the rates still conformed to the Haldane (Fig. 2a) or
Michaelis-Menten models at a given pH (Fig. 2b-g). However, K;,,(NH3)
was 1to 3 orders of magnitude lower than K;,,(NH," + NH3), and a(NH5)
was 1 to 3 orders of magnitude higher than a(NH," + NH3) (Fig. 2i, j;
Supplementary Table 4 and 5; Supplementary Fig. 3i, j).

Meanwhile, both K,,(NH3) and a(NH3) exhibited significant pH
dependence. K,(NH5) decreased by -13% + 8% (field), —19% + 7% (AOA
pure culture) and -3% * 3% (AOB pure culture)'*'>*! (Fig. 2i), whereas
a(NH3) increased by 28% + 23% (field), 94% + 7% (AOA pure culture) and
3 +4% (AOB pure culture)**">* per 0.1-unit pH drop (Fig. 2j). This trend
has also been observed in multiple pure culture studies both
AOB™©20231 and AOA'™. These findings suggest that as acidification
intensifies, ammonia-oxidizing communities require less NH; to
maintain the same rate of activity, likely due to an improvement in
their substrate utilization efficiency. Notably, in high-salinity cases
(JREL, JRE2, JRE3 and SCM1 culture), the increase in a(NH3) due to
acidification was significantly higher than in freshwater or low-salinity
areas (SM, JREO), as well as in AOB pure culture reported in previous
studies (AOB culture) (p < 0.05; Fig. 2j), indicating that the acidification
effect on substrate affinity was amplified for communities adapted to
high salinity.

Overall, our results reveal counteractive effects of acidification on
AO. Ammonia-oxidizing microorganisms enhance their substrate affi-
nity (@ towards NH3) to accommodate acidification-induced NH;
availability reduction. The balance between these factors likely deter-
mines the net response of AOR to acidification. Additionally, since the
measured AOR reflect the activity of entire microbial communities
(comprising both AOA and AOB), shifts in community composition
could further influence the response of AO to acidification.

Differential Responses of AOA and AOB to Acidification

The contrasting responses of AOA and AOB to acidification provide
further insights into AO dynamics. By selectively suppressing AOB
activity using allylthiourea (ATU) (see Methods) and quantifying AOA/
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Fig. 1| The response of ammonia oxidation rates to acidification under low and
high ammonium concentration addition levels. Ammonia oxidation rates under
low ammonium concentration addition levels (lower than in-situ ammonium
concentration) and 4990 nM group of SM are shown as open circles with dashed
lines, and the corresponding addition concentration is marked in gray next to the
lines (see Methods). Ammonia oxidation rates under high ammonium concentra-
tion addition levels (higher than in-situ ammonium concentration), except

4990 nM group of SM, are shown as solid circles with solid lines and the corre-
sponding addition concentration is marked in black next to the lines. The in-situ

salinity and ammonium concentration are labeled next to the station name. Panels
(a-1) are the results of field experiments, while panel (m) is the result of pure
culture of ammonia-oxidizing archaea isolate Nitrosopumilus maritimus SCM1.
Data are presented as mean rates + standard deviation (n =3 biologically inde-
pendent samples). If error bars are not visible, they are smaller than the size of the
data points. Statistical significance between treatment groups and the control
group was assessed using one-way ANOVA followed by Dunnett’s multiple com-
parisons test. Variable response patterns appear in various environments under
different substrate levels.

AOB gene copy ratios (see Methods), we found that AOB dominated in
freshwater and low-salinity regions (SM, PRE1 and JREO), while AOA
became predominant in higher salinity zones (Supplementary Fig. 4).
This spatial shift aligned with previous estuarine observations (e.g., the
Yangtze Estuary®>**, the PRE®*, and the Chesapeake Bay*‘), where
AOB prefer low salinity environments and AOA dominate in higher
salinities. Our kinetic analysis supports this distinction: in low-salinity
areas (SM, JREO), K,(NH," + NH3) values exceeded 1 puM, while in high
salinity regions (JRE1, JRE2, JRE3 and NWP1), K;,(NH," + NH3) values
were relatively low (< 711 nM) (Supplementary Table 4).

