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ARTICLE INFO ABSTRACT
Keywords: Anaerobic ammonium-oxidation (anammox) is a typical redox reaction driven by membrane electron trans-
Anammox reaction formation. However, the electron transfer mechanism of the core redox reaction and its evolutionary origins are

Electron transfer
Electronic shuttle protein
Geological event

WWTPs

still not thoroughly identified. In this study, a preliminary analysis was conducted for such interaction based on
the 64 anammox bacterial genomes representing 12 genera available currently. The results suggested that en-
zymes involved in anammox reaction share the similar catalytic and electron transfer modes in different lineages,
while the electron-carrying proteins shuttled between membrane and soluble enzymes are very different. A
comparatively simple electronic shuttle protein system was encoded in the early-branching groundwater lineages
Candidatus (Ca.) Avalokitesvara and Ca. Tripitaka, which was replaced by a sophisticated electron carrier
scheme in the late-branching marine and terrestrial groups within family Ca. Brocadiaceae. Remarkably, the
increasing availability of nitrite after Great Oxidation Event (GOE) potentially drove the adaptive evolution of
the core redox systems by successively recruiting the nitrite reductase (NIR) for nitrite balance, a stable complex
of two small cytochrome ¢ proteins (NaxL and NaxS homologues) for electron transfer to HZS, as well as opti-
mizing the structure of nitrite oxidoreductase gamma (NxrC) for electron conservation. In particular, a tubule-
inducing nitrite oxidoreductase subunit (NxrT homologue) was further formed for electron transformation
after the Neoproterozoic Oxygenation Event (NOE). Finally, based on two full-scale anammox-based wastewater
treatment systems (WWTPs), we identified core gene transcriptional activities affecting the abundance of the
family Ca. Brocadiaceae and their association with environmental factors. Overall, our study not only provides
key information for understanding the dynamic patterns and evolutionary mechanisms of the anammox reactions
and the associated electron transfers in conjunction with major geological events, but also provides new insights
for future enrichment and effective applications.

1. Introduction anammox with significant cost-saving advantages, positioning it as the
most promising biological N removal method (Kuenen 2020; Zhang

Highly metabolically diverse microorganisms, including ammonia- et al. 2019) and has been estimated to contribute 30-70 % to the annual
oxidizing bacteria (AOB)/archaea (AOA), nitrate-oxidizing bacteria release of N into the atmosphere (Kartal and Keltjens 2016). Several
(NOB), denitrifying bacteria, and anaerobic ammonium oxidation anammox reaction processes, such as partial nitrification-ammonia
(anammox) bacteria, play a crucial role in the nitrogen cycles of both oxidation (PN/AMX), partial denitrification-ammonia oxidation
natural and human-made ecosystems (Kartal and Keltjens 2016; Rock- (PD/AMX), simultaneous nitrification, ammonia oxidation, and deni-
strom et al., 2009). Comparatively, no aeration requirements and trification (SNAD), as well as partial nitrification, ammonia oxidation,
greenhouse gas, such as nitrous oxide (N2O), emissions have endowed and methane-dependent nitrite/nitrate reduction (PNAM), are widely
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applied in wastewater treatment (Liu et al. 2021; Zhuang et al. 2022). To
date, the heterogeneous phylogenetic branches of anammox bacteria are
composed of 12 genera, including Candidatus (Ca.) Brocadia, Ca. Jet-
tenia, Ca. Kuenenia, Ca. Scalindua, Ca. Anammoxoglobus (Rich et al.
2020; Schmid et al. 2003; van de Vossenberg et al. 2013), as well as the
newly identified Ca. Bathyanammoxibius, Ca. Loosdrechtia, Ca.
Wujingus, Ca. Wunengus, Ca. Avalokitesvara, Ca. Tripitaka, Ca.
Wukongus (Wu et al. 2023; Yang et al. 2022; Zhao et al. 2022).

The core anammox reaction is catalyzed by a series of redox-active
enzymes, including hydrazine synthase (HZS), hydrazine dehydroge-
nase (HDH), nitrite oxidoreductase (NXR), hydroxylamine oxidase
(HOX), hydroxylamine oxidoreductase (HAO)-like protein Kustc0458
(KsHN*, Ks represents Kuenenia stuttgartiensis, H represents HAO
paralogues, N represent nitrite reduction, and * represents homologues)
and nitrite reductase (NIR) (Kuenen 2008; Kuenen 2020). Core anam-
mox enzymes distribute in a membrane-enclosed cellular compartment,
anammoxosome (Akram et al. 2021; Almeida et al. 2015; Kartal and
Keltjens 2016), and electrons are proposed to be shuttled between sol-
uble and membrane enzyme complexes by electronic shuttle carriers,
such as small c-type cytochromes (Akram et al. 2021; Akram et al.
2019b; Dietl et al. 2019). Nitrite (NO3) reduction to nitric oxide (NO)
catalyzed by NIR (Kuypers et al. 2018) or KsHN* (Ferousi et al. 2021;
Maalcke et al. 2014; Okubo et al. 2020) coupled with a single-electron
transfer, but the mechanism on electron shuttling between NIR/KsHN
analog and membrane electron transport chain (ETC) is still unclear.
Three electrons are consumed by HZS in transforming the produced NO
and NHJ to hydrazine (NoH,) (Kuenen 2008; Subba Rao et al. 2017). In
the model anammox bacterium Kuenenia stuttgartiensis, two potentially
electron carriers, kuste2854 (KsTH, TH represents tetraheme, a c554
family protein) (Ferousi et al. 2019) and NaxLS (Akram et al. 2019b)
were identified. KsTH and its auxiliary proteins (kuste2855, kuste2856)
are parts of the HZS cluster, potentially inducing direct interaction be-
tween the ETC electron transfer module with HZS (Ferousi et al. 2019).
The lower redox potential (—175 mV) of NaxLS makes electron transfer
from NaxLS to HZS more energy-efficient (Akram et al. 2019b). NoHy is
ultimately transformed to Ny (Kuenen 2008) catalyzing by HDH at
extremely low redox potentials with the release of four electrons
(Kuenen 2008), which are preferentially transferred to the ETC to drive
the quinone cycle and ATP biosynthesis (Akram et al. 2019a; de Almeida
et al. 2016; Kartal et al. 2011b). Additionally, hydroxylamine (NH,OH),
a byproduct of NoHy4 synthesis could escape from HZS and inhibit the
activity of HDH (Kartal et al. 2011a). It could be further oxidized to NO
through a three-electron reaction catalyzed by HOX (Kuenen 2008;
Kuenen 2020). The existing result suggested that Kustc0563 is a prom-
ising redox partner of HOX for the transferring of the three released
electron from NH,OH oxidation in Kuenenia stuttgartiensis (Akram et al.
2021). It was proposed that the two electrons released from NO3
oxidation to nitrate (NO3) catalyzed by NXR could be further transferred
to NIR or KsHN* for NOzreduction rather than the previously believed
CO;, fixation (Chicano et al. 2021; Hu et al. 2019), in which NxrT was
characterized as an electron transfer shuttle protein (Chicano et al.
2021).

