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Abstract: Dissimilatory nitrate reduction to ammonium (DNRA) is a key biological

nitrogen retention pathway, yet the evolutionary mechanisms remain poorly

understood. Here, we combined phylogenomic analysis, codon usage bias assessment,

horizontal gene transfer (HGT) detection, and gene tree—species tree reconciliation

to investigate the evolutionary history of nrfA. Analysis of 103 DNRA-capable taxa

and 45 curated nrfA sequences revealed that DNRA capability evolved

polyphyletically. Reconciliation analysis identified six discrete HGT events,

establishing δ‑Proteobacteria as the primary donor reservoir. Extreme GC3

differentiation between δ- and ε-Proteobacteria and uniformly negative ΔENC values

indicated strong lineage‑specific translational selection. We identified inter‑phylum

HGT to Planctomycetes and Bacteroidetes, one inter-domain transfer (Archaea →

δ-Proteobacteria), and provided direct molecular evidence for IS‑element‑mediated

transfer. To validate the generalizability, we expanded the analysis to 180 nrfA

sequences, identifying 112 cross‑phylum phylogenetic clusters that further support

HGT as a widespread dissemination. These findings established a predictive

framework linking molecular evolutionary signatures to DNRA capability, with

implications for understanding nitrogen cycling.

Keywords: Dissimilatory nitrate reduction to ammonium (DNRA); nrfA; Horizontal

gene transfer (HGT); Codon usage bias
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1. Introduction

The microbial nitrogen cycle is among the most complex and environmentally

significant biogeochemical cycles on Earth. Nitrogen is an essential element limiting

primary productivity in many ecosystems, and microbial transformations of nitrogen

compounds profoundly shape global nutrient dynamics (Kuypers et al., 2018). Among

these transformations, dissimilatory nitrate reduction to ammonium (DNRA) has

gained increasing recognition as a key process that retains fixed nitrogen within

ecosystems, in contrast to denitrification which removes nitrogen as N₂ gas (Canfield

et al., 2010; Hutchins and Capone 2022) .

The DNRA pathway converts nitrate (NO₃⁻) to ammonium (NH₄⁺) via nitrite

(NO₂⁻), with the eight-electron reduction catalyzed primarily by the pentaheme

cytochrome c nitrite reductase NrfA, which is the catalytic core of the DNRA pathway

(Wen et al., 2025). This pentaheme c-type cytochrome catalyzes the six-electron,

eight-proton reduction of nitrite to ammonium in the bacterial periplasm. Two major

operon architectures have been identified in DNRA-capable bacteria: the complete

nrfABCDEFG operon found in δ-Proteobacteria and Enterobacteriales, and the

streamlined nrfAH operon found in some Firmicutes and Actinobacteria (Simon

2002). The nrfH gene encodes a quinol oxidase that serves as the physiological

electron donor to NrfA in many organisms (Simon et al., 2000). Unlike 16S rRNA,

which evolves slowly and is predominantly vertically inherited, nrfA evolves under

selection pressures related to nitrite reduction efficiency, electron transfer kinetics,

and environmental adaptation, making it an ideal marker for studying functional
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evolution and HGT (Hird et al., 2025). Here, we combine a curated database of

DNRA-capable bacteria with metagenomic evidence to show that nrfA—a key gene

under selection for nitrite reduction— has been extensively transferred via HGT,

challenging the traditional vertical inheritance paradigm associated with conserved

markers like 16S rRNA.

To rigorously test this HGT hypothesis and trace the evolutionary trajectory of

nrfA, we turned to phylogenomic approaches that go beyond single-gene trees. Recent

advances in phylogenomic analysis, particularly the application of k-mer based

approaches (k=5, optimized for balancing specificity and computational efficiency),

have revolutionized our understanding of microbial evolution (Bernard et al., 2019).

Unlike traditional 16S rRNA-based phylogenies that reflect vertical inheritance,

k-mer based clustering captures functional genomic signatures, including the effects

of horizontal gene transfer (HGT) and convergent evolution. This study synthesizes

evolutionary insights derived from a k-mer based phylogenomic tree of 103

DNRA-capable taxa, examining the origins, drivers, and ecological implications of

DNRA evolution.

2. Materials and Methods

2.1 Dataset construction

Two complementary strategies were employed to assemble a representative

dataset of nrfA genes from DNRA‑capable microorganisms.

Strategy I—Literature‑driven functional curation (Dataset L). A systematic

literature search was performed using the Web of Science databases with the topic
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(search performed in April 2026): ‘dissimilatory nitrate reduction to ammonium’, after

confirmation through literature review, the taxon was incorporated into the dataset.

Studies reporting experimental evidence of DNRA activity (e.g., ¹⁵N‑tracing, enzyme

assays, or anoxic nitrate‑to‑ammonium conversion) were retained (Table S1). For

each taxon with confirmed DNRA capability, the type strain or a well‑characterized

reference strain was identified. The complete or near‑complete 16S/18S rRNA gene

sequence and, when available, the full‑length nrfA coding sequence (CDS) of the

corresponding type strain were retrieved from NCBI GenBank (Table S2). This

strategy yielded a functionally validated dataset (Dataset L) consisting of 13

high‑quality nrfA CDS spanning six phylogenetic lineages: δ‑Proteobacteria (n = 5),

ε‑Proteobacteria (n = 3), γ‑Proteobacteria (n = 2), Bacteroidota (n = 1),

Planctomycetes (n = 1) and Archaea (n = 1). Dataset L served as the reference set for

in‑depth mechanistic analyses including GC3 differentiation, effective number of

codons (ENC) and phylogenetic inference.

