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Supplementary Discussion
Stable isotope tracing of the cellular fate of N in V. oceani and N. inopinata

The 'SN-labelling approach was used to track the fate of N species in the growth experiments of
N. oceani and N. inopinata (Extended Data Figs. 3c—f, 9, Supplementary Fig. 7). As indicated
by the unlabeled growth experiments (Fig. 1g), the simultaneous consumption of ammonia and
urea by the y-AOB N. oceani was examined using the same '’N-labeling approach as described
for N. lacus labeling experiments (Fig. 2). Cultures inoculated with ammonia-preadapted N.
oceani cells immediately converted '"NH3 to "'NO, during the lag phase (0100 h) (Extended
Data Fig. 9a). In the parallel experiment, very little '’NO," derived from *N-urea during lag
phase (Extended Data Fig. 9¢). The percentage of 1’NO»" originating from '"N-urea then
gradually increased from ~3% to ~60% during exponential growth (Extended Data Fig. 9c¢),
which was coupled with a continuous decrease in the contribution from NH3, a shown in the
parallel experiment tracing >’NH3 to SNO»™ production throughout the remaining growth period
(Extended Data Fig. 9a). Although no net accumulation of ammonia was observed in unlabeled
growth experiments, a substantial amount of "'NHj3 (~55%) was released into the medium during
5N-urea hydrolysis (Extended Data Fig. 3d, Supplementary Fig. 7). The release of >NH3 was
closely correlated with '"’NO»™ production (R? =0.99, P < 0.01) in the '*N-urea labeling
experiments (Supplementary Fig. 7). Thus, about 45% of the ammonia released to the medium

during urea hydrolysis was rapidly oxidized to nitrite.

Unlike the AOA species, comammox N. inopinata showed a weaker repression of urea
utilization and started to use urea before ammonia was fully exhausted (Fig. 1¢). In incubations
with added '"N-urea, the urea-derived °N atoms appeared in the extracellular pools of nitrite,
nitrate, and ammonia ~75 h after incubation, showing that N. inopinata turned on urea utilization
significantly prior to ammonia depletion (at ~100 h) and suggesting a mechanism for

anticipatory transition to urea consumption (Extended Data Fig. 3f). This transition was
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associated with a reduction in growth rate when consuming ammonia in the mixed N species
medium compared to growth in the ammonia-only medium (P < 0.001) (Fig. 1c), presumably
because of the metabolic burden of expressing urea utilization genes while ammonia was still
present. After the complete shift to urea consumption (~100 h), the secreted "NH3 decreased to

below the level of detection (1 nM) (Extended Data Fig. 3f).
Preferred nitrogen substrate assimilation in AOA, comammox, and y-AOB species

Similar to B-AOB N. lacus, we conducted a parallel set of labeling experiments with marine
AOA N. piranensis, soil AOA N. viennensis, and comammox N. inopinata (Extended Data Fig.
4a), and examined their ammonia- and urea-N assimilation at single-cell resolution using
NanoSIMS. In contrast to N. lacus, they all preferentially assimilated N from ammonia at T1
with 99.3 £+ 3.5%, 95.2 £ 3.3%, and 90.7 = 7.9% new N incorporation from ammonia and 0.7 £+
0.0%, 4.8 £ 0.2%, and 9.3 + 0.7% from urea for N. piranensis, N. viennensis, and N. inopinata,
respectively (Extended Data Fig. 4b, c). At T2, new N incorporation from urea and ammonia
was roughly equivalent at 43.5-56.5% (Extended Data Fig. 4b, c). For the third type of behavior
shown by the y-AOB N. oceani, we found similar new N incorporation from urea and ammonia
in late exponential phase (49.0-51.0%) (Extended Data Fig. 4b, c), showing that y-AOB co-

assimilated ammonia and urea.

Distinct responses of AOA and comammox species after transitioning to consumption of

the secondary N substrate

Although the characterized AOA and comammox species all prefer ammonia as their primary
energy and N source, there was large variation in their adaptive transition from ammonia to urea
metabolism. The marine AOA N. piranensis demonstrated a pronounced reduction in growth
rate upon ammonia depletion, while the soil AOA N. viennensis showed negligible lag when
grown on a mixture of ammonia and urea (Fig. 1a, b). The comammox species N. inopinata
initiated urea utilization ~25 hours before ammonia exhaustion (Extended Data Fig. 3f), possibly
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reflecting an adaptive mechanism to use the alternative substrate before ammonia depletion but
at the cost of the added biosynthetic burden slowing growth before full transition (Fig. 1c). In
contrast, both characterized marine and soil AOA species repressed use of urea, growing on
ammonia at comparable rates in the presence or absence of urea before transitioning to urea

consumption (Fig. 1a, b).