Overall, AOA-dominated regions exhibited significantly higher
AOA:AOB gene copies ratio and rate ratio relative to AOB-dominated
regions (p < 0.05) (Fig. 3a, b). Additionally, although acidification did not
cause significant differences in the V.« between AOB- and AOA-
dominated systems (Fig. 3c), it exerted a significantly stronger effect on
Kn(NH3) and a(NH;) in AOA-dominated regions compared to AOB-
dominated ones (p < 0.05) (Fig. 3d, e). This pattern was consistent with
our pure culture results for SCM1 and with published data for AOB
(Nitrosomonas europaea) (Fig. 2i, j), together suggesting that the impacts
of ocean acidification on substrate affinity vary between AOB and AOA.
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Fig. 2| Substrate kinetic parameters towards ammonia (NH;) at varying pH. a-g
The dependence of ammonia oxidation rates on NH; concentration at varying pH.
The station or strain names are labeled at the top of the graph, with the salinity
values indicated next to their respective names. The legend indicates the degree of
pH decrease and the pH value at this level. Solid lines in (a-g) represent the best
fitting of Michaelis—-Menten model or Haldane substrate inhibition model at various
pH. The shaded area represents the 95% confidence interval. h-j Normalized
changes in kinetic parameters towards NH; per 0.1-unit pH drop (Vyh.x represents
the maximum rate, K, represents the half-saturation constant, and a represents the
substrate affinity). Due to failure to fit the equation under in-situ pH at SM station
and pH-0.192 at JRE1 station, parts of kinetic parameters are missing, and the result
of pH-0.400 at the SM station is the change between two pH downregulated
groups (pH-0.419 and pH-0.819). * means the data related to ammonia-oxidizing

bacteria are obtained from published studies on Nitrosomonas europaea, con-
ducted under conditions with pH values ranging from 6.5 to 8.5'>*!, Data are
presented as mean + standard deviation. Errors bars in (a-g) are standard deviation
from triplicate incubations (n =3 biologically independent samples). Data in (h-j)
except AOB group, represent parameter estimates calculated from the fits in panels
(a-g), error bars indicate propagated standard deviations (derived from the fit
uncertainty). For AOB group in panels (h-j), errors bars are obtained from replicate
incubations (n=6 in (h), n=9 in (i), and n =6 in (j) biologically independent sam-
ples), and individual data points are shown. If error bars are not visible, they are
smaller than the size of the data points. / denotes no data. At a given pH, the rates
with NH; as the substrate follow the Michaelis-Menten model or the Haldane
substrate inhibition model, and substrate kinetic parameters, including the
Vmax(NH3), Kin(NH3), and a(NHs;), show clear pH dependence.

To assess the individual and combined effects of acidification on
substrate affinity and availability in AOA and AOB, we developed
ecological models based on established substrate-level kinetics and
applied them within an ecosystem context. We compared three
models (see Methods): the substrate availability (S Avail) model
(Fig. 4a), the substrate affinity (S Affin) model (Fig. 4b), and the com-
bined S Avail with S Affin (S Avail + S Affin) model, incorporating both
factors (Fig. 4c, d). Our findings highlight the importance of incor-
porating both reduced substrate availability and increased substrate
affinity to accurately predict AOR under future ocean acidification
scenarios, as the combined S Avail + S Affin model consistently
exhibited the strongest concordance with the observation values and
the lowest Root Mean Square Error (RMSE) (Supplementary Discus-
sions; Supplementary Fig. 5,6). However, comparisons between model
predictions and observed values showed marked differences in the
influence of these two factors on AOR in AOA-dominated versus AOB-
dominated regions (Supplementary Fig. 6, 7).

In AOB-dominated regions, RMSE of the S Avail model was smaller
than that of the S Affin model (Supplementary Fig. 6a, b), indicating
that the reduction in substrate availability driven by acidification was
the primary driver of a sustained decline in AOR. Notably, in AOB-
dominated stations, the addition of high substrate levels alleviated the
negative effects of acidification (Supplementary Fig. 8a, b), but sub-
strate availability remained the dominant limiting factor, resulting in a
persistent decrease in AOR (Fig. 1a, c).

Conversely, in AOA-dominated regions and AOA pure culture
experiment, the RMSE for the S Affin model was lower than that for
the S Avail model, except at the NWP1 station under minor acid-
ification (Supplementary Fig. 6c-g). This suggests that a slight pH
decrease enhances substrate affinity, thereby promoting AOR
(Fig. 1e, f, g, k, m). In contrast to AOB-dominated regions, the effect
of substrate addition on mitigating acidification-induced changes in
oxidation rates was not significant in AOA-dominated regions (Sup-
plementary Fig. 8c-g). When substrate saturation was reached, AOR
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Fig. 3 | Comparative analysis of the ratio of ammonia-oxidizing archaea (AOA)
to ammonia-oxidizing bacteria (AOB) contributions to rates, AOA/AOB gene