However, the generalizability of the core anammox reaction and the
associated electron-transfer mechanisms explored in Kuenenia stuttgar-
tiensis is reasonably questioned due to the such high diversity of
anammox bacteria (Wu et al. 2023; Yang et al. 2022; Zhao et al. 2022).
Here, we systematically analyzed the potential models of electron
transfer in anammox metabolism based on the up-to-date 64
high-quality anammox bacterial genomes affiliated to 12 different
genera. Interactions between key anammox enzymes and the corre-
sponding redox chaperones were systematically investigated in diverse
lineages. The ongoing evolutionary process of the electron transport
mechanisms in anammox bacterial community in conjunction with
major geological events was further analyzed. The core
anammox-reactive enzymes with species abundance and environmental
factors were analyzed in two full-scale anammox-based wastewater
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treatment systems (WWTPs). The detailed elaboration of core redox
reactions and their associated electron transfer mechanisms provide new
insights into the adaptive evolution of anammox bacteria.

2. Materials and methods
2.1. Anammox bacterial genome annotation

In total, 64 anammox bacterial genomes representing 12 genera were
downloaded from NCBI (Table S1). The quality of obtained genomes was
initially evaluated using the module “lineage wf” of CheckM v1.0.6
(Parks et al. 2015). Open reading frames (ORFs) were predicated from
these genomes using Prodigal v2.6.3 using the “- p single” option (Hyatt
et al. 2010). Predicted ORFs were annotated by BLAST+ v2.9.0 searches
against a previously constructed custom nitrogen cycle database (Yang
et al. 2022) with the standard requirements of E-value ( 10e'10, amino
acid identities ) 30 %, and a minimum alignment length > 50 %. We
further filtered the candidate sequences based on conserved regions
identified by PyMOL v 2.3.2 with “pymol.cmd.align” and default setting
(Yuan et al. 2016). To obtain the amino acid sequence of potential
electron transfer shuttle proteins, we constructed a custom database,
composing the identified KsTH from Ca. Kuenenia stuttgartiensis
(Ferousi et al. 2019), NaxLS from Ca. Kuenenia stuttgartiensis (Akram
et al. 2019b) and Ca. Jettenia caeni (Ukita et al. 2010), Kustc0563 from
Ca. Kuenenia stuttgartiensis (Akram et al. 2021), NxrT from Ca. Kue-
nenia stuttgartiensis (Chicano et al. 2021). Subsequently, predicted
ORFs were analyzed by BLASTP searches against a custom database with
the requirements of E-value ( 10e'°, amino acid identities ) 30 %, and
conserved regions identified by PyMOL v 2.3.2 with “pymol.cmd.align”
and default setting (Yuan et al. 2016) were also used to select retained
sequences.

2.2. Protein architecture construction and validation

Well-characterized protein structures of core anammox enzymes,
including HZS (PDB: 5c2v, Ca. Kuenenia stuttgartiensis), NaxLS* (PDB:
6R6 M, Ca. Kuenenia stuttgartiensis), NirK (PDB: 5zli, Ca. Jettenia) and
HOX (PDB: 4n4k, Ca. Kuenenia stuttgartiensis) were downloaded from
PDB database for downstream analysis. Due to the absence of available
structures of NirS and KsTH* in anammox bacteria, we used Alpha-fold2
for their structure model prediction. Specifically, the NirS and KsTH
protein sequences were extracted from Ca. Kuenenia sp. isolate AMX1,
and Alpha-fold2 was configured with parameters mas_ mod= “mmseq-
s2_uniref env”, pair_ mod="“unpaired_pair”, model_type=“auto”,
num_recycles=30 (Mirdita et al. 2022). Model predictions are initially
evaluated based on sequence coverage and pLDDT (Mirdita et al. 2022).
And, the constructed model also was further evaluated by SAVES v6.0
(Colovos and Yeates 1993; Pontius et al. 1996). Visualization and
retouching of the model were carried out by PyMOL v 2.3.2 (Yuan et al.
2016).

2.3. Interaction analysis

The interaction analysis of hydroxylamine (NH2OH) and HOX was
performed according to Maalcke WJ, et al. (Maalcke et al. 2014), and the
protein interaction between kustc0563 and HOX was carried out
following Akram M, et al. (Akram et al. 2021). Also, the surface analysis
of protein interaction between NaxLS* and HZS was carried out by
Z-dock (Pierce et al. 2014) and PDBePISA (https://www.ebi.ac.uk/pdbe
/pisa/) with the default settings. To compare structure differences of
NirK and NirS between anammox bacteria and denitrifying bacteria,
some typical NirK (PDB: 3ZIY, Ralstonia pickettii 12 J; PDB: 6hbe, Ther-
mus scotoductus SA-01) and NirS (PDB: 1nir, Pseudomonas aeruginosa)
were downloaded from PDB database. The predicted NirS in Ca. Kue-
nenia sp. isolate AMX1 and NirS from Pseudomonas aeruginosa were
entered into PyMOL v 2.3.2 (Yuan et al. 2016), and the two proteins
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were compared using “pymol.cmd.align” with the parameters set to
cycles=10 and default. Amino acid residues centered on the two hemes
were then displayed within a range of 4A for further comparison.