In addition, we characterized the response of AOA and comammox species to the switch from a
single N substrate to ammonia-urea mixture. The addition of urea to the AOA N. piranensis and
N. viennensis did not interrupt their growth on ammonia. Both organisms repressed the
consumption of urea until ammonia was depleted (Fig. 4a, b). However, they differed in the
growth kinetics of substrate transition. N. viennensis sustained active growth during transition
whereas N. piranensis exhibited a significant lag (Fig. 4a, b). With the alternate order of
addition, growth of both species slowed upon ammonia addition and active ammonia
consumption was delayed until near depletion of urea. (Fig. 4a, b). Unlike the AOA species, the
comammox N. inopinata showed much weaker repression of urea consumption in the presence
of ammonia and immediately consumed urea upon its addition to ammonia-growing cultures

(Fig. 4c).

We also characterized the oxygen uptake activity of AOA and comammox species after addition
of low concentrations of ammonia and urea using microrespirometry (Extended Data Fig. 10).
Following multiple subculturing in ammonia or urea-only media, we observed instantaneous
oxygen consumption upon addition of low concentrations of ammonia (20—40 pM) or urea (10—
20 uM) to urea-grown N. piranensis and N. viennensis cells at early stationary phase (Extended
Data Fig. 10d, e). No discernible stimulation of O uptake was observed for multiple hours when
10 uM urea was added to ammonia-grown cells immediately following their depletion of
ammonia from the medium (Extended Data Fig. 10a, b). This further indicated that these AOA
species repress urea utilization while growing on ammonia and that a significant period of
adaptation is required before their transition to growth on urea. Repression of growth on urea is
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also consistent with AOA having evolved as specialists in competition for ammonia in mixed-
nutrient environments (Figs. 3 and 4). In contrast, both ammonia- and urea-adapted comammox
N. inopinata responded quickly to addition of either substrate (Extended Data Fig. 10c, f). Thus,
comammox appeared to function as a generalist, having relatively high affinity for both
substrates but less stringent regulation. Previous studies have demonstrated a remarkable
metabolic versatility among Nitrospira species !. Thus, it would also be of interest to investigate
whether N. inopinata utilizes other organic N sources and if it possesses high affinity
transporters for these substrates as well. Such unique adaptive features could provide M.
inopinata-like comammox species with a competitive advantage in environments with variable

supplies of inorganic and organic N substrates 2.

Pu proteins and their modifying enzymes control the selective N source uptake regulation

in AOM

Our combined analyses clearly implicated GInB-type P11 proteins in controlling the uptake of
extracellular N species through interaction with AMT. This family of proteins have well
characterized functions in modulating the uptake of ammonia used for assimilation *** but little
is known about how they function in organisms that use ammonia for both anabolic synthesis
and catabolic energy generation. In well characterized heterotrophs, the transport of ammonia by
the AMT can be blocked by binding to the GInB protein. Binding to GInB is controlled by its
post-translational modification by a second regulatory protein (GInD) in response to variations in
intracellular glutamine and 2-oxoglutarate levels 3. Although GInB-type Py proteins are
common in all major lineages of AOM, they are not always associated with GInD. A homolog
of GInD could not be identified in AOA and is variably distributed among AOB (Extended Data
Fig. 1a, b). It is present in Nitrosospira p-AOB and Nitrosococcus y-AOB but absent in
Nitrosomonas B-AOB (Extended Data Fig. 1b).
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N. lacus carries the full canonical set of N uptake regulatory genes. The absence of any apparent
lag in the growth of N. lacus with depletion of urea in the mixed N medium, and blocked
transport of ammonia before urea depletion, were consistent with GInB-type Pi protein control
of ammonia uptake (Figs. 1d and 2). Since this Py protein is the only known substrate for GInD
7, and glnD was transcribed at significantly higher levels (P = 6.57 x 10°!°) during ammonia
uptake repression (Fig. 4d), our data strongly suggest GInB-type Pu protein was post-
translationally modified by GInD via reversible uridylylation and deuridylylation. Although the
activity of GInD is known to be controlled by intracellular glutamine levels as a measure of
cellular N sufficiency %7, the absence of any change in growth rate with transition from urea to
growth on ammonia suggested that ammonia was never limiting. Nitrogen sufficiency
throughout growth was also indicated by relatively unaltered transcription of genes coding for
ammonia assimilation enzymes, such as glutamate dehydrogenase (GDH), glutamine synthetase
(GS), and the GS modifying enzyme glutamine synthetase adenylyltransferase (GInE)
(Supplementary Table 3). Assuming that levels of glutamine and other known intracellular
metabolites did not signal N deficiency, GInD might be responding to the availability of an