copy ratios, and the impact of acidification on ammonia oxidation kinetics in
AOB-dominated and AOA-dominated regions. a The logarithmic ratio of ammonia
oxidation rates [log;o(AOA rates / AOB rates)]. b The logarithmic ratio of gene copies
[log10(AOA copies / AOB copies)]. c-e Normalized change in Vo (maximum rate), K,
(half-saturation constant) and a (substrate affinity) towards NH3 with 0.1-unit drop in
pH. The stations within the AOB-dominated and AOA-dominated regions have been
marked in the figure, with the stations where substrate kinetics fitting is performed

highlighted in color. Two-tailed ¢-test is used to examine whether there is a significant
difference between AOB-dominated and AOA-dominated regions. For AOB-
dominated columns, scatter dot plots with the center line depicting the mean are
used (n =3 biologically independent samples). For AOA-dominated columns, box-
plots depict the 25-75% quantile range, with the center line representing the median
(50% quantile); whiskers extend to the minimum and maximum values (a-e, n=4, 9,
8, 7, and 7 biologically independent samples respectively). Significant differences are
observed in the relative contributions of rates, gene copy numbers, and the acid-
ification effect between AOA- and AOB-dominated regions.

were solely dependent on changes in V., which decreased with
acidification (Fig. 2h).

We extended the model to quantify the impact of changes in
substrate availability and affinity on AOR under current in-situ sub-
strate levels in both AOA- and AOB-dominated systems. In AOB-
dominated regions, the ratio of the effect of increased substrate affi-
nity to reduced substrate availability was below the —0.5:1 line (Fig. 4e,
f). Conversely, in most AOA-dominated regions, this ratio was at or
above the -0.5:1 line, with some regions even above the -1:1 line
(Fig. 4e, ). This confirms that the effect of increased substrate affinity
is more significant in AOA-dominated regions compared to AOB-
dominated ones. These findings are consistent with results from AOB
and AOA pure culture experiments (Figs. 2j and 4e). The contrasting
responses between AOA- and AOB-dominated systems (p < 0.05) sug-
gest that the mechanisms by which acidification affects AO differ
fundamentally between the two groups.

In general, pH reduction decreases substrate availability for both
AOA and AOB while increasing substrate affinity in both groups. How-
ever, at AOA-dominated sites, the increase in substrate affinity is sig-
nificantly stronger than at AOB-dominated sites, and in some locations,

this effect can even outweigh the reduction in availability, which enables
AOA to better adapt to acidified conditions (e.g., low concentration
range in Fig. 4d). Our findings help reconcile inconsistencies in field
studies on the effects of acidification on AO, where negative effects have
been observed overall, but positive responses have been reported at
certain AOA-dominated sites (Supplementary Fig. 1).

Potential mechanisms of ammonia-oxidizing archaea
adaptation to acidification

The consistent decrease in K,,(NH3) under acidification observed in
our field studies, AOA pure-culture and prior research'® confirms this is
a reproducible phenotypic response across systems. This apparent
enhancement in substrate affinity likely stems from a suite of physio-
logical adjustments to low pH, rather than a direct modification of the
ammonia monooxygenase (AMO) enzyme itself. As suggested by Jung
et al. for other nitrifiers (Ca. Nitrosocosmicus oleophilus MY3 and
comammox Nitrospira inopinata)*®, factors such as shifts in cyto-
plasmic pH homeostasis*, membrane potential®, and the intracellular
NH3/NH," equilibrium could collectively alter substrate diffusion and
uptake kinetics. Our whole-cell and community-level measurements
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Fig. 4 | The response of the ammonia oxidation rates of two ammonia oxidizer
lineages to acidification simulated by three models. a Concept model graph of
substrate availability reduction effect (S Avail). b Substrate affinity increase effect (S
Affin). c-d Substrate availability reduction effect combined with substrate affinity
increase effect (S Avail + S Affin). e Relative importance of substrate availability
reduction effect and substrate affinity increase effect across different stations or
cultures (see Methods). f The ratio of the substrate affinity increase effect to the
substrate availability reduction effect in ammonia-oxidizing bacteria (AOB)-domi-
nated and ammonia-oxidizing archaea (AOA)-dominated regions. A two-tailed t-test

is used to examine whether there is a significant difference between AOB-
dominated and AOA-dominated regions. For the AOB-dominated group, data are
shown as scatter dot plots with the center line depicting the mean (n = 3 biologically
independent samples). For the AOA-dominated group, boxplots depict the 25-75%
quantile range, with the center line representing the median (50% quantile); whis-
kers extend to the minimum and maximum values (n =9 biologically independent
samples). In AOB-dominated regions, reduced substrate availability exerts a major
influence, while in AOA-dominated regions, increased substrate affinity plays a
more significant role.

thus reflect the integrated outcome of these complex cellular
processes.