2.4. Phylogenetic analysis

The 43 concatenated marker genes were identified from the all
retained anammox bacterial genome produced by Check M v1.0.6
“lineage_wf” module with the default setting (Parks et al. 2015) for
phylogenetic analysis. Alignment gaps were removed using trimAl V2.0
with the setting ‘-gt 0.1' (Capella-Gutiérrez et al. 2009), and the
maximum likelihood tree of the 43 concatenated marker genes was
constructed using IQ-TREE2 V1.6.12 (Minh et al. 2020) with the best-fit
model JTTDCMut+F + R4 selected by ModelFinder (Kalyaanamoorthy
et al. 2017).

Similarly, for the phylogenies of NaxL* and NaxS* sequences. The
closely relative reference sequences of NaxL* and NaxS* in the NCBI nr
database were identified by BLASTp (Mahram and Herbordt 2015) using
these sequences extracted from anammox bacterial genomes as the
queries and the E-value of 10e’'°, reference sequences with amino acid
identities > 50 % were selected. The NxrT* sequences recovered from
anammox bacterial genomes were used as a queries in BLAST+ v2.9.0
search (Mahram and Herbordt 2015) against the NCBI nr database. Since
the consistency of NxrT* is quite low among different anammox bacte-
rial lineages, we set the blast threshold as E-value ( 10e’!%, amino acid
identities ) 20 %, a minimum alignment length > 50 %, and the presence
of conserved regions was used to filter the reference NxrT* sequences.
The candidate sequences of NaxL*, NaxS*, and NxrT* were aligned using
MAFFT v7.463 (Katoh et al. 2002) and gaps in alignment were removed
using trimAl V2.0 with the setting ‘gt 0.1’ (Capella-Gutiérrez et al.
2009). Maximum likelihood trees of NaxL*, NaxS* NxrT* were con-
structed using IQ-TREE2 V1.6.12 (Minh et al. 2020) with 1000 ultrafast
bootstraps and Dayhoff+F + I + G4, Dayhoff+G4, and JTT+F + I + G4
substitution models, respectively. The built trees were visualized and
modified using iTOL v7 (Letunic and Bork 2021).

2.5. Sequence complementary analysis

Sequence alignment of targeted HZS, NxrC, HOX, NIR, KsTH*,
NaxLS*, and NxrT* in various anammox bacteria were produced by
MEGA versionl1 (Tamura et al. 2021) and comparison of predicted and
analyzed structure was carried by PyMOL align module with “pymol.
cmd.align” model and default settings. Display for the alignment was
generated using the GeneDoc (https://github.com/karlnichola
s/GeneDoc. Version 2.7). The core gene locus in anammox bacteria
genomes were produced in GeneSpy (Garcia et al. 2019) by centering on
the NXR.

2.6. Transcriptome and correlation analysis of two full-scale anammox-
based wastewater treatment plants (WWTPs)

To explore the core redox reaction key enzymes in the wastewater
lineage Ca. Brocadiaceae in practical applications, we analyzed two full-
scale anammox-based wastewater treatment systems in Guangzhou and
Germany, which including Ca. Brocadia, Ca. Jettenia, Ca. Kuenenia and
Ca. Loosdrechtia (Hu et al. 2023; Yang et al. 2021). Raw reads of met-
agenomic were quality controlled by MetaWRAP read_qc and default
setting (Uritskiy et al. 2018). Then, the retained clean reads were de novo
assembled by MEGAHIT V1.1.4 (-k-min 23 -k-max 141 —k-step 20) (Li
et al. 2015), metagenome-assembled genomes (MAGs) obtained was
carried out by metabat2, maxbin2, concoct, and refined by MetaWRAP
bin_refinement with the parameter “-c 50 -x 10" (Uritskiy et al. 2018).
Ribosomal RNA (rRNA) reads were first removed from the raw tran-
scriptome data using SortMeRNA (version 2.1) to construct non-rRNA
read libraries (Kopylova et al. 2012) based on the SILVA 132 data-
base. All MAGs abundance (TPM) of DNA and cDNA transcript were
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calculated by CoverM (https://github.com/wwood/CoverM) “genome”
and “contig” module, and Transcript abundance is further normalized by
genomic abundance. Pearson’s correlation coefficients between the
genes abundance, factors and anammox bacteria abundance matrices
was constructed using the “Hmisc” package in R (Varsadiya et al. 2021).
We then applied the false discovery rate (FDR) controlling procedure to
calculate p-values for multiple testing (Benjamini and Hochberg 2018).

2.7. Data available

All anammox bacteria genome were deposited at NCBI GenBank
database, the accession number are described in Table S1. Raw meta-
genomic and metatranscriptomic data of two WWTPs have been
deposited into NCBI under the BioProject PRIJNA526440 and
PRJINA815463.