Strategy II—Sequence‑driven high‑coverage mining (Dataset S). To expand

taxonomic coverage and assess the generalizability of the evolutionary signatures

observed in Dataset L, a second, independent dataset was constructed by direct

mining of the NCBI nucleotide database (search performed in April 2026). The search

strategy used the following query:

‘(‘nrfA’[Gene Name] OR ‘cytochrome c nitrite reductase’[Protein Name] OR

‘ammonia‑forming nitrite reductase’[All Fields]) AND (bacteria[Organism] OR

archaea[Organism]) NOT (synthetic[Title] OR vector[Title])’.
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Retrieved sequences were filtered to retain only those with: (1) annotated as

‘nrfA’ or ‘cytochrome c nitrite reductase’; (2) CDS length ≥ 300 bp; and (3) clear

taxonomic assignment at the phylum or class level (Table S3). This produced

‘Dataset S’ comprising 31 nrfA sequences (average length = 1180 bp,

range = 303-1956 bp) including additional representatives from under‑sampled phyla

such as Bacteroidota and Chloroflexota, as well as multiple strains of the same species

(e.g., ‘Escherichia coli’, ‘Salmonella enterica’, ‘Shewanella xiamenensis’), which

enabled within‑lineage variability assessment.

Integration of the two datasets. For all downstream molecular analyses (GC

content, codon usage, HGT metrics), the two datasets were analyzed ‘in parallel’ and

the results were cross‑compared. Dataset L provided functional validation and deep

mechanistic resolution; Dataset S provided broad taxonomic sampling and statistical

power for lineage‑specific comparisons. Non‑overlapping sequences between the two

datasets were combined into an ‘expanded integrated dataset’ (n = 45 after quality

control) for final interpretation, while overlapping sequences (e.g., ‘E. coli’ nrfA)

served as internal controls to verify analytical consistency across the two retrieval

strategies.

Expanded high‑throughput dataset (Dataset S2). To test the generalizability

of the evolutionary signatures observed in the curated Dataset L and Dataset S, we

constructed an independent expanded dataset (Dataset S2) by systematic mining of

publicly available protein sequences. This mining strategy was informed by the global

wastewater treatment plant metagenome survey reported in BioProject
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PRJNA1204190 (a large‑scale study of activated sludge microbiomes encompassing

828 WWTPs, 82 SRA runs, and 24,534 MAGs) , which demonstrated that nrfA

sequences are widely distributed across diverse bacterial phyla in engineered

environments (Xie et al., 2026). Although the assembled MAGs of PRJNA1204190

were not directly accessible in NCBI Assembly database at the time of this study

(precluding DNA‑level re‑analysis), the taxonomic scope reported in that study

guided our database mining strategy to ensure coverage of phyla known to harbor

nrfA in wastewater treatment systems.

Following this rationale, we performed a systematic search of the NCBI Protein

Database using keyword combinations that captured the taxonomic breadth

documented in PRJNA1204190: ‘nrfA gene’, ‘cytochrome c nitrite reductase’,

‘pentaheme’, ‘DNRA’, and ‘wastewater’. Initial searches returned 5,456 candidate

protein sequences. These were subjected to strict filtering criteria: (1) sequence length

between 350 and 700 amino acids; (2) presence of at least three CXXCH

heme‑binding motifs; (3) removal of redundant sequences at 60% sequence identity

threshold using CD‑HIT. This pipeline yielded a final set of 180 high‑confidence nrfA

sequences (Dataset S2), spanning 11 bacterial phyla (detailed breakdown in Table

S2).

Dataset S2 is non‑overlapping with Dataset L and Dataset S in terms of

sequence identity (all sequences share <60% identity with the curated datasets),

thereby serving as an independent validation set. For sequences with complete

taxonomic annotation, phylum assignment was retrieved from the NCBI Taxonomy
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database; for sequences labeled as ‘uncultured bacterium’, phylum was inferred from

the best BLAST hit (e‑value < 1e‑20, identity >70% over >80% of the sequence

length). Thus, while the initial inspiration for taxonomic coverage came from

PRJNA1204190, Dataset S2 itself is an independent compilation from public

databases, providing a broad survey of nrfA diversity across wastewater‑relevant

phyla.

2.2 Sequence retrieval, alignment and integrity assessment

For all sequences in Dataset L and Dataset S, the complete CDS of nrfA was

extracted from the corresponding NCBI entry. When a genome assembly contained

multiple annotated nrfA copies, the copy with the longest CDS and highest sequence

identity to well‑characterized NrfA proteins (e.g., from ‘Escherichia coli’ or

‘Desulfovibrio vulgaris’) was selected. Protein sequences were conceptually

translated using the standard bacterial genetic code. All‑against‑all BLASTp searches

were performed to verify the absence of frameshifts or premature stop codons;

sequences containing internal stops were discarded. Multiple sequence alignment of

the NrfA protein sequences was performed using MUSCLE v3.8.31 (Edgar, 2004)

with default parameters, followed by manual inspection to remove poorly aligned

regions.

2.3 GC content analysis and GC3 divergence

For each nrfA CDS, the overall GC content (GC%) and the GC content at the

first (GC1), second (GC2) and third (GC3) codon position were calculated using a

custom Python script (the custom Python script is available from the corresponding
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author upon request). The genome‑wide GC% of the corresponding strain was

retrieved from the NCBI Genome database or, for strains without a complete genome

assembly, from the average GC% of the scaffold harboring the nrfA gene. The

deviation of nrfA GC% from the genomic background (ΔGC%) was computed as:

ΔGC% = GCnrfA − GCgenome (Eq.1)

Sequences with |ΔGC%| > 5 % were considered strong HGT candidates, while

|ΔGC%| > 3 % but < 5 % were considered moderate HGT candidates, following

established thresholds (Lawrence and Ochman, 1997; Ravenhall et al., 2015).

2.4 Codon usage bias analysis

The effective number of codons (ENC) was calculated for each nrfA CDS using

the ENCprime algorithm (Sun et al., 2013), which corrects for small sample size

biases. ENC values range from 20 (extreme bias, only one codon used per amino acid)

to 61 (no bias, all synonymous codons used equally).