Nevertheless, substantial molecular evidence indicates that AOA
are genetically equipped for a more active adaptation to acid stress.
AOA  express energy-dependent, high-affinity = ammonium
transporters®*®, whereas many AOB only encode for rhesus (Rh)
proteins, relying on low-affinity channels or passive diffusion®°, This
fundamental difference enables AOA to scavenge and concentrate NH;
more effectively as its external availability declines. Furthermore, AOA
demonstrate a coordinated transcriptional response to acidification,
including upregulation of V-ATPase to expel protons and maintain a
higher intracellular pH*, and increased ATP synthase expression® to
fuel this energetically costly homeostasis. The concurrent down-
regulation of similar proton-pumping genes in AOB underscores a key
physiological distinction between these groups.

Therefore, the enhanced substrate affinity in AOA likely arises
from an intrinsic capacity to couple proton extrusion and energy
generation with high-affinity transport. While acidification may not
alter AMO’s inherent kinetics, its overarching impact on cellular
bioenergetics and membrane physiology appears to be a dominant
factor shaping the observed kinetic parameters.

Ultimately, our study interprets these kinetic shifts from ecolo-
gical perspectives. The mechanism of enhanced substrate utilization
efficiency provides a powerful, empirically supported framework to
reconcile contradictory field observations of nitrification under acid-
ification. We posit that this adaptive response is a key determinant of
microbial resilience. While the precise molecular contributors warrant
further dissection via integrated transcriptomics, proteomics, and

single-cell analyses, our findings establish enhanced affinity as a cri-
tical, measurable variable for predicting nitrogen cycle dynamicsin the
acidifying aquatic ecosystems.

Implications for ammonia oxidation dynamics in a
changing ocean
Our study reveals a critical trade-off in ammonia-oxidizing microorgan-
isms. While acidification reduces NH3 availability, it simultaneously
enhances substrate affinity—a previously overlooked compensatory
mechanism. Under the projected 0.5-unit pH decline by 2100°, this trade-
off drives contrasting outcomes in AOB- versus AOA-dominated systems.
In AOB-dominated environments (e.g., freshwater and estuaries), limited
affinity gains fail to offset NH; scarcity (Fig. 5). This may exacerbate
nitrogen accumulation, impairing eutrophication control and coastal
resilience. In contrast, in AOA-dominated systems (e.g., oligotrophic
ocean), high affinity adaptations (a(NH3) upregulates by 36.24 +22.9%
per 0.1-unit pH drop) sustain or even elevate oxidation rates (Fig. 5),
potentially accelerating nitrogen turnover in pelagic ecosystems.

Notably, substrate-saturated conditions unmask a universal acid-
ification stress by lowering V.« in both AOA- and AOB-dominated
systems (Fig. 5), suggesting that even adapted communities face
energetic constraints under extreme acidification. These shifts could
have cumulative effects on nutrient dynamics, eutrophication poten-
tial, and overall ecosystem functioning, especially in AOB-dominated
systems.

In addition, as atmospheric CO, concentrations increase, ocean
acidification is often coupled with rising temperatures. Since warming
elevates NH; concentrations according to the dissociation constant
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Fig. 5 | Conceptual summary of acidification effects on ammonia oxidation
across different aquatic ecosystems. The diagram illustrates the shift from
ammonia-oxidizing bacteria (AOB) dominance in eutrophic zones to ammonia-
oxidizing archaea (AOA) dominance in oligotrophic zones. Blue bars represent
ammonia oxidation rates under substrate-limited conditions, and red bars repre-
sent rates under substrate-saturated conditions. Dotted-line arrows indicate the

effect of reduced substrate availability, whereas solid-line arrows indicate the effect
of increased substrate affinity. Arrow thickness reflects the relative strength of each
effect. Under future scenarios of acidification, in substrate limitation conditions,
ammonia oxidation rates are expected to decrease in freshwater and the open
ocean but increase in the outer estuary.

calculation but reduces substrate affinity according to previous
experiments®® (Supplementary Fig. 9), we speculate that rising tem-
peratures may counterbalance both the diminishing and enhancing
effects of acidification on AOR. In nutrient-rich coastal regions,
warming-induced NH; release may buffer acidification effects, but only
where substrates are abundant. In contrast, in oligotrophic offshore
environments where substrate availability is severely limited, warm-
ing’s negative impact on affinity compounds acidification stress,
potentially reducing nitrification rates by 2.2% per 0.1-unit decrease in
pH, a critical feedback for oceanic N,O emissions (See Supplementary
discussions for details, Supplementary Fig. 10).