3. Results and discussion

3.1. Conserved anammox reactions and the related electron
transformation systems

The generated NO by NO3 reduction catalyzed by NIR is a precursor
for NoH4 formation, and thus this reaction is considered a key step in
anammox metabolism (Fig. 1) (Dietl et al. 2019; Ferousi et al. 2021; Hira
et al. 2012). In detail, cytochrome cdl nitrite reductase (NirS) is
commonly encoded by Ca. Kuenenia and Ca. Scalindua, which is
replaced by a copper-containing nitrite reductase (NirK) in Ca. Jettenia
(Hira et al. 2012), Ca. Wujingus and Ca. Loosdrechtia (Fig. 1).
Comparatively, only a few Ca. Brocadia species possess the coding re-
gions for NirK and NirS (Fig. 1) (Gori et al. 2011; Okubo et al. 2020;
Palomo et al. 2022). The high sequence identities of NirS (>74 %) and
NirK (> 67 %) across various lineages likely indicate that they share
similar catalytic capabilities among anammox bacteria (Table S3). The
predicted architecture assessment of the NirS in “Ca. Kuenenia sp.
isolate AMX1” (Fig. 2a) indicates that NirS has a highly reliable protein
topology structure (80.7 % plausible amino acid residue regions, 83.4 %
pLDDT, and 0.798 pTM) (Mirdita et al. 2022). Subsequently, structure
alignment between Pseudomonas aeruginosa (PDB: 1nir) and “Ca. Kue-
nenia sp. isolate AMX1” NirS sequences suggested they share a high
similarity in the value of root-mean-square deviation (RSMD, 0.785),
and two heme-centered amino acid residues in the range 4A (Fig. 2d).
According to the well-established catalytic and heme-binding sites of
NirS in Pseudomonas aeruginosa (PDB: 1nir), we proposed that c-heme
and d;-heme are the electron entry site and catalytic site in anammox
bacterial NirS, respectively (Fig. 2d) (Kliinemann and Blankenfeldt
2020; Nurizzo et al. 1997). NirK encoded by anammox bacteria is a
tetramer enzyme containing three different copper centers, Culc:
C-terminus type 1 Cu, Culy: N-terminal type 1 Cu, and Cu2: N-terminal
type 2 Cu (Fig. 2a and b). Type III NirK has also been found in Thermus
scotoductus SA-01 (PDB: 6hbe, Fig. S2c¢) (Opperman et al. 2019).
Compared to dicopper NirK, a special sensing loop was found in tri-
copper NirK for electron transport between Culy and Cu2 when NO3
binding to Cull (Opperman et al. 2019). Consistently, these coding re-
gions were also found in anammox bacterial NirK for electron trans-
formation (Fig. S2d). Fig. 2e illustrates the profile of the different
mechanisms by which electron transfer occurs during the NO3 reduction
catalyzed by NirK and NirS. In NirK, Culc firstly admits electrons dis-
charged from the ETC or NxrT*, which are then transferred to Cu2 via
CulN and the sensing loop to mediate the reduction of NO;. In NirS§,
heme c receives exogenous electrons, which are subsequently trans-
ferred to the catalytic center, heme d;, for NO5 reduction.

Alignment of HZS sequences retained from all anammox bacterial
genomes revealed that HZS is a highly conserved oxidoreductase
(Fig. S1d, f and h) as suggested by previous studies (de Almeida et al.
20165 Dietl et al. 2015; Kuypers et al. 2018). HZS is a crescent-shaped
dimer of heterotrimer (agf2y2) (Fig. la), in which the o- and
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distribution in NirK (b) in Ca. Jettenia caeni (PDB: 5ZL1). Alpha-fold2 predicted NirS structure in Ca. Kuenenia sp. Isolate AMX1 (CAADGZ010000145.1_3) (c) and
protein align analysis with well-characterized Nir$ structure in Pseudomonas aeruginosa (PDB: 1NIR) (d). Working outline of NIR in anammox bacteria (e). Cul, C-
terminus type 1 Cu; Culy, N-terminal type 1 Cu; Cu2, N-terminal type 2 Cu.

y-subunits contain two hemes, and calcium (Ca) and zinc (Zn) ions are was also identified in all retained HZS (Fig. S1g and h). Binding hemes yI
spread across the three subunits (Fig. 1b, c, e and g) (Dietl et al. 2015). and vyII in the y-subunit (Kim et al. 2012) with conserved sites for
Comparative alignment analysis determined that the substitution of receiving external electrons (Fig. Sle and f) and histidine as a potential

tyrosine (Tyr) for histidine (His) in the o-subunit of the C-type catalytic redox amino acid in the y-subunit also were recovered in all
heme-binding motif cysteine (Cys)- His (CxxCH) is conserved as a po- obtained HZS sequences (Fig. S1f and h). Therefore, we conclude that
tential active site (Fig. S1d) (Kim et al. 2012). Meanwhile, a loop ring the HZS enzymes endocatalytic and the associated electron transfer
composed by 15 amino acids in f subunit ($245-260) (Kim et al. 2012) pathways are conserved in all the currently known anammox bacterial
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lineages (Fig. 3b).

HOX catalyzes the three-electron reaction of NHOH to NO, is
another characteristic enzyme in anammox bacteria(Ferousi et al. 2019;
Kartal and Keltjens 2016) (Figs. 1 and 2d). A total of 55 HOX coding
amino acid sequences were identified from anammox bacteria. Inter-
estingly, although HOX sequences were divided into two clades in the
phylogenetic tree (Fig. S3a), the structures of the eight circularly ar-
ranged hemes were highly conserved (Fig. S3b) (Fernandez et al. 2008;
Maalcke et al. 2014). This result suggests all anammox bacteria encode a
similar electron transfer pathway in HOX. Additionally, NH,OH binding
and catalytic sites are also identical based on docking and sequence
alignment analysis (Figs. 4b and S3d) (Maalcke et al. 2014). Interest-
ingly, unlike the hydroxylamine oxidoreductase in Nitrosomonas euro-
paea (NeHAO), HOX catalyzes the oxidation of NH,OH terminating in
NO. one plausible reason is that Tyr at position 358 in NeHAO provides a
hydrophilic hydroxyl group (Cedervall et al. 2013; Igarashi et al. 1997;
Maalcke et al. 2014), while methionine (Met) at position 323 in HOX is a
hydrophobic amino acid, which prevents water molecules in the cavity
from attacking the substrate bound to the P460 heme, thereby stop the
reaction of NO to NOj3 (Maalcke et al. 2014). Differently, the N-terminal
structural domain of HOX likely associated with NeHAO, presents a
strong negative charge (Maalcke et al. 2014), is not fully conserved in
early- and late-branching lineages. In the N-term of late-branching, such
as Ca. Brocadia, Ca. Jettenia, Ca. Wujingus, the positively charged lysine
(K) in the early-branching Ca. Avalokitesvara and Ca. Tripitaka was
replaced by a negatively charged glutamic acid (E) or an uncharged
asparagine (N). Again, the starting amino acid threonine (T) of the
N-term was lost in Ca. Avalokitesvara (Fig. S3c). Unfortunately, the lack
of structural and functional analysis of the N-term in HOX blocks the
accurate assessment of the consequences of these site mutations.