effector molecule other than glutamine, possibly urea, in Nitrosospira p-AOB species.

Unlike N. lacus, the AOA species repressed urea uptake and utilization when cells were using
ammonia and demonstrated a more complex role of Py proteins. The N. piranensis genome
harbors two copies of DUR3-type urea transporters (NPIRD3C 1395 and NPIRD3C 1384), and
only NPIRD3C 1395 was highly transcribed on urea, suggesting it was mainly responsible for
urea uptake. N. piranensis also encodes two ammonia transporter genes, amt/ and amt2,
suggested to have high and low affinity for ammonia, respectively, based on their similarity to
transporters characterized in Nitrosopumilus maritimus 3'°. The amtl gene was constitutively
transcribed under all growth conditions (Fig. 4a). Transcription of the lower affinity am¢2
(NPIRD3C 1670), transcribed at much lower levels than amt! (Fig. 4a), was elevated in the

presence of ammonia (AU-T1 and T2) and in response to ammonia addition to cultures growing
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on urea (UA-T2 vs. T1), and depressed upon ammonia depletion (AU-T3 and T4). The
differential response of amt2 relative to amtl suggests amt2 may have additional functions other

than ammonia uptake.

Two gilnB-like genes (glnB1 and ginB2, NPIRD3C 1671 and NPIRD3C 1673) flank the
downstream region of amt2 (Extended Data Fig. 2). Intriguingly, g/nBI1 (NPIRD3C 1671) was
significantly downregulated (P = 3.5 x 102°) and the high affinity am¢I significantly upregulated
after switching from ammonia to urea consumption and vice versa upon ammonia introduction
into urea-grown cells (Fig. 4a). The second g/nB-like gene (NPIRD3C 2171) showed the
opposite transcription pattern (Fig. 4a). Although constitutively transcribed at relatively high
levels in N. piranensis, it was significantly upregulated (P = 9.3 x 10*) with transition from
ammonia to urea (AU-T3 vs. T2) and significantly repressed (P = 2.7 x 10-%) in response to the
addition of ammonia (UA-T2 vs. T1). These results strongly suggest a role for these Pi proteins
in coordinating the activities of amt/ and amt2 in ammonia transport and the sensing of cellular

N status.

Differential transcription of two putative g/nB genes was also observed in the soil AOA N.
viennensis (NVIE_ 013340, NVIE 014550) in response to ammonia and urea additions. Their
transcription levels were significantly higher (P < 0.01) following urea spike and were

significantly lower (P < 0.01) after ammonia introduction (Fig. 4b).

Two ginB genes (NPIRD3C 1671 and NPIRD3C 2171) in marine AOA N. piranensis showed
opposite patterns of elevated transcription in response to extracellular ammonia and urea
availabilities (Fig. 4a), suggesting they may carry out potentially complementary regulatory
functions to cooperatively control influx of ammonia and urea in marine AOA. A range of
different transporters have been recently identified as new Py protein targets, including urea
transporters '!. Thus, it is tempting to speculate that GInB in AOA can also interact with urea

transporters to block the uptake of external urea in the presence of ammonia. Neither g/nB nor



152 ginD gene was differentially transcribed in y-AOB N. oceani (Fig. 4e), which is consistent with
153  the lack of N source repression for this species when grown in a mixture of ammonia and urea.
154  No homolog of g/nB or ginD was identified in most Nitrosomonas -AOB species genomes
155  (Extended Data Fig. 1b), and Nitrosomonas ureae lacks the gene encoding GInD, which may in
156  part explain the weaker repression of ammonia utilization by Nitrosomonas ureae compared to

157  Nitrosospira species (Fig. 11).

158  Transcriptional changes and transcription control of urea hydrolysis pathway genes in V.

159  lacus

160  Urea hydrolysis genes (EBAPG3_007765-EBAPG3_007795) were constitutively transcribed in
161  N. lacus across all growth phases. Transcripts of the ureC gene (EBAPG3_007780) were among
162  the ten-most abundant in the transcriptome of N. lacus before urea exhaustion (Supplementary
163  Tables 3 and Source Data Table 1). Although significantly downregulated upon urea depletion
164 (P =2.8x10"7) (A+U T3 vs. T2), transcript abundance remained elevated after switching to

165  using ammonia (Fig. 4d).