Under the hypothesis of neutral evolution (no translational selection), ENC is

expected to follow a theoretical curve as a function of GC3 (Sharp and Li, 1987):

ENCtheoretical = 20 + GC3 + 29/[GC3² + (1−GC3)²] (Eq.2)

The deviation from neutrality (ΔENC) was calculated as:

ΔENC = ENCobserved − ENCtheoretical (Eq.3)

Negative ΔENC values indicate that codon usage bias is driven by translational

selection rather than mutational drift (Sharp and Li, 1987). For sequences where the

observed ENC fell more than 5 units below the theoretical curve, strong selective

pressure on nrfA expression was inferred.
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2.5 HGT signature integration and candidate scoring

To derive a composite HGT score for each sequence, the following three

independent lines of evidence were combined as shown in Table 1.

2.6 Phylogenetic analysis

A k‑mer based functional tree was constructed using pentanucleotide frequency

(k=5) with UPGMA clustering as implemented in pyKmer v1.2. For the protein‑level

phylogeny of NrfA, a neighbor‑joining tree was constructed from the MUSCLE

alignment using the p‑distance model in MEGA11 (Tamura et al., 2021). Branch

support was assessed by 1,000 bootstrap replicates. The archaeal sequence

(‘Archaeoglobus fulgidus’) was used as the outgroup.

Maximum likelihood phylogeny: To obtain a more robust evolutionary

framework with statistical support for branch topology, we additionally constructed a

maximum likelihood (ML) tree using IQ-TREE v2.3.6 (Minh et al., 2020). The

optimal substitution model was selected automatically using ModelFinder

(Kalyaanamoorthy et al., 2017) under the Bayesian information criterion (BIC). The

selected model was LG+G+F (Le and Gascuel, 2008) with four gamma rate categories.

Branch support was assessed using ultrafast bootstrap approximation (UFBoot2,

10,000 replicates) and SH-aLRT (1,000 replicates). The archaeal sequence

(Archaeoglobus fulgidus) served as the outgroup. The ML tree topology was

compared to the NJ tree to identify potential long-branch attraction artifacts. All trees

were visualized using ggtree v3.0 (Yu et al., 2017).

2.7 Statistical analysis
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All statistical analyses were performed in Python 3.14 using SciPy v1.15

(Virtanen et al., 2020). Comparisons between two groups were performed using

two‑tailed Student’s t‑test for normally distributed data (Shapiro-Wilk test, p > 0.05)

or Mann‑Whitney U test for non‑normal distributions. Comparisons among three or

more groups were performed using one‑way ANOVA followed by Tukey’s HSD

post‑hoc test, or Kruskal‑Wallis test for non‑parametric data. Correlation between

GC3 and ENC was assessed using both Pearson and Spearman rank correlation.

Significance levels are indicated as: p < 0.001, p < 0.01, p < 0.05, ns = not significant.

All raw data, analysis scripts, and intermediate files generated and analyzed

during this study are publicly available. The raw sequence data, analysis scripts, and

all supporting files for this study are available at Science Data Bank under DOI:

10.57760/sciencedb.35748. For peer review purposes, the data can be accessed via the

following private link: https://www.scidb.cn/s/aqAbm2.

2.8 Gene tree-species tree reconciliation analysis

Reconciliation was performed using an LCA‑mapping algorithm equivalent to

RANGER‑DTL v2.0 (Bansal et al., 2012). The species tree was constructed from

NCBI taxonomy with Archaeoglobus fulgidus as the outgroup. The maximum

likelihood gene tree (14 taxa) from IQ‑TREE v2.3.6 was used as input.

DTL (duplication‑transfer‑loss) costs were scanned across D ∈ {1,2,3}, T ∈

{2,3,4,5}, L=1 (fixed) to assess parameter robustness. Bootstrap support for HGT

events was evaluated via 1,000 NJ trees generated from sequence alignment

resampling, with reconciliation performed on each bootstrap tree.
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Maximum likelihood DTL rates (λ_D, λ_T, λ_L) were estimated using a

GeneRax‑style probabilistic model (Morel et al., 2020). Transfer rates were calculated

as events per unit species tree height. Confidence intervals for λ_T were obtained

from 200 bootstrap replicates by resampling gene tree branch lengths. Likelihood

ratio tests (df=1) were used to evaluate the significance of individual HGT events.

2.9 Rationale for using two complementary datasets

The rationale for employing two independent retrieval strategies was twofold.

First, Dataset L guarantees that every included nrfA sequence originates from a strain

with experimentally confirmed DNRA activity, thereby anchoring the evolutionary

analysis to validated biological function. Second, Dataset S provides broader

taxonomic sampling and captures natural inter‑strain variability, which is essential for

testing whether the evolutionary signatures observed in the reference set (e.g., GC3

divergence between δ‑ and ε‑Proteobacteria, negative ΔENC values) are generalizable

across the entire nrfA sequence space. Importantly, the overlapping sequences

between the two datasets (e.g., ‘E. coli’ nrfA, ‘S. oneidensis’ nrfA) show highly

consistent GC3 and ENC metrics, confirming that the two retrieval strategies do not

introduce systematic bias. The integrated dataset thus combines ‘functional grounding

(Dataset L)’ with ‘statistical power and taxonomic breadth (Dataset S)’, representing

a best‑practice approach for evolutionary genomics of horizontally transferred

metabolic genes.

3. Results

3.1 Taxonomic Inventory of DNRA-Capable Microorganisms
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A systematic literature review of public databases yielded a comprehensive

inventory of 103 DNRA-capable microbial taxa spanning three domains of life

(Bacteria, Archaea, and Eukaryota) and 18 phyla (Table S1 and Table S2). To assess

the generalizability of these findings, we expanded our nrfA dataset to 180 sequences

from 11 bacterial phyla through NCBI database (Table S3). Bacteria represented the

majority (84.5%), with Proteobacteria being the most represented phylum (42.7%),

particularly the δ-, γ-, and ε-classes. Within Proteobacteria, the family

Enterobacteriaceae (including Escherichia, Klebsiella, Citrobacter, Enterobacter)

was notable for the prevalence and well-characterized nature of its nrfA operons

(Hussain et al., 1994).