We suggest incorporating affinity-availability dynamics into earth
system models to improve nitrogen cycle projections. In addition, we
also highlight the need for greater focus on studies of AOA-AOB com-
petition under multifactorial stressors (e.g., pH X temperature x
hypoxia). By resolving the affinity-availability paradox, our work trans-
forms the understanding of microbial resilience, offering a framework to
predict nitrogen cycle disruptions in a rapidly acidifying ocean.

Methods

Field sampling

Samples were collected across six scientific expeditions spanning
various trophic environments: from the eutrophic freshwater Shanmei
(SM) Reservoir (January 2021), to the Pearl River Estuary (PRE) aboard
the R/V Yuezhanke X (July 2020 and July 2021), and the Jiulong River
Estuary (JRE) aboard the R/V Ocean Il (March 2023 and March 2024),

extending to the oligotrophic tropical Northwest Pacific (NWP) aboard
the R/V Dongfanghong IlI (September-October 2021) (Supplementary
Fig. 2). The specific sampling locations, including their coordinates, are
shown in Supplementary Table 1 and Supplementary Fig. 2. For SM,
water was gently pumped into 10 L acid-washed polycarbonate (PC)
bottles using a low-pressure electric bilge pump. Temperature, sali-
nity, and depth at SM were measured using an Idronaut Ocean Seven
316 Plus. For the PRE, NWP and JRE cruises, temperature, salinity, and
depth were measured using a Seabird SBE 911 CTD sensor package, and
discrete seawater samples were collected using 12- or 24-Niskin rosette
systems (12 L each).

Water samples from the estuaries and reservoir were filtered
through 0.2-pm syringe filters and stored in 125 mL acid-washed, sea-
water-rinsed, high-density polyethylene (HDPE) bottles at —20 °C for
subsequent nutrient analyses (NH,*, NO,", NO3"). Open ocean samples
were immediately frozen at —80 °C after sampling, and transferred to
-20 °C for storage.

Ammonia oxidation rate incubation experiments

For the ammonia oxidation rate determination, subsampled water was
transferred into 120 ml glass serum bottles (CNW, Germany), pre-
combusted at 450 °C for 4 h, with -1 mL headspace to minimize car-
bonate system re-equilibration. ®N-labeled NH,Cl (98 atom% ®N;
Sigma-Aldrich, 299251-1G, Lot#TA2540V) was added to the water
samples. Samples were incubated in the dark at temperatures near in-
situ conditions (+ 2 °C), with three incubation time points for most
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samples, except PRE2, which had two time points. Each incubation was
conducted with three replicates per treatment. At each incubation
time point (including to), 15 mL was extracted from the serum bottles,
5 mL was for pH measurement and 10 mL was filtered through a 0.2 pm
syringe filter, then stored at —20 °C for subsequent NO,~ (NO,™ + NO3")
concentration and isotope analysis. The final concentrations of “NH,ClI
in the experiments and the incubation time points are presented in
Supplementary Table 2 and 3.

Acidification and substrate manipulation experiments

To quantify the effect of acidification and substrate concentrations on
ammonia oxidation rates, we conducted experiments manipulating pH
and substrate concentrations. Because the studied environments
ranged from nutrient-rich to oligotrophic zones, both in-situ [NH,* +
NH;] and the substrate kinetic parameters of ammonia-oxidizing
microorganisms can differ substantially across sites, sometimes
spanning several orders of magnitude. Accordingly, varying amounts
of N-NH," were added to achieve a range of substrate conditions for
rate measurements, and trace metal-clean HCI solutions (0.05M or
0.1 M) were simultaneously added to adjust pH levels, prior to sealing
with butyl rubber and aluminum caps (Wheaton, USA). Each station
involved 3-5 pH gradients and 1-7 ®N-NH," manipulated concentra-
tions. The specific pH values and “N-NH," concentrations used in the
experiments are listed in Supplementary Tables 2 and 3. Note that our
experiments address moderate pH reductions (0.134-1.194) rather
than extreme acidity. The pH of samples was measured using a pH
Meter (Thermo Scientific Orion 3-Star pH Meters) equipped with a pH
electrode (Thermo Scientific Orion 8102BNUWP ROSS Ultra). The pH
remained very stable during the incubation (Supplementary Fig. 11).

Inhibition experiments

To differentiate the contribution of AOA and AOB to the ammonia
oxidation rate, parallel incubations with “NH," and allylthiourea (ATU)
were conducted at selected stations (station SM in Shanmei Reservoir,
station PREL, PRE2, PRE3, PRE4 in the PRE in July 2020, and station
JREO, JRE2 in the JRE in March 2024). ATU was used to inhibit S-pro-
teobacterial AOB at 80 pM*, allowing the measurement of AOA
activity in ATU-treated samples. AOB contributions were derived by
subtracting AOA rates from control (groups without ATU).