166  Regulation of the urease operon is almost certainly controlled by a nickel-responsive regulator
167  (NikR, EBAPG3 007745) located immediately upstream of the urea utilization operon in N.

168  lacus (Extended Data Fig. 2), which has been shown to control transcription of the Helicobacter
169  pylori urease 2. Its transcript abundance decreased (P = 1.7 x 10-23°) more than 46-fold upon

170  urea depletion (A+U-T3 vs. T2) (Supplementary Table 3).

171 N. lacus encodes enzymes implicated in ATP-dependent urea hydrolysis in other B-AOB species,
172 urea carboxylase and allophanate hydrolase (Extended Data Figs. 1b and 2). However, their low
173  transcription relative to the urease genes during urea consumption by N. lacus suggests different

174  functions for these conserved enzymes in B-AOB (Supplementary Table 3).

175  Limited assimilation of urea-derived C by the tested AOM species
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The direct assimilation of urea-derived C by AOM at the single-cell level was confirmed via
NanoSIMS analysis, and we compared these incorporation rates to autotrophic C fixation rates
(Extended Data Fig. 7). Archaeal and bacterial ammonia oxidizers were grown in ammonia-urea
media with either dual-labeled '*C'’N-urea (and unlabeled NH3 and bicarbonate) or '’N-NHj3 and
3C-bicarbonate (and unlabeled urea). The marine AOA N. piranensis incorporated 15.3-21.3%
of its total cellular C from bicarbonate but barely incorporated C from urea (0.1-0.3%) across
different growth phases (Extended Data Fig. 7a). For the soil AOA N. viennensis and the
comammox N. inopinata, hardly any incorporation of urea-C (~0.1%) was observed when grown
on ammonia (T1), and C incorporation from urea increased to 0.5—1.1% after urea depletion (T2)
(Extended Data Fig. 7b, ¢). Consistently, at T2, C incorporation from bicarbonate decreased
from 13 = 4.5% and 5.9 + 2.0% to 8.0 + 3.5% and 4.9 + 1.8% for N. viennensis and N. inopinata,
respectively (Extended Data Fig. 7b, c). The B-AOB N. lacus, which preferentially used urea-N
over ammonia, incorporated 1.6 £ 0.6% C from urea at T1 (Extended Data Fig. 7d), which was
less than from bicarbonate (10.5 = 0.9% C). The C incorporation from urea decreased to 0.7 +
0.3% at T2 (Extended Data Fig. 7d). The percentage of urea-C incorporation remained relatively
unchanged for the y-AOB N. oceani across different growth phases (4.1-4.8%) (Extended Data
Fig. 7e). Taken together, although some characterized AOM species were able to use urea-
derived C to supplement their C requirement in the presence of bicarbonate and CO», they
mainly assimilated urea-derived N when grown on urea (Extended Data Figs. 4-7) and urea was

not a significant source of cellular carbon.
Potential factors influencing kinetic analysis of AOM species

We do notice some differences among the kinetic data for ammonia oxidation particularly in V.
viennensis between our study and a previous report !*. Although we can only speculate about the
reasons, strains with high specific affinities have been found sensitive to variations in
temperature, laboratory handling, and substrate depletion 4. The higher specific affinities for
ammonia of N. viennensis (Fig. 3b and Supplementary Table 2) reported here may reflect a more

8



202  realistic estimate of the maximum specific affinities attainable by this species. Short-term

203  kinetics experiments on whole cells can furthermore be prone to accumulation of intermediates
204  and result in varying respiratory activities '*. To avoid such metabolic imbalances as much as
205  possible, we grew all cultures at sufficient O to avoid O limitation in late exponential phase and
206  associated possible changes in expression of respiratory complexes. Kinetic properties of all

207  strains were investigated without harvesting of cell material. Only in strains where near steady-
208  state metabolic rates with 20 uM ammonia addition were too low and Kmpp) above the range