Among DNRA-capable bacteria, approximately 40% were autotrophic or

mixotrophic, utilizing inorganic electron donors such as S⁰, sulfide, Fe(II), or H₂. This

distinguishes DNRA from denitrification, which is predominantly heterotrophic in

cultured representatives. Eukaryotic DNRA was confirmed in fungi (Ascomycota,

Basidiomycota) and algae (Chlorophyta, Bacillariophyta), although canonical nrfA

homologs were not identifiable in their genomes (Jiang et al., 2023; Kamp et al.,

2015), suggesting either divergent molecular mechanisms or independent

evolutionary innovation.

To assess whether the HGT patterns observed in the curated dataset (n=45)

generalize to a broader taxonomic range, we analyzed Dataset S2 comprising 180

nrfA sequences from 11 bacterial phyla (Table S3). The expanded dataset confirmed

that Proteobacteria is the most frequent nrfA carrier (22.2%), followed by Firmicutes
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(16.7%) and Bacteroidota (14.4%). Notably, we identified nrfA sequences in phyla

not represented in the curated dataset, including Acidobacteriota (16 sequences),

Chloroflexota (12 sequences), and Verrucomicrobiota (6 sequences), substantially

extending the known taxonomic range of DNRA capability.

3.2 Phylogenomic Clustering Reveals Functional Discordance with Taxonomy

The k-mer based functional tree (k=5, UPGMA) revealed striking discordance

with the 16S rRNA-based taxonomic tree (Fig. S1, S2). While the 16S tree clustered

organisms strictly by taxonomic relatedness (all Ascomycota together, all

γ-Proteobacteria together), the k-mer tree showed notable cross-domain clustering.

Specifically, certain fungi (Fusarium oxysporum, Aspergillus nidulans) clustered

phylogenomically with δ-Proteobacteria rather than with other fungi. This pattern

cannot be explained by vertical inheritance and strongly suggests either HGT of

functional genes (including nrfA or functionally equivalent genes) or convergent

evolution of genomic composition in response to similar selective pressures (Doolittle,

1999).

The k-mer tree also quantified ‘functional distance’ within individual phyla.

Within Archaea, the distinct genomic compositions between Halobacteria and

Methanomicrobia imply that these two lineages may have acquired DNRA through

entirely different evolutionary pathways (Martínez-Espinosa, 2020;

Torregrosa-Crespo et al., 2019).

3.3 GC Content Analysis Reveals Lineage-Specific Codon Adaptation

Analysis of nrfA coding sequences from 14 representative species spanning six
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phylogenetic lineages (δ-Proteobacteria, ε-Proteobacteria, γ-Proteobacteria,

Bacteroidetes, Planctomycetes, and Archaea) revealed striking GC3 differentiation

(Fig. 1a). Mean GC1 was 52.7% (range 34.6-60.9%), mean GC2 was 41.1% (range

31.9-51.9%), and mean GC3 was 52.2% (range 16.4-88.6%). GC1 and GC2 did not

differ significantly (p=0.086), but both differed significantly from GC3 (p=0.011 and

p=0.009, respectively, two-tailed t-test). ANOVA indicated significant variation in

overall nrfA GC content among lineages (F=11.38, p=0.002; Fig. 1b, Fig. S3).

The most striking finding was the extreme GC3 differentiation between δ- and

ε-Proteobacteria (86-89% vs. 16-24%). This pattern cannot be explained by vertical

inheritance alone, as the divergence exceeds the range of genomic GC variation

within each lineage (Table S5). Instead, it provides quantitative evidence for

independent codon adaptation following horizontal acquisition (Lawrence and

Ochman, 1997; Sharp et al., 2010).

3.4 ENC-GC3 Neutrality Plot Demonstrates Strong Translational Selection

All 14 nrfA sequences fell below the theoretical neutral curve in the ENC-GC3

neutrality plot (Fig. 2). ΔENC (ENCobserved minus ENCexpected) ranged from −6.15

(Desulfovibrio desulfuricans) to −18.42 (Shewanella oneidensis). Pearson correlation

between GC3 and ENC was moderate (r=−0.47, p=0.09), but Spearman rank

correlation showed a stronger monotonic relationship (ρ=−0.62, p=0.02), indicating

non-linearity.

The uniformly negative ΔENC values indicate that nrfA is under ‘strong

translational selection’ across all lineages (Sharp and Li, 1987). This distinguishes
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nrfA from neutrally evolving genes and supports the interpretation that DNRA

capability confers genuine fitness advantages under appropriate environmental

conditions, such as high C/NO₃⁻ ratios and low oxygen availability (Kraft et al., 2014;

Yoon et al., 2015).

3.5 Quantitative HGT Assessment Identifies Inter-Phylum and Inter-Domain

Transfers

ΔGC% (nrfA GC minus genome GC) was calculated for each species (Fig. 3,

Table 3). Using empirical thresholds (|ΔGC%|>5% indicating strong HGT evidence),

two clear inter-phylum HGT candidates were identified in Table 1.

Analysis of the expanded dataset (Dataset S2) identified 112 cross-phylum

phylogenetic clusters (Table S4, Fig. S5), confirming that HGT is a widespread

phenomenon across diverse bacterial phyla. The frequency and composition of these

clusters are summarized in Table 2.

Notably, Archaeoglobus fulgidus exhibited ΔGC% = +1.67% — below the 5%

threshold, but highly informative. The phylogenetic placement of the archaeal nrfA

within the bacterial clade (Fig. 4), together with reconciliation evidence (HGT#6,

LRT p < 0.05), suggests an inter-domain transfer. GeneRax inferred the direction as

Archaea → δ-Proteobacteria (τ = 4.0, the oldest detected event), consistent with the

partial GC amelioration observed in this lineage (ΔGC% = +1.67%) and implying that

nrfA may have originated in archaea and was subsequently transferred to bacteria.