SCMI1 Cultivation

Nitrosopumilus maritimus strain SCM1 was cultured in 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (HEPES) buffered synthetic
Crenarchaeota medium (SCM) at 30 °C in the dark™*. Cultures in the
late exponential phase were transferred to fresh SCM medium (1% of
inoculum) without the addition of NH,". In acidification experiments,
cells were distributed into 45 centrifuge tubes with varying N-NH,*
(98% of N atom, Sigma-Aldrich) and trace metal-clean HCl, creating
substrate and pH gradients. pH was measured at each time point and
each incubation vial to monitor the pH value during the incubation.
Samples were filtered through 0.2 um syringe filters, and filtrate was
stored at —20 °C for NH,4* concentration, NO,~ concentration and NO,~
isotope analysis.

Chemical measurements

For NH,*, samples were determined within one month after sampling.
At stations PRE1, PRE2, PRE3, SM, JREO, JRE1, JRE2, and JRE3, NH,"
concentrations were measured using the indophenol blue spectro-
photometric method with a detection limit of 0.5 pM*. At station
PRE4, PRES, NWP1, NWP2, and the SCMI culture experiment, NH,"
concentrations were measured using a fluorometric method with a
detection limit of 0.7 nM*. The concentrations of NO,” and NO;~ were
determined using a four-channel Continuous Flow Technicon AA3
Auto-Analyzer (Bran-Luebbe, GmbH), which has a detection limit of
30 nM for both NO;™ and NO,".

Isotopic analyses of NO,~

The 65N of NO,~ was analyzed using a modified denitrifier method***.
In this method, the denitrifier strain Pseudomonas aureofaciens (ATCC
no. 13,985) reduced NO,™ to N,O, subsequently the N,O was measured
using a Thermo Finnigan Gasbench system with cryogenic extraction
and purification system connected to a Delta V™" isotopic ratio mass
spectrometer (GC-IRMS). The 8N of NO,~ was calibrated by NO5
isotope standards USGS 34, IAEA N3 and USGS 32. The accuracy of
measurements was within + 0.2 %o at an injection level of 20 nmol N
and within + 0.4 %o at an injection level of 10 nmol N. For samples from
station PRES5, where NO,~ concentration was lower than 1 pM, 1mL
1 uM NO;™ was added as a carrier to the 9 mL samples to meet the 10
nmol N injection level requirement.

Ammonia oxidation rate calculation

The rates of ammonia oxidation were determined based on the accu-
mulation of ®N in the product pool (NO,") relative to the initial pool.
The rate was calculated using (Eq. 1)*:

Cixn, — Cyxny

AOR=
Txf1s

@

where AOR represents the ammonia oxidation rates (nM d™); C, and C,
are the NO,~ concentration at the ending and beginning of the incu-
bation (nM); n, and ng are the at% “N of the NO," at the ending and
beginning of the incubation; T is the duration of the incubation (d); fis
is at% “N of the substrate pool at the beginning of the incubation.
Because the study sites span environments ranging from nutrient-
rich to oligotrophic waters, both the in-situ NH," concentrations and the
substrate-kinetic characteristics of ammonia-oxidizing microorganisms
vary widely—often by several orders of magnitude. In general, we defined
incubations with a final tracer addition of < 1x the in-situ NH4* con-
centration as the low-NH4* treatment (AORy.,), whereas higher additions
were classified as the high-NH4* treatment (AORp;gn). At SM station, the
ambient NH4* concentration was very low (-350 nM), yet the measured
AOR was high, indicating rapid substrate turnover. To avoid rapid iso-
topic dilution of the added ®*NH," by the ambient “NH," pool, we applied
a relatively high substrate addition (= 4990 nM). Consequently, both
substrate-addition treatments at SM were categorized as AORygh.

Fitting of substrate kinetic models

At stations SM, JREO, JREI], JRE2, JRE3, NWP1 and SCM1 strain incuba-
tion, we conducted substrate kinetics experiments at different pH
levels to investigate the effects of acidification on the kinetic traits of
ammonia oxidation communities and to more accurately evaluate the
effect of acidification on AOR. For stations JREO, JRE1, JRE2, JRE3, NWPI,
and SCM1 strain incubation, we applied the Michaelis-Menten model*
(Eq. 2), while at station SM, where substrate inhibition was observed,
we used the Haldane substrate inhibition model® (Eq. 3) to determine
the kinetic parameters.