NxrA, NxrB, and NxrC sequences of the late-branching lineages of
anammox bacteria share relatively high identities (> 60 %) (Table S4),
while NxrC have much low identities with those of early-evolved
groundwater groups Ca. Avalokitesvara (31-35 %) and Ca. Tripitaka
(37-38 %) (Table S4). Sequence complementary spectrum revealed that
the heme b binding site in NxrC is conserved in all anammox bacteria
(Fig. S6a), except for the replacement of methionine (Met, M) by argi-
nine (*”?Arg, R) in Ca. Avalokitesvara. Met has only one sulfur group
bound to heme b in the side chain (Li et al. 2011), while the positive
charge and special groups (amino and carboxyl groups) in Arg can form
charge complementary (Armstrong et al. 2016; Sarkar et al. 2023) and
van der Waals interactions (Astashkin et al. 2012) with heme b,
increasing the binding strength. Interestingly, the NxrC coding regions
of the early-branching Ca. Avalokitesvara and Ca. Tripitaka also contain
two classic type-c heme-binding motif CxxCH (Li et al. 2011). According
to the function of the similar structure in HAO homolog, the heme bound
by CxxCH is believed to have the potential to conserve more electrons
(Maalcke et al. 2014). The early anammox bacteria diverged around
1.52 Ga (Table S1) predominantly inhabited groundwater ecosystems
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Fig. 4. Potentially working outline of HOX. HOX catalysis and Kustc0563*-
mediated electron transfer (a) and docking analysis of NH,OH with HOX (b)
in Kuenenia stuttgartiensis. TYR: Tyrosine, HIS: Histidine, ALA: Alanine, ASP:
Aspartic acid, MET: Methionine, Numbers indicate amino acid sites. *,
paralogues of various enzymes.

(Fig. 1a) with quite low substrate availability due to the diffusion bot-
tlenecks for NOy and NHJ (Aeschbach-Hertig and Gleeson 2012) (Agca
et al. 2014; Spalding et al. 2019). To adapt to this ecological niche, Ca.
Avalokitesvara and Ca. Tripitaka initiated a “self-protection” mecha-
nism by conserving additional electrons by the heme bound by CxxCH.
NXR has also been found to have the potential to catalyze the reverse
reaction by reducing NO3 back to NO3 (Chicano et al. 2021). The
conserved electrons could be used to reduce NO3 by the reversable NXR
to enlarge the substrate acquisition pathway. Conversely, the
late-branching marine Ca. Anammoxibacteraceae and Ca. Scalindua-
ceae (1.35 Ga) and terrestrial Ca. Brocadiaceae (0.99 Ga) (Table S1,
Fig. 6) could acquire more substrate in the oxidized surface of the Earth
compared to the subsurface (Stiieken et al. 2016; Stiieken et al. 2024).
Meanwhile, late-evloved branching lineages have higher conservation of
NxrA, NxrB and NxrC (Table S4), NxrC electron-conserving sites that
evolved as result of substrate limitation were discarded (Fig. 5).

3.2. Auxiliary shuttle proteins and taxonomically dependent electron
transfer models in anammox metabolism

Three-electron transfer between anammoxosome membrane and
HZS is the rate-limiting step for NoHy synthesis (Almeida et al., 2015),
and KsTH* or soluble electron carriers NaxLS* were proposed to aid the
electron transfer (Arp et al. 2007; Ferousi et al. 2019). The conserved
Cys-lysine (Lys)-Cys-His (CKCH) heme-binding motif and four
hexa-coordinate hemes with low spin, including His/Lys (heme 1),
His/Cys (heme 2), and two His/His connections (heme 3 and heme 4),
were also observed in the identified KsTH* proteins in anammox bac-
terial genomes (Fig. S4) (Ferousi et al. 2019). NaxLS* encoding se-
quences were also obtained with the heme-binding motifs in NaxL* and
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Fig. 3. Working mechanisms of NO conversion to N2H4. Workflow of the electron shuttle proteins NaxLS and KsTH (a) and mechanism of HZS-catalyzed NoHy
synthesis (b). red., reduction state; oxid., oxidation state. The operational mechanism of HZS shown in Panel b was constructed based on (Kartal and Keltjens 2016).
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Fig. 5. Two potential modes of NXR catalysis and electron transfer mechanism.
Schematic diagram of catalysis and electron transfer after NxrT recruitment (a),
schematic diagram of catalysis and electron transfer before NxrT recruit-
ment (b).

NaxS* subunits (Fig. S5). Interestingly, KsTH* and HzsABC belong to the
same gene cluster and are also commonly encoded by distinct anammox
bacteria (Fig. la and c). Differently, NaxLS* is deficient in the
early-branching Ca. Anammoxibacter, Ca. Avalokitesvara, and Ca. Tri-
pitaka as well as marine Ca. Scalindua and Ca. Bathyanammoxibius
(Fig. 1a, Table S1). By expanding the sequence analysis beyond NaxLS*
protein in anammox bacteria, it was found that NaxLS* protein is only
obtained in Planctomycetes under the condition of 60 % identity as
standard, suggesting a potential gene transfer at the later stage (Fig. S5a
and b). Existing studies suggested that KsTH*enables electron transfer
between different modules through interactions with quinones on the
membrane of the anammoxsome or through direct contact with HZS
(Akram et al. 2021; Kartal and Keltjens 2016), but the working mech-
anism is still unclear. Here, molecular interaction between NaxLS* and
HZS from Kuenenia stuttgartiensi was analyzed to explore the underlying
mechanism. The result showed that the heme-binding region of NaxL*
had a stronger interaction with HZS compared to the heme-binding
motif of NaxS* (Table S5). In particular, the heme-binding region in y
subunit interacts strongly with NaxL* (Table S5), which is consistent
with the finding that y subunit is the subunit involved in electron
transfer in the HZS (Kim et al. 2012). Additionally, \(His144 involved in
the catalytic redox reaction also formed hydrogen bonds with NaxL
(Table S5). Unexpectedly, NaxS* had no interaction with o and y sub-
units (Table S5), but showed a specific interaction with p subunit of HZS,
which is composed of seven §§ propeller blades (Fig. S1g) (Dietl et al.
2015). The p propeller blades are believed to involve in protein-protein
interactions and cofactors bindings that guide the activities of various
enzymes, such as NirS, NO reductase, methanol and methylamine de-
hydrogenase (Afanasieva et al. 2019; Chen et al. 2011). Conclusively,
the working scheme of electron shuttle protein and HZS in anammox
bacteria was proposed (Fig. 3). NO was captured by NaxLS* and/or
KsTH* and form a 6¢NO (Ukita et al. 2010) and an unknown interme-
diate (Ferousi et al. 2019; Zhang et al. 2019), this reaction facilitates the
electron retention of the heme conversion in the redox reactions, fol-
lowed by a strong interaction of NaxLS* and KsTH* with HZS for elec-
tron transformation.