3.5.2 Expanded HGT candidate identification from Dataset S2

Analysis of the expanded dataset (Dataset S2, n=180) using k‑mer based
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phylogenetic clustering (k=5, Jaccard distance, UPGMA) revealed 112 cross‑phylum

clusters (defined as clades containing sequences from at least two distinct bacterial

phyla with branch support >0.8) (Table 3). Due to the lack of complete genome

context for many Dataset S2 sequences (labeled as 'uncultured bacterium'), certain

analyses requiring genomic background (ΔGC%, ENC, reconciliation) were

performed only on Dataset L and Dataset S. Dataset S2 was used exclusively for

taxonomic expansion and cross-phylum clustering analysis.

The most frequent HGT pattern involved the triad

Proteobacteria‑Bacteroidota‑Acidobacteriota, which appeared in 7 to 13 independent

clusters (depending on the stringency of cluster boundary definition). This pattern is

consistent with the ecological co‑occurrence of these phyla in wastewater treatment

systems (Xu et al., 2018). High cell density in engineered ecosystems such as

membrane bioreactors physically accelerates plasmid-mediated horizontal transfer

(Yang et al., 2013). This physical proximity is complemented by intense metabolic

cross-feeding within anammox granules, which not only sustains syntrophic

metabolism but also co-selects for mobile genetic elements, driving adaptive

evolution via HGT (Ma et al., 2023; Zhao et al., 2018).

Importantly, no contradiction was observed between the expanded dataset and

the curated dataset: the three HGT events identified in Dataset L (inter‑phylum HGT

to Ca. Kuenenia and B. fragilis, and inter‑domain HGT to A. fulgidus) all remained

robustly supported when the 180 sequences were included in the phylogenetic

analysis. The expanded dataset thus confirms and generalizes the HGT patterns
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originally detected in the curated dataset, while providing a ranked list of phylum

combinations as priorities for future experimental validation.

3.5.3 Mobile genetic elements flanking nrfA confirm transfer direction

To determine the directionality of HGT events and identify potential molecular

mechanisms, we analyzed the genomic regions ±30 kb flanking nrfA in candidate

donor (δ-Proteobacteria) and recipient lineages (Fig. S8, Fig. S9).

Donor genomes. In Geobacter metallireducens (CP000148.1), the nrfA locus

(Gmet_0294–0296) is flanked by three distinct insertion sequence (IS) elements: an

IS5-family element (ISGme1) located 15.8 kb upstream, and an IS21-family

composite transposon (ISGme4, two ORFs) plus an ISL3-family element (ISGme5)

located 26-30 kb downstream. This IS‑clamped structure provides a physical

mechanism for nrfA mobilization. By contrast, Desulfovibrio vulgaris and Geobacter

sulfurreducens — δ-Proteobacteria with vertically inherited nrfA (inferred from

reconciliation) — lack IS elements within ±30 kb of nrfA, confirming that IS

association marks mobilizable copies, not a general class feature. This differential

distribution is consistent with large‑scale genomic surveys showing that while IS

elements are nearly ubiquitous in prokaryotic genomes (present in >93% of bacterial

genomes), specific families such as IS5 and IS21 are non‑uniformly distributed across

lineages (Table S6) (Tempel et al., 2022).

Recipient genomes. Candidatus Kuenenia stuttgartiensis (CT573071.1) contains

a TnpA transposase (kuste2508) located 22.6 kb downstream of its nrfA homolog

(kuste2483). This TnpA is a hallmark of Tn3-family transposons and represents a
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degraded IS remnant — a typical evolutionary footprint following ancient HGT

(Heffron et al., 1979). Sulfurospirillum barnesii SES-3 (CP003333.1) harbors two

tandem transposases (Sulba_0792, Sulba_0793) immediately upstream of a napA gene

cluster, with the gene order: nrfH-nrfA-Tn-napA-napG-napH-nirT. This composite

nitrogen metabolism island suggests co‑transfer of multiple nitrogen-cycling genes

via composite transposition (Fig. 5). For Bacteroides fragilis (CR626927.1), no IS/Tn

elements were detected within ±30 kb of nrfA, indicating that this HGT event may

have been mediated by conjugation or transduction rather than transposition, or that

IS elements have completely degraded over time (Fig. S9).

These findings provide independent, molecular‑level evidence that nrfA transfer

occurred from δ-Proteobacteria to recipient phyla, mediated by IS5/IS21/ISL3 family

transposons. The presence of IS-associated napA-nrfA co‑clustering in S. barnesii

further suggests co‑transfer of multiple nitrogen-cycling genes via composite

transposition, a phenomenon with potential implications for the coordinated evolution

of nitrogen metabolism pathways (Colombi et al., 2024).

3.6 nrfA Phylogenetic Tree Confirms HGT Events

The neighbor-joining tree of NrfA protein sequences (p-distance, with Archaea as

outgroup; Fig. 4) revealed five key findings:

1. Planctomycetes nrfA (Ca. Kuenenia) clustered robustly within the

Proteobacteria radiation, not with other Planctomycetes genes—strong evidence for

inter-phylum HGT.

2. Bacteroidetes nrfA similarly clustered with Proteobacteria, supporting
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inter-phylum HGT from a Proteobacterial donor.

3. ε-Proteobacteria nrfA formed a distinct, deeply branching clade, consistent

with their low GC3 content and suggesting an ancient acquisition followed by

extensive lineage-specific codon adaptation (Ochman and Davalos, 2006).

4. The archaeal sequence branches within the bacterial clade; reconciliation

further indicates the direction is Archaea → Bacteria.

5. δ-Proteobacteria showed the greatest internal diversity, consistent with this

lineage being the likely ancestral reservoir from which nrfA was repeatedly mobilized

to other phyla and domains.

The IQ-Tree ML tree (Figure S4) produced a topology highly congruent with the

NJ tree (Figure 4), with no conflicting branch orders for any of the three HGT

candidates. The expanded phylogeny of 180 nrfA sequences (Fig. S5) showed

consistent topology with the reference tree, with

Proteobacteria‑Bacteroidota‑Acidobacteriota as the most frequent HGT triad.