Viax XS

AOR = Zmax 2)
K, +S

AOR= Vmo S 3
Kn+S+$ )

where AOR is the ammonia oxidation rate, Viax is the maximum reaction
rate, S is the total ammonium (NH;+NH,") concentration or NH3 con-
centration, and Ky, is the apparent half-saturation constant, representing
the substrate concentration at which the reaction rate is half of Viax.
K; is the substrate concentration at which the reaction rate is
reduced to half of its V,,,,x due to inhibitory effects. A nonlinear least
squares regression analysis was used to estimate Ky,, K; and Vijax.
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The substrate affinity (@) of the ammonia-oxidizing microbial
community was calculated using the equation (Eq. 4):

4
max (4)

The «a values for NH,* + NH; or NH3 were calculated using the
respective K, for NH," + NH; or NH,.

Conversion from pH NBS scale (pHygs) to pH total scale (pHy)
Given the significantly higher ion strength of seawater compared to
freshwater, we used AquaEnv package (an aquatic acid—-base modelling
environment in R) to convert the pHygs values measured by the elec-
trode into pHy*°. This approach allowed for a more accurate evaluation
of H* concentration in seawater.

The calculation of NH; concentration

NH3 concentrations in the incubation experiments were calculated
based on NH," concentrations, pH in total scale, and pK, values using
Eq. 5"

NHy=NH; x10(PH-PKa) )

The pK;, for each incubation experiment was calculated based on
the incubation temperature and salinity”’, and summarized in Sup-
plementary Table 2 and 3.

DNA extraction and quantitative PCR amplification

For DNA extraction, water sample was filtered through polycarbonate
membranes with a pore size of 0.2 um (25 mm in diameter; Millipore)
under a pressure of < 200 mmHg (filtered volumes ranged from 0.5 to
1L for freshwater and estuary, and 4 L for open ocean). These samples
were flash frozen in liquid nitrogen and stored at —80 °C until further
analysis.

DNA was extracted using the DNeasy PowerSoil Pro Kit (QIAGEN,
USA, CAT, 47014) following the manufacturer’s instructions. The abun-
dances of the archaeal and S-proteobacterial amoA gene were deter-
mined by quantitative polymerase chain reaction (q-PCR) using a CFX
96™ real-time system (BIO-RAD, Singapore). Archaeal amoA genes were
quantified using primer set Arch-amoAF (STAATGGTCTGGCTTAGACG)
and Arch-amoAR (GCGGCCATCCATCTGTATG T)*8. B-proteobacterial
amoA genes were amplified by using primers sets amoA-1F (GGG
GTTTCTACTGGTGGT) and amoA-2R (CCCCTCKGSAAAGCCTTCTTC)™.

The PCR mixture was conducted following the protocol outlined
by Hou et al.>°. Amplification conditions for archaeal and B-proteo-
bacterial amoA genes were applied as reported by Francis et al.*® and
Rotthauwe et al.*, respectively. The amplification products were
cloned into the pMDI18-T vector (TaKaRa) and then transformed into
competent cells of Escherichia coli DH5a. Positive clones were ran-
domly selected for sequencing to confirm correct insertion of the
target fragment. Then, equal amounts of the plasmid DNA from three
different clones of the -proteobacterial amoA gene and four different
clones of the archaeal amoA gene were pooled separately to used
construct standard curves for qPCR. Each standard DNA curve was
serially diluted ten-fold to generate concentration ranging from 10° to
107 gene copies pL™. Standards, samples and non-template controls
were amplified in triplicate with each primer set.

gPCR amplification was performed as described previously with
slight modifications®. The qPCR reaction mixture (25pL) contained
12.5 pL SYBR® Premix Ex Taq™ Il (TaKaRa, Dalian, China), 5 pg Bovine
Serum Albumin (BSA), 0.4 uM of each primer and 1 L template DNA of
1-10 ng. Thermal cycling for archaeal amoA genes consisted of initial
denaturation at 95 °C for 30 s followed by 40 cycles of 95°C for 30,
53°C for 60s, and 72 °C for 45s. For S-proteobacterial amoA gene,
cycling conditions were: 94 °C for 15 s, followed by 50 cycles of 94 °C

for15s, 60 °Cfor 30's, and 72 °C for 90 s, with a final extension of 60 s
at 78 °C to assure stringent product detection.

Amplification efficiencies for both archaeal and g-proteo-
bacterial amoA genes ranged from 85%to 96%, with R? values > 0.99.
The specificity of qPCR reactions was confirmed by melting curve
analysis and agarose gel electrophoresis. In addition, previous stu-
dies showed that y-proteobacterial amoA genes, another dominant
genotype of AOB, were below the detection limit in the
study area’®*. Thus, y-proteobacteria amoA was neglected in this
analysis.