NH,OH oxidation is accompanied by the release of three electrons
(Akram et al. 2021; Maalcke et al. 2014), which are likely transferred to
HZS via ETC and small c-type cytochromes kustc0563* (Akram et al.
2021). Kustc0563*, the redox partner of HOX, was encoded by all
anammox bacteria, indicating the kustc0563*-mediated three-electron
transfer mechanism is conserved. The conserved complementary charge
interactions of kustc0563* with HOX surface residues site suggest the
tight anchoring between them for electron transformation (Figs. 4 and
S9). Both heme 1 and heme 3 locate near the interaction region of HOX,
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while only heme 1 exposes to the solvent (Akram et al. 2021), that the
generated three electrons by HOX should be released via heme 1
(Fig. 4b). Unfortunately, the acceptors of these three electrons are still
unknown. Indeed, The HOX responsible for NH,OH oxidation is a sol-
uble multiheme c-type cytochrome complex that is not spatially asso-
ciated with the anammoxosome membrane (Kartal and Keltjens 2016;
Maalcke et al. 2014), and due to the high specificity of the electron
shuttling system, the low-potential electrons (—30 mV) released by HOX
should at least be preferentially transported to the ETC to prevent the
system from effectively short-circuiting (Akram et al. 2019a; Maalcke
et al. 2014). Additionally, in Nitrosomonas europaea, the turnover of
NeHAO produces four electrons that are transferred to the electron
transfer protein cytochrome c¢554 (Cyt c554, similar to Kustc0563*
(Akram et al. 2021)), and two of the product electrons can be transferred
back to the AMO by Cyt ¢554 for ammonia oxidation (Cedervall et al.
2013). Because HOX and NeHAO share a common protein architecture,
structurally similar P460 co-factors, NH,OH catalytic site and auxiliary
electron shuttle protein (Maalcke et al. 2014), we hypothesize that the
electrons released by HOX may also return to the HZS with the substrate
similarly to NeHAO. In summary, the leaked NH,OH during NoH4 syn-
thesis is further oxidized to NO by HOX, and the generated three elec-
trons are transferred to the anchoring protein kustc0563* through the 8
ring-arranged hemes in HOX, then kustc0563* dissociates from HOX
and transfers electrons to the HZS via ETC (Fig. 4a).

The oxidation of NO3 to NO3 catalyzed by NXR is accompanied by
the release of two electrons, which has been believed to be used for CO5
fixation (de Almeida et al. 2016). Recent studies indicate that these two
electrons were transferred to nitrite reductase (NIR or KsHN*) for the
NOgreduction, as Kuenenia stuttgartiensis could fix CO5 in the absence of
NO3 (Chicano et al. 2021; Hu et al. 2019). NxrT* in Kuenenia stuttgar-
tiensis was proposed as an electron transfer shuttle protein between NXR
and nitrite reductase (Chicano et al. 2021). It was encoded by all known
anammox bacteria only except for the early-branching Ca. Avaloki-
tesvara and Ca. Tripitaka (Table S4, Fig. S6b), suggesting the early
anammox bacteria cannot directly use the generated electrons by NXR
for NOzreduction or handle the electron transfer by an unidentified
ancient shuttle system. NxrT* and NirK/NirS were simultaneously ac-
quired by the late-branching anammox bacteria (Fig. 1a and c), likely
indicating a strong connection between NxrT* and NIR in the anammox
catabolism. Phylogenetic analysis divided NxrT* into three clades
(Fig. S7), in which clade 2 is solely constituted by Ca. Kuenenia NxrT*.
Clade 2 contains two distinct branches (Fig. S7), where the NxrT in
branch 1 is cluster with the NXR gene (Fig. S7b, Table S5). In contrast,
clade 1 and clade 3 NxrT* are present on distinct genetic locus as
illustrated in a previous study (Chicano et al. 2021). The closest
phylogenetic relationship of NxrT* between late-branching anammox
bacteria and other Planctomycetes (Fig. S7) likely suggesting anammox
bacteria acquire NxrT* through gene transfer from the ancestor of
Planctomycetes.