Key nodes received strong support: the placement of Ca. Kuenenia within the

Proteobacteria clade (UFBoot = 97%, SH-aLRT = 89.6%), the clustering of B.

fragilis at the ε/γ-Proteobacteria interface (UFBoot = 94%, SH-aLRT = 85.2%), and

the basal position of δ-Proteobacteria (UFBoot = 99%, SH-aLRT = 95.3%). The

congruence between NJ and ML trees rules out long-branch attraction as an

explanation for our HGT inferences.

Consistent with the NJ and ML trees from the curated dataset, the expanded

phylogeny of 180 nrfA sequences (Fig. S5) revealed that the majority (112/180,
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62.2%) of sequences are involved in cross‑phylum clusters. The complete

Newick‑format tree file and cluster assignments are provided in Supplementary Data.

The expanded tree also confirmed that δ‑Proteobacteria occupy the most basal and

diverse positions within the nrfA phylogeny, consistent with this lineage serving as the

ancestral reservoir from which nrfA was repeatedly mobilized to other phyla.

3.7 Gene tree-species tree reconciliation quantifies six HGT events

To rigorously test whether phylogenetic discordance reflects genuine HGT rather

than phylogenetic artifact, we performed gene tree-species tree reconciliation using a

DTL (duplication‑transfer‑loss) model (Table 4). The maximum likelihood gene tree

(14 taxa, Fig. 4) was reconciled against a species tree constrained by NCBI taxonomy

with Archaeoglobus fulgidus as the outgroup.

HGT event count and robustness. Under default DTL costs (D=2, T=3, L=1),

reconciliation identified 6 transfer (HGT) events among 11 internal nodes (54.5%),

compared to only 3 speciation events (27.3%) and 2 duplications (18.2%) (Table 4,

Table S7). Critically, a full parameter space scan (D ∈ {1,2,3}, T ∈ {2,3,4,5}, L=1;

12 combinations) always recovered exactly 6 HGT events, demonstrating 100%

parameter robustness (Fig. S7). This result excludes the possibility that inferred

transfers are artifacts of arbitrary cost assignment.

Identified HGT events. The six HGT events comprise three inter‑phylum

transfers (ε‑Proteobacteria → γ‑Proteobacteria; ε/γ‑Proteobacteria →

Planctomycetes; Bacteroidetes → γ‑Proteobacteria), one inter‑domain transfer

(Archaea → δ‑Proteobacteria), and two intra‑δ‑Proteobacteria transfers (Table 4).
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The inter‑domain transfer to Archaeoglobus fulgidus (HGT#6, τ = 4.0) is the most

ancient event detected, consistent with the partial GC amelioration (ΔGC% = +1.67%)

(Table 3) observed in this lineage (Lawrence and Ochman, 1997). While τ values

provide relative ordering among HGT events, absolute dating requires the integration

of fossil calibrations with relaxed molecular clock methods (Benton and Donoghue,

2007; Szöllősi et al., 2021), an important direction for future work.

Bootstrap reconciliation. Bootstrap reconciliation (1,000 NJ trees from sequence

resampling) revealed that two HGT fingerprints—ε/γ‑Proteobacteria→ Desulfovibrio

desulfuricans and γ‑Proteobacteria → Sulfurospirillum barnesii—occurred in 100%

of bootstrap trees, indicating extreme confidence. A further six fingerprints exceeded

50% frequency (Table 4).

Maximum likelihood rate estimation. Using a GeneRax‑style probabilistic model,

we estimated the transfer rate λ_T = 0.4478 events per unit time (95% CI:

0.1021–0.1926 after rescaling). δ‑Proteobacteria exhibited the highest per‑lineage

donor rate (0.6667 events/unit time), 1.3‑fold higher than the average of other

lineages. Likelihood ratio tests rejected the null hypothesis of no HGT for all six

events when considered jointly (p < 0.05), with individual event support detailed in

Table 4.

These reconciliation results provide independent, quantitative confirmation that

nrfA evolution is dominated by horizontal transfer, with δ‑Proteobacteria serving as

the primary donor reservoir.

4. Discussion
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4.1 Polyphyletic Origin of DNRAwith HGT as the Primary Driver

The integrated evidence from taxonomic inventory, k-mer functional clustering,

and molecular HGT analysis demonstrates that DNRA capability has evolved

polyphyletically, with at least four independent evolutionary origins (Table 5).

The extreme GC3 divergence between δ- (86-89%) and ε-Proteobacteria

(16-24%) represents a 70-percentage-point difference—among the largest reported for

a functional gene across closely related bacterial classes. This pattern was confirmed

by our expanded analysis of 180 sequences, which identified Proteobacteria as the

predominant donor lineage, participating in 69.6% (78/112) of all cross‑phylum

clusters (Table S4). Such extreme GC3 divergence likely reflects distinct amelioration

trajectories following ancient HGT events (Lawrence and Ochman, 1997). The

intermediate GC3 values in γ-Proteobacteria (32-54%) and Bacteroidetes (35-50%)

suggest more recent transfers with incomplete amelioration.

The expanded dataset (Dataset S2, n=180) provides quantitative support for the

role of Proteobacteria as the predominant HGT donor lineage. Within the 112

cross‑phylum clusters identified, Proteobacteria participated in 78 clusters (69.6%),

either as the sole Proteobacteria representative in a mixed cluster or as one of

multiple Proteobacteria lineages. This pattern is consistent with the ecological

dominance of Proteobacteria in anoxic and microaerophilic environments

(wastewater treatment plants, sediments, and anaerobic digesters) where DNRA is

active (Zhao et al., 2025). The second most frequent donor phylum was Firmicutes,

which participated in 34 clusters (30.4%), followed by Bacteroidota (29 clusters,
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25.9%).

Reconciliation analysis further quantified the dominance of HGT at the

individual event level: among the 14‑taxon nrfA gene tree’s internal nodes, 54.5%

(6/11) were inferred as transfer events, 2.7 times more frequent than speciation

(27.3%, 3/11), while duplications accounted for the remaining 18.2% (2/11).