209  measurable in individual incubations, measurements were conducted by multiple discrete

210  substrate additions with increasing concentrations.
211 Function of Rhesus-type ammonia transporter in AOM species

212 Our study indicates that both ammonia assimilation and oxidation are transport-dependent.

213 Although the 7450 amt knockout mutant of Nitrosmonas europaea can still oxidize ammonia
214  when supplemented with high ammonia concentrations (> 1 mM) !5, it is possible that ammonia
215  (NHa3) diffusion alone was likely sufficient to support ammonia oxidation and assimilation for
216  growth in the mutants under conditions of the relatively high ammonia concentrations tested.
217  Indeed, previous studies of ammonia assimilation by E. coli have revealed that active ammonia
218  transport via its ammonia transporter was essential for growth when ammonia concentrations
219 were below ~20 uM '®. At higher ammonia concentrations, passive membrane diffusion

220  becomes a major source of ammonia for biosynthesis in E. coli '°. Considering that ~99% of the
221  consumed ammonia was oxidized, while only ~1% was assimilated by N. europaea, it has been
222 proposed that ammonia uptake capacity is regulated based on the demands of energy generation,

223 rather than N assimilation 7.

224  Both AOB and clade A comammox species encode Rh50-type AMTs, however, their
225  characterized species have shown distinct affinities for ammonia 3. While the Rh50-type AMT

226 of N. europaea has been previously characterized as a low-affinity AMT 8, recent studies have
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indicated that even minor alterations to a twin histidine motif of AMTs can increase their affinity
for ammonium by more than 10-fold !°. Also, given that ammonia transport is essential for
anabolism, the presence of a low-affinity AMT in N. inopinata appears incompatible with its
oligotrophic lifestyle 2°. Thus, direct biochemical characterization of the Rh50-type transporter

of N. inopinata would be an intriguing next step.
Urea oxidation in marine environments

Previous field studies have reported high urea oxidation rates in marine environments, however,
whether these transformations are solely attributed to a single group of organisms or involve a
consortium of urea-hydrolyzing microbe and AOM species remains unresolved 2!. Incubation
experiments in the Gulf of Mexico using urea isotope labeling suggest that marine AOA can
directly oxidize a significant portion of urea-N without cross-feeding interactions 22. However, it
should be noted that in incubations amended with unlabeled ammonia, the rates of ’N-nitrite
production (1.9-16.9 nM/day) were considerably lower than in those without added '*N-
ammonia (24.5-58.7 nM/day), indicating that the presence of ammonia limited urea utilization by
marine AOA 22, In addition, Tolar et al. measured the release of ’N-ammonia in seawater
samples amended with '°N-labeled urea to investigate the contribution of urea hydrolysis to the
ammonia pool 2. They found that ~20% of the '*N-label from urea was converted into '>N-
labeld ammonia in coastal and open ocean waters, suggesting that at least ~20% of free ammonia
released from urea hydrolysis can fuel other ammonia oxidation or assimilation processes 3.
Moreover, reports of the absence of ureC transcription, despite the presence of ureC genes in
marine AOA natural populations, add to the complexity of the issue 2*. In summary, existing
gene expression and rate measurement-based field studies have not provided coherent and
definitive conclusions regarding direct urea oxidation by marine AOA in marine environments.
Additional studies are required to further explore urea oxidation activities in the open ocean and
mesopelagic layers. In addition to the suggested competitive advantages of utilizing both
ammonia and urea, we observed that Nitrosopumilus-like marine AOA can increase their affinity

10
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for ammonia upon ammonia depletion (Fig. 3). This finding suggests an additional adaptive
capacity that enables marine AOA to more efficiently scavenge ammonia released from the

decomposition of urea or other organic matters by surrounding microorganisms.
Initial description of the ureolytic capacity of Nitrosospira lacus

It was previously shown via nitrite accumulation that Nitrosospira lacus is uerolytic 2°.
However, those experiments did not reveal any N substrate preference. Our comprehensive
monitoring of all N species and >N isotope labeling during growth revealed the unexpected
preferential utilization of urea over ammonia in B-AOB (Figs. 1d and 2). This finding
underscores the importance of nitrogen uptake regulation for nitrogen metabolism of different
AOM lineages. In addition, we observed in the mixed media that the specific growth rates of V.
lacus and N. ureae on urea were comparable or even higher than on ammonia (Fig. 1d and f).