3.3. Evolutionary mechanisms of the core redox reaction system in
conjunction with geological events

The origin and divergence times of diverse anammox bacterial lin-
eages has been investigated (data not shown, manuscript submitted),
which showed that the earliest divergence time of the existing anammox
bacteria was 1.52 Ga (Table S1), during the Mesoproterozoic era
(1.6-0.8 Ga). The onset of the Great Oxygenation Event (GOE, ca.
2.4-2.3 Ga) marked the commencement of increased oxygen levels in
Archaean Earth, which subsequently stimulated the accumulation of
NOj3 (Fig. 6) (Bekker and Holland 2012; Stiieken et al. 2016) and the
divergency of anammox bacteria (Liao et al. 2022). Mesoproterozoic era
is recognized as a pivotal period for the emergence of eukaryotes (Knoll
and Nowak 2017) that the expansion of eukaryotic algae lead to the NO3
limitation in the ocean (Knoll and Nowak 2017; Stiieken et al. 2024; Tao
et al. 2022). At the same time, the rise in atmospheric oxygen levels and
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the influx of sulfide fluxes into the oceans have resulted in the removal
of essential metal ions, such as molybdenum and copper (Poulton et al.
2010; Tao et al. 2022). This depletion has consequently diminished the
activity of nitrogen-fixing enzymes and contributed to a scarcity of NOyx
in marine environments. Although NOy generated by microbial oxida-
tion of NHZ on land provides a source of NO3 in the shallow oxygenated
waters of the oceans, pervasive shortages of NOy were characteristic of
aquatic ecosystems on the Mesoproterozoic Earth (Stiieken et al. 2016;
Stiieken et al. 2024; Tao et al. 2022; Wang et al. 2023a). The deficit of
NOy has constrained the pathway for KsHN-catalyzed conversion of
NO; to NO. To mitigate this challenge, the early clades Ca. Bathy-
anammoxibiaceae and Ca. Hypogeohudataceae have evolved to
conserve two electrons by incorporating an additional heme group in
NxrC (Fig. 6), which enables anammox bacteria to acquire more NO3
through NO3 reduction catabolized by the reversable NXR (Chicano
et al. 2021) or ensure a sufficient electron supply for NO3 reduction
catabolized by the KsHN. Simulations of 5" Npuix and oxygen concen-
trations indicate that oxygen fluctuations during the late Mesoproter-
ozoic era (approximately 1.5-1.3 Ga) (Canfield et al. 2018; Chen et al.
2022; Stiieken et al. 2016) increased the NOx availability in marine
ecosystems (Stiieken et al. 2016; Tao et al. 2022) (Fig. 6). Consequently,
marine Ca. Anammoxibacteraceae and Ca. Scalinduaceae have lost the
two additional heme-binding sites in NxrC. Instead, NIR and NxrT* were
recruited by marine anammox bacteria (Fig. 6). As described above,
NxrT may translocate the two electrons released by NXR to KsHN,
leading us to hypothesize that the recruitment of NxrT* probably
enhance the reduction of NO3 to NO catalyzed by KsHN. NIR has been

recognized as a critical enzyme for core redox anammox reactions (Gori
et al. 2011; Kuypers et al. 2018; Schmid et al. 2003). However, its
absence has been prevalent in the early anammox bacterial lineages,
suggesting that the primary function of the NIR enzyme may be
NO; detoxification under the force of increasing NO3, a notion consis-
tent with earlier speculations (Yang et al. 2022; Yang et al. 2020).
During the early Neoproterozoic, particularly prior to the Neo-
proterozoic Oxygenation Event (NOE), oxygen concentrations remained
relatively stable (Chen et al. 2022) (Fig. 6). The low 615Nbulk values
imply that fixed nitrogen in the water column may have been dominated
by minimal levels of ammonium (Fig. 6). NO3 produced through nitri-
fication may have been rapidly replaced by denitrification, preventing
accumulation (Stiieken et al. 2024). In contrast to marine ecosystems,
terrestrial weathering provided more NHj and NOg(Horton 2015),
allowing anammox bacteria (Ca. Brocadiaceae) to not only migrate from
marine or groundwater environments to terrestrial ecosystems but also
to adapt to a substrate-rich environment through the recruitment of
NaxLS* and HZS multiple copy (Fig. 6). Ca. Kuenenia, which is affiliated
to Ca. Brocadiaceae, diverged around 0.36 Ga (Table S4). Notably, in
contrast to other members of Ca. Brocadiaceae, the NxrT enzymes of Ca.
Kuenenia are classified into two types: free enzymes and those clustered
with NXR (Figs. 1b, 6 and S6, Table S4). Indeed, following the NOE, the
increase in oxygen levels and 8'°Nyy values suggests a further
enhancement of NOy and NHJ (Stiieken et al. 2024) (Fig. 6). However,
this change does not appear to have influenced the anammox systems of
other members of the Ca. Brocadiaceae family, indicating that there may
be additional factors driving the evolution of Ca. Kuenenia. Previously



P. Hu et al.

studies have demonstrated that Ca. Kuenenia exhibits lower affinity
constants for NH; and NO3zthan Ca. Brocadia and Ca. Jettenia (Oshiki
et al. 2016). Therefore, NxrT*, which clusters with NXR, may facilitate
the growth of Ca. Kuenenia under substrate-limited conditions by
directly accepting electrons from NxrC and transferring them to KsTH or
NIR (Chicano et al. 2021).

Interestingly, Shaw et al. (Shaw et al. 2020), in their transcriptomic
analysis of microbial electrolytic cell (MCE) experiments using external
electrodes as the sole electron acceptor, observed that the activity of the
kustc0458 gene, which catalyzes the conversion of NO3 to NO, as well as
genes regulating the electron transport module, were significantly
down-regulated in Ca. Brocadia BROELEO1 compared to the system in
which nitrite acted as the electron acceptor. This suggests that NO3
deficiency negatively affects the activity of key enzymes and electron
transport within the cell. Upon reanalysis of their transcriptomic data, it
was further revealed that the shuttle proteins KsTH and NaxLS, which
provide electrons to the HZS, were also significantly down-regulated
(Table S9), suggesting that NO5 deficiency severely disrupts the elec-
tron reflux system and impairs the activity of shuttle proteins.