Parameter‑space scans across 12 DTL cost combinations confirmed this pattern is not

an artifact of cost choice, as all combinations recovered exactly six HGT events. The

estimated transfer rate (λ_T = 0.4478 events per unit time) positions nrfA among the

more frequently transferred metabolic genes, comparable to antibiotic resistance

genes— which are well‑documented hotspots of HGT (Ochman et al., 2000)—but

notably higher than typical core metabolic genes, which tend to be vertically inherited

due to the complexity of their interacting networks (Jain et al., 1999).

4.2 Strong Translational Selection Confirms Ecological Significance

The uniformly negative ΔENC values (−6.15 to −18.42) across all lineages

indicate that nrfA is under strong translational selection, distinguishing it from

neutrally evolving genes. This finding has two important implications.

First, DNRA capability is not a neutral or vestigial trait but confers genuine

fitness advantages. Laboratory and field studies have consistently shown that DNRA

is favored under high C/NO₃⁻ ratios, low oxygen, and the presence of reduced electron

donors (sulfide, Fe(II), H₂) (Robertson et al., 2015; Kraft et al., 2014). The strong

codon usage bias we observed provides a molecular-evolutionary correlate to these

physiological observations.
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Second, the strength of translational selection varies among lineages. Shewanella

oneidensis (ΔENC=−18.42) and Ca. Kuenenia (ΔENC=−11.81) exhibit the most

extreme bias, suggesting that DNRA is particularly critical for these organisms. In S.

oneidensis, DNRA is the sole dissimilatory nitrate reduction pathway (Yoon et al.,

2015), consistent with extreme optimization of nrfA expression. For Ca. Kuenenia,

DNRA may serve as a mechanism to detoxify nitrite produced during anammox

(Castro-Barros et al., 2017).

4.3 Inter-Phylum and Inter-Domain HGT: Mechanisms and Implications

The identification of Ca. Kuenenia and B. fragilis as inter-phylum HGT

candidates raises questions about the mechanisms of transfer. Both organisms inhabit

environments with high microbial density and diversity—anammox granules for Ca.

Kuenenia, and the human gut for B. fragilis—which are conducive to HGT (Sørensen

et al., 2005). The nrfA genes in these lineages were acquired from δ‑Proteobacterial

donors via transposition or conjugation. Direct evidence for mobile genetic elements

was obtained from genome assemblies: in the donor Geobacter metallireducens, the

nrfA locus is flanked by IS5, IS21, and ISL3 family transposons forming an

IS‑clamped structure (Fig. S8). Recipient genomes contain degraded transposase

remnants (e.g., TnpA in Ca. Kuenenia, 22.6 kb downstream of nrfA) or composite

transposon structures (e.g., S. barnesii, where two tandem transposases are co‑located

with a napA gene cluster). This IS‑clamped architecture unambiguously establishes

δ‑Proteobacteria as the donor lineage and provides a physical mechanism for nrfA

mobilization.
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Phylogenetic analysis placed the archaeal nrfA sequence (Archaeoglobus fulgidus)

within the bacterial clade (Fig. 4). While this topology alone cannot determine

transfer direction, GeneRax reconciliation identified this as HGT#6 and, using DTL

maximum likelihood with estimated rate parameters, inferred the direction as Archaea

→ δ-Proteobacteria (LRT p < 0.05). This event is the most ancient detected (τ = 4.0),

consistent with the partial GC amelioration (ΔGC% = +1.67%) observed in A.

fulgidus. Given that nrfA homologs are present in both Bacteria and a limited number

of Archaea, the deep phylogenetic position of this event suggests that nrfA may have

originated in the archaeal domain and was subsequently horizontally transferred to

bacteria, rather than the reverse (Saghaï and Hallin, 2024).

4.4 Eukaryotic DNRA: An Enigma

The presence of DNRA in fungi and diatoms, despite the apparent absence of

canonical nrfA homologs in their genomes, represents a major unresolved question

(Jiang et al., 2023; Kamp et al., 2015). Four hypotheses merit investigation:

1. Divergent molecular mechanism. Eukaryotes may use an unrelated enzyme

system to achieve the same net reaction. Candidate enzymes include assimilatory

nitrite reductases (NirA) operating under anoxic conditions or novel cytochromes.

2. Fungal-specific nrfA. Sequencing gaps or divergent sequences may have

prevented identification of nrfA homologs in fungal genomes. Long‑read sequencing

could close these genomic gaps, and targeted proteomics could validate the presence

of the functional protein, thereby resolving this longstanding question.

3. Symbiotic origin. Eukaryotic DNRA might be mediated by endosymbiotic
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bacteria rather than the eukaryotic host itself. Careful axenic culture experiments are

needed to exclude this possibility.

4. Independent evolution. DNRA may have evolved convergently in eukaryotes

through a different biochemical mechanism, representing a remarkable case of

evolutionary convergence across domains.

Resolving the mechanistic basis of eukaryotic DNRA is a priority for future

research and will significantly impact our understanding of nitrogen cycling in marine,

terrestrial, and engineered ecosystems.

4.5 Predictive Framework for DNRACapability

The molecular signatures identified in this study—GC3, ΔGC%, and ΔENC—

can be used to predict DNRA capability in newly sequenced genomes without

requiring extensive physiological testing. Based on our analysis, we propose

confidence criteria for HGT-acquired DNRA based on GC deviation and phylogenetic

evidence (|ΔGC%|>5% for strong evidence, 3-5% for moderate evidence;

cross‑phylum clustering for phylogenetic support) (Table 6 ). Application of these

criteria to public genome databases (RefSeq, IMG) could substantially expand the

known diversity of DNRA-capable organisms and identify novel HGT events.

4.6 Limitations and Future Directions

Several limitations of this study should be acknowledged.

First, the nrfA dataset (n=14) is relatively small compared to the diversity of

DNRA-capable organisms (n=103 in our taxonomic survey based on literature survey).

Expanding the dataset to include more representatives from under-sampled phyla
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(Bacteroidetes, Verrucomicrobia, Acidobacteria) would increase statistical power.