These results provide a mechanistic basis for the initial findings reported by Urakawa et al %°.
Potential adaptation of non-ureolytic -AOB in the environment

Our comparative genomics analysis reveals the widespread capacity for urea uptake and
utilization among B-AOB (Extended Data Fig. 1b). The preference for urea utilization by f-AOB
may serve as an adaptive strategy, potentially reducing direct competition with AOA and
comammox for ammonia in ammonia-limited environments. In contrast, non-ureolytic -AOB
populations lacking urease genes might possess an advantage over other AOM species in
transitioning in and out of dormancy in response to ammonia starvation, thereby maintaining

microbial persistence in environments with fluctuating energy and nutrient availability 227,

Considerations and future research on N substrate selection among different AOM lineages

The AOM species characterized in our study exhibited a diverse range of adaptive strategies to
coordinate growth on a mixture of ammonia and urea. We acknowledge the need for a wider
range of ecotypes in AOM pure cultures to further investigate the diversity of N substrate
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preferences and the regulatory systems among globally abundant ammonia oxidizers. For
example, it will be of interest to investigate Nitrosopelagic-like marine AOA species dominant in
the epipelagic ocean, the Water Column B (WCB) marine AOA dominant in the mesopelagic
ocean, Nitrosotalea-like soil AOA species dominant in acidic soils, Nitrosocosmicus-like AOA
species abundant in some high-ammonia environments, as well as clade B comammox species.
These future studies will offer a comprehensive understanding of the N substrate selection
regulation in AOM and provide valuable insights into the widely observed coexistence patterns

of different AOM lineages in various environments.
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288  Supplementary Figure 1. No extracellular ureolytic activity was found for marine and soil

289  AOA, B- and y-AOB, and comammox species. Concentration profiles showing the cessation of
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urea utilization after removal of cells for (a) N. piranensis (marine AOA), (b) N. viennensis (soil
AOA), (¢) N. inopinata (comammox), (d) N. lacus (Nitrosospira B-AOB), (e) N. multiformis
(Nitrosospira B-AOB), (f) N. ureae (Nitrosomonas -AOB), and (g) N. oceani (y-AOB). Lines
of the same shape/color represent biological replicates. Green arrow: time of cell removal (via
0.2 um filter) and re-addition of urea media. *Ammonia was supplied along with urea because
the presence of ammonia is needed for normal rate of urea consumption by N. oceani. Note that
neither were signal peptides identified in the urease genes of these characterized AOM species,
nor were secretion system genes found in the flanking regions of the urease operons, further

supporting the cytoplasmic localization of their urease enzymes.
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306 small to be visible, and error bars for the 1:2 and 1:5 incubations indicate the range of values

307  from biological duplicates.
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Supplementary Figure 3. Extremely slow urea consumption and nitrite production of
Nitrosococcus oceani in urea-only medium. Due to the slow growth rate of N. oceani in urea-
only medium, only two transfers were conducted. No appreciable increase in specific growth
rate (0.03 d'!) was found following the transfer of urea-grown N. oceani into fresh urea-only
medium. a, Concentrations of ammonia and urea of two incubations (1% and 5% inoculum)
from the 1°! transfer. b, Nitrite accumulation growth curves of the 1% and 2™ (2% inoculum)

transfers.

17



316

317

318

319

320

SN13C-urea + "“N-NH,* +

14N12C-urea + "SN-NH,* +

12C-HCO4 13C-HCO,
1 1 1 1
1 1 T1 1 1
750 A ™ ! T2 ! 7501 ! T2:
1 1 1 1
an 500 A ) d 500 A i '
. . ] ]
piranensis ! : !
2 T 1 250 - (l 1
1 1 1
1 1 1
0+ 0 H
100 200 300 0 100 200 300
1500 T1: '
H T2, 1500
b N 1000
. . 1000 -
viennensis
500 500 -
0 04
750 - 800 -
600
] c _N © 500
inopinata 400 A
250 - 2004
01 04
400 4004
300 A 300 -
d N. lacus 200 - 200 -
100 100 A
01 01
750 - 7501 i
1
1 1
.500 - 500 - ! '
e N. oceani °® m ! !
2601 250 %"
1
O ) T T T T O T T T T T ! T I
100 200 300 400 0 100 200 300 400
Time (hour)

—e— NH; +NHj

—A— Urea
NO,

-v NO;