3.4. Sophisticated core anammox reaction endows Ca. Brocadiaceae with
better adaptation to the wastewater system

Compared with groundwater or marine ecosystem environments, the
high concentration of NHj-N, NOx-N and organic matter in wastewater
(Huetal. 2023; Yang et al. 2021). In addition, the competitive inhibition
of N-related microorganisms, such as AOB/AOA, NOB, denitrifying
bacteria, effectively impede the growth and metabolism of anammox
bacteria, which is an important bottleneck of the practical application of
the anammox process (Kuenen 2020; Yang et al. 2021). Therefore, the
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selection of suitable anammox bacteria as the initial bacterial agent is
the key to start the anammox process. Combined with the ecological
niche analysis, it was found that all the dominant anammox bacteria in
wastewater belonged to the genus Ca. Brocadiaceae, including Ca.
Kuenenia, Ca. Brocadia, Ca. Jettenia, and Ca. Loosdrechtia (Fig. 1a),
which encode more mature anammox biochemical systems (Figs. 1a and
6). For instance, HZS was identified as the most important functional
enzyme for the anammox core reaction, and interestingly, the dominant
anammox flora in wastewater enhanced this reaction process by
recruitment NaxLS and multicopy HZS (Figs. 1a and 6), which not only
contributed to their rapid adaptation to the harsh wastewater environ-
ment, but also strengthened their ability to interact effectively with
coexisting active microorganisms in the sludge (Hu et al. 2023; Yang
et al. 2021),

To further characterize the transcription of the core anammox sys-
tem of the genus Ca. Brocadiaceae in wastewater, we analyzed two
WWTPs located in Guangzhou, China, and Zentraldeponie Emscher-
bruch, Germany. As shown in Fig. 7 and Table S7, all Ca. Brocadiaceae
genus are obtained from this two WWTPs. Interestingly, we found that
alterations in relative abundance affected the transcriptional activity of
anammox bacterial core coding genes, particularly NXR and HZS
(Fig. 7a). To further characterize the correlation, we subjected abun-
dance and gene transcriptional activity to Pearson correlation analysis.
The results showed that the abundance of Ca. Brocadiaceae was highly
correlated with almost all core enzymes, with HZS, NXR, NaxL and NxrT
being the most significant, followed by HDH, HOX, KsTH, and NaxS
(Fig. 7b). This result suggests that nitrite oxidation and hydrazine syn-
thesis are the two core biochemical reactions that determine the altered
abundance of anammox bacteria. Meanwhile, NaxL, but not NaxS, was
again confirmed to be the core shuttle protein mainly involved in HZS
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aerobic tank-sludge, YA: Primary aerobic tank A-sludge, YB: Primary aerobic tank B-sludge, AS: Activated sludge.
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electron transfer, which is consistent with the results of our protein
interaction simulation analysis (Fig. 3). Interestingly, the two enzymes
responsible for the conversion of nitrite to NO, KsHN and NIR, had the
lowest correlation with abundance (Fig. 7b). Previous studies have
found that Ca. kuenenia can grow directly using NO as a substrate (Hu
et al. 2019), so we hypothesize that the wastewater lineage Ca. Broca-
diaceae can not only utilize environmental NO3 but also efficiently
metabolize NO released by coexisting microorganisms. Subsequently,
correlation analyses of environmental factors with core enzyme activ-
ities showed that pH, nitrate, nitrite, and ammonia concentrations all
differentially affected the activity of one or several enzymes. Precisely,
HZS activity showed a significant correlation with NHJ concentration in
the activate sludge (Fig. 7c), NO3 and NOj3 concentrations were corre-
lated with HDH, HOX, NaxL, and KsTH activities, and pH showed a
correlation with KsTH (Fig. 7c). These results suggest that dynamically
adjusting and monitoring these environmental factors can significantly
enhance the enrichment of anammox bacteria and improve their meta-
bolic efficiency. Unexpectedly, dissolved oxygen (DO) did not show any
correlation with any relevant enzyme activity, which may be due to the
regional limitation of the DO we monitored and further validation is
needed regarding the correlation of DO with key enzymes due to the
presence of fluctuating oxygen environments in the full-scale waste-
water system as a result of sludge reflux or effluent-carried oxygen (Hu
et al. 2023).

It is particularly noteworthy that most enzymes in the core redox
reaction system, including NirS, HZS, HOX, KsHN, HDH, and electron
shuttle proteins, are heme-type proteins (Akram et al. 2021; Akram et al.
2019a; Akram et al. 2019b; Kartal and Keltjens 2016; Kliinemann and
Blankenfeldt 2020). Therefore, effective enhancement of the biosyn-
thesis capacity of heme-type proteins and the activity of these enzymes
in anammox bacteria is an promising strategy to optimize the anammox
reaction system. Previous studies have shown that iron (including Fe(II),
Fe(II), Pyrite and iron nanoparticles) effectively promotes the enrich-
ment of anaerobic bacteria and facilitates microbial intracellular elec-
tron transfer capacity as well as the efficiency of the anaerobic reaction
by enhancing the biosynthesis of heme c and key enzymes (Table S8)
(Ferousi et al. 2017; Wang et al. 2024; Wang et al. 2023b). Additionally,
iron enters anammox cell through iron transporters on the cell mem-
brane, enhancing the activity of genes regulating the iron transport
system, such as the Feo system (feoA and feoB) and the ferrous uptake
regulator (Fur) (Ferousi et al. 2017; Jiang et al. 2023), also facilitates the
biosynthesis of the heme-like proteins in anammox bacterial cells.

4. Conclusions

In this study, the mechanism of the core anammox reactions and the
evolutionary events of auxiliary electron transfer shuttle proteins in
conjunction with geological events were investigated. The results indi-
cate that different anammox bacterial lineages share similar core redox
catalytic and electron transport mechanisms, while the electron transfer
shuttle protein systems in anammox bacteria exhibited significant di-
versity. In particular, oxygen and nitrate/nitrite transformation are
highly correlated with the modifications of the functional enzyme sys-
tems and the evolution of the electron transport shuttle protein system
anammox bacteria over the geologic time. Furthermore, in situ tran-
scriptome analysis based on two full-scale wastewater treatment systems
revealed that HZS, NXR, NaxL, and NxrT activities were strongly
correlated with anammox bacterial abundance, whereas nitrate, nitrite,
and ammonia concentrations, as well as pH, influenced the function
enzymes and shuttle protein activities. This study sheds new light on the
biochemical processes of key redox enzymes in anammox bacteria and
proposes the evolution changes of core biochemical enzymes in anam-
mox bacteria under the dynamic changes of N over the Earth’s geolog-
ical age.
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