Setting of three models for ammonia oxidation response to
acidification

Three theoretical models were established to evaluate the impact of
substrate availability and affinity on ammonia oxidation under ocean
acidification at station SM, JREO, JRE1, JRE2, JRE3, NWP1 and pure
culture SCM1, with each model corresponding to a different
hypothesis.

For S Avail model, we assumed that acidification only affected the
concentration of substrates required by ammonia oxidizing micro-
organisms, that is, acidification converted a large amount of NH; into
NH,',

Ve Vinax(pHy) = S(pry (NH3)
S Kooy (NHs) + S(ou) (NHs)

(6)

Where Vinaon,) and Ky, (VH3) were obtained from the control
group fitting by Egs. 2 and 3, S(er) (NH5) was obtained from Eq. 5 by
calculating the actual concentration of NH; in the culture system after
pH decrease.

For S Affin model, we assumed that acidification only affected the
substrate affinity of ammonia oxidizing microorganisms,

v _ Vimaxpt) ° S(pHo) (NH;)
AT Koy (NHs) + Sy (NH3)

@)

Where Vo ony and Ky ou (VH;) were obtained from the pH down-
regulation group fitting by Egs. 2 and 3, S(pHo)(NH3) was obtained
from Eq. 5 by calculating the actual concentration of NH; in the culture
system before pH decrease.

For S Avail + S Affin model, we assumed that acidification affected
not only the concentration of substrates required by ammonia oxi-
dizing microorganisms but also substrate affinity,

v B Vmax(pH’) : S(pH’) (NH3)
Savall+SAT = 3 NHL) + S(pir) (NH3)

®

Where Vo ony @and Ky ou (VH;) were obtained from the pH down-
regulation group fitting by Eqs. 2 and 3, S(DH,) (NH5) was obtained from
Eq. 5 by calculating the actual concentration of NH; in the culture
system after pH decrease.

Evaluate the respective substrate availability decrease effect
and substrate availability increase effect caused by acidification
We conducted a preliminary quantification of the intensity of the
substrate availability decrease effect and substrate availability increase
effect based on nutrient concentrations at various stations and three
models. The actual acidification effect was calculated using the S
Avail + S Affin model. The changes in the substrate affinity increase
effect under acidification scenarios were determined using the S Affin
model. The substrate availability decrease effect was then obtained by
subtracting the effect calculated with the S Affin model from the actual
acidification effect.
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Temperature-pH coupled model for ammonia oxidation
The temperature-pH coupled model was designed to predict the
response of ammonia oxidation rates under the framework of global
change in regions dominated by different ammonia-oxidizing micro-
organisms (Supplementary Fig. 12). In this study, the low salinity station
JREO was analyzed alongside the low salinity station JLR4 from Zheng
et al., both of which were dominated by AOB. In contrast, the high-
salinity station JRE3 was compared with the high-salinity station J1 from
Zheng et al., and both were identified as being dominated by AOA*.
Based on the results of temperature and substrate concentration
dual regulation by Zheng et al., we used the functions for K,,,(NH,") and
Vimax Varying with temperature from their study, incorporating slight
modifications to better fit our study. In brief, we used the salinity and
temperature values to calculate pK, with Eq. 5. Using the NH4" con-
centration and the approximate pH from the study area (pH = 7.00 in
JLR4 and pH = 7.90 in J1)*, the concentration of NH; was derived.
Consequently, we can fit the functions of K, 1,(NH;) and V., 1, with
temperature (Egs. 9 and 10)

K mry(NH3) =2.301e% 1747 9)

V max(r) = 884.9€0081°T o

Using the in-situ temperatures, salinity and pH data from JREO and
JRE3, we calculate the K,(NH3) and V. of these two stations across

various temperatures and pH level (Egs. 11 and 12), as well as the
concentration of NH;

K (NH3)
Kon(ry (NH3)

Where K1 (NH;) is the halfsaturation constant in T (°C),
Kn(r (NH,) is the half-saturation constant in the same temperature
as JREO or JRE3, K, (NH;) is the half-saturation constant determined in
this study at the given pH,

K (NH3)= x K (NH3) 11

Y max(r
Vmax = VLX() x V;nax (12)
max(T’)
Where V) is the maximum reaction rate in T (°C), V(1) is the
maximum reaction rate in the same temperature as JREO or JRE3, V..

is the maximum reaction rate determined in this study at the given pH.
Therefore, we can compare the changes in acidification effects at
different temperatures and substrate concentrations.

Statistical analyses

The comparisons between treatment groups and control groups were
examined by using the Student’s t-test. A p-value<0.05 was con-
sidered statistically significant. The analyses were performed using
Prism 10.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data needed to evaluate the conclusions in the paper are deposited
in Zenodo database that can be accessed through https://doi.org/10.
5281/zenodo.17795383.
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