Supplementary Figure 4. Nitrogen nutrient data of incubations conducted for the

NanoSIMS analysis. T1 and T2 indicate the two time points when cells were collected. (a) V.

piranensis (marine AOA), (b) N. viennensis (soil AOA), (¢) N. inopinata (comammox), (d) N.

lacus (B-AOB), and (e) N. oceani (y-AOB). Markers and error bars are average and one standard
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321  deviation of biological triplicates except for the N. viennensis '"N-NH4" + 1*C-HCO3 incubation
322 (b, right), where error bars indicate the maximum and minimum values of two biological

323 replicates.
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324

325  Supplementary Figure 5. Region of growth curves used to calculate the . in Fig. 1 for
326  the ammonia plus urea (A+U) incubations. (a) N. piranensis (marine AOA), (b) N. viennensis
327  (soil AOA), (¢) N. inopinata (comammox), (d) N. lacus (Nitrosospira -AOB), (e) N.

328  multiformis (Nitrosospira B-AOB), (f) N. ureae (Nitrosomonas B-AOB), and (g) N. oceani (y-
329 AOB). The A+U incubations were inoculated with 1% ammonia-grown culture whereas the

330 A+U"incubations were inoculated with 1% urea-grown culture at mid-exponential phase.
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331  Markers and error bars are average and one standard deviation of biological triplicates. The
332  standard deviation is smaller than the marker if error bar is not visible. Urea-only incubations
333  inoculated with urea-grown culture were not conducted for N. oceani due to the extremely slow

334  growth rate.
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336  Supplementary Figure 6. The ammonia oxidation activity of V. inopinata showed no

337  discernible effect when varying 15N substrate labeling percentages from 1 to 10%.

338
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340  Supplementary Figure 7. Linear correlation between the newly produced '>N-NO» and
341  released "'N-NHj3 by Nitrosococcus oceani in the growth experiments supplemented with

342  '>N-urea. The linear regression line is y = 1.284x + 0.0341 (R*> = 0.9925).
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363

Supplementary Tables

Supplementary Table 1. P-values from two-tailed t-test (o = 0.05) pairing the maximum specific
growth rate between different incubation experiments. Values less than 0.05 are highlighted in
green. Letters without square brackets indicate treatment with different N substrates: A =
incubation with ammonia only; A+U = incubation with ammonia + urea; U = incubation with
urea only. Letters in square brackets indicate the substrate being utilized when calculated for the
Umax: A = when using ammonia; U = when using urea; A+U = when using ammonia and urea
together. “Inoculation with 1% urea-grown maintenance culture at mid-exponential phase; all

other incubations were inoculated with 1% ammonia-grown maintenance culture.

Supplementary Table 2. The summarized ammonia- and urea-dependent oxidation kinetics

parameters of N. piranensis, N. viennensis, N. inopinata, N. lacus, and N. multiformis.

Supplementary Table 3. The summarized transcription data of ammonia and urea uptake and

utilization gene in AMO species.
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364  Supplementary Table 4. Description of the time points collected for RNA sequencing for each
365 tested AOM species.
AOM E;I;irtl_ Time point 1 | Time point 2 | Time point 3 | Time point 4
Exponential 24 hr after End of lag Exponential
AU phase on . phase on
. urea spike phase
N ammonia urea
piranensis Exponential | 24 hr after Exponential
! phase on
UA phase on ammonia . n/a
. ammonia and
urea spike
urea
Exponential 24 hr after
AU phase on . n/a n/a
: urea spike
N. ammonia
viennensis Exponential | 24 hr after
UA phase on ammonia n/a n/a
urea spike
Exponential 24 hr after Exponential
AU phase on . phase on n/a
: urea spike
N. ammonia urea
inopinata Exponential | 24 hr after | Right before
UA phase on ammonia ammonia n/a
urea spike depletion
Exponential | 8 hr before | Exponential
N. lacus A+U phase on urea phase on n/a
urea depletion ammonia
. Exponential
Exponential 24 hr after phase on
AU phase on : . n/a
. . urea spike | ammonia and
N. oceani ammonia
urea
UA Not conducted due to extremely slow specific growth rate in
urea-only medium.
366
367
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368 Source data

369  Source Data Table 1. Differential transcription of all AMO species genes in response to

370 ammonia and urea additions.

371 Source Data Table 2. NanoSIMS analysis output (“Raw’’) and processed data (“Data”) for

372 calculating substrate incorporation percentages.

373
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