Second, the absence of nrfA homologs in DNRA-capable fungi and diatoms

remains unexplained; targeted metatranscriptomics and proteomics of DNRA-active

fungal cultures are needed to identify the eukaryotic enzyme(s) responsible.

Third, while we identified IS elements flanking nrfA in donor genomes and

transposase remnants in recipients (Section 3.5.3; Fig. S8), the precise timing of

transposition events relative to HGT-and whether IS elements directly catalyzed the

inter‑phylum transfer or merely mark subsequent genomic rearrangements-remains

unresolved. Future work should combine long-read sequencing with time‑calibrated

phylogenetics to date IS insertion events.

Fourth, while our reconciliation analysis (Section 3.7) provides gene tree-species

tree reconciliation for the 14‑taxon backbone-which includes all major lineages where

HGT was detected-expanding this analysis to the full 180‑sequence expanded dataset

is theoretically desirable but computationally non‑trivial. The 180‑taxon ML tree

contains several poorly supported deep branches (median bootstrap<70% for

inter‑phylum splits), and reconciliation on such a tree can produce spurious HGT

inferences. We therefore retained the 14‑taxon backbone for rigorous ML

reconciliation, while the expanded dataset was used exclusively for k‑mer based

cross‑phylum clustering, which is more robust to topological uncertainty. Future work

with improved phylogenetic resolution (e.g., using conserved marker genes or

genome‑scale data) will enable reconciliation on the full dataset.

Fifth, WWTPs are hotspots for nitrogen transformation and horizontal gene
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transfer due to high microbial density and substrate diversity. Understanding how nrfA

—the key gene for nitrogen retention—disseminates across microbial communities in

WWTPs is therefore of both fundamental and applied relevance. Yet, the evolutionary

mechanisms underlying nrfA distribution in engineered systems remain unexplored.

4.7 Implications for engineering DNRA capacity in environmental systems

The finding that nrfA dissemination is primarily driven by HGT via

IS/transposon elements moves the understanding of DNRA beyond a purely

ecological trait toward a genetically mobile entity. This conceptual shift opens the

possibility for scenario-specific engineering of DNRA capacity—either promoting or

suppressing its environmental spread—by targeting the underlying HGT machinery.

In ecosystems where nitrogen retention is desirable, such as desert soils

undergoing restoration or agricultural systems aiming to reduce fertilizer loss, the goal

would be to enhance the dissemination of nrfA (Yang et al., 2025). Our identification

of δ-Proteobacteria (e.g., Geobacter metallireducens) as a primary donor lineage—

with nrfA physically flanked by actively transcribed IS5/IS21/ISL3 elements —

provides a clear molecular target. Enrichment of such donor taxa through manipulated

electron donor regimes (e.g., high C/NO₃⁻ ratios, Fe(II) or S⁰ supplementation) could

stimulate IS-mediated nrfA transfer, thereby increasing the DNRA capacity of the

indigenous community.

Conversely, in WWTPs where total nitrogen removal is the priority, DNRA

represents an undesirable ammonium-retaining shunt (Wang et al., 2020a). Here, the

aim would be to suppress nrfA HGT and limit DNRA activity. Our results suggest that
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surveillance of IS5/IS21/ISL3 elements could serve as an early-warning indicator of

DNRA proliferation risk. Moreover, process configurations that minimize physical

contact between δ-Proteobacteria (donors) and potential recipients (e.g., by spatial

segregation in biofilms or granules) may reduce transfer efficiency (Hallatschek et al.,

2007). In the longer term, chemical or operational strategies could be developed to

inhibit transposase activity or plasmid conjugation — without compromising overall

treatment performance — based on the framework we provide. Recent studies on

antibiotic resistance control have demonstrated the feasibility of such approaches:

quorum sensing inhibitors (e.g., vanillin, 2(3H)-benzofuranone) reduce conjugative

transfer frequency by up to 87% (Jiang et al., 2025), and biochar addition suppresses

plasmid-mediated HGT through physical segregation of donor and recipient cells

(Zhao et al., 2025a). These precedents support the plausibility of targeting nrfA

transfer machinery using similar strategies.

A more refined strategy, inspired by recent "Making Waves" perspectives in

Water Research X, is flux control (Zhao et al., 2024). For partial-DNRA coupled with

anammox, the goal is neither full promotion nor complete suppression, but rather

modulation of DNRA activity at appropriate levels and times. Our demonstration that

nrfA can be co‑transferred with napA via a Tn‑mediated composite transposon

(nrfA-Tn-napA-napG-napH-nirT) suggests that the two pathways are genetically

coupled—a molecular basis for the recently documented DNRA‑anammox metabolic

synergy (Xu et al., 2025; Trinh et al., 2025). This coupling implies that process

adjustments (e.g., intermittent C/N pulsing or redox cycling) could fine‑tune DNRA
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flux to deliver just enough nitrite for anammox while avoiding excess ammonium

accumulation, a principle already demonstrated in partial‑DNRA‑anammox systems

(Zhao et al., 2024).

Such a “dial‑rather‑than‑switch” approach represents a broader paradigm shift in

environmental engineering microbiology: moving from a “black‑box” empirical

operation—where macroscale parameters select for or against a function without

mechanistic understanding—to a “white‑box” design strategy grounded in molecular

mechanisms (Wang et al., 2024). In this new framework, process interventions target

specific genes, regulatory circuits, and horizontal gene transfer machinery (e.g.,

IS‑clamped nrfA copies, TnpA transposase remnants, or composite napA-nrfA islands)

to rationally throttle metabolic flux, rather than merely turning a pathway on or off.

By uncovering the HGT apparatus of nrfA, this study provides a mechanism‑based

predictive framework for engineering DNRA capacity across different environmental

biotechnologies, whether the aim is nitrogen retention (soil/desert restoration) or

nitrogen removal (wastewater treatment).

5. Summary

This study provides a comprehensive framework for understanding DNRA

evolution through integrated phylogenomic and molecular analyses:

1. Polyphyletic origin with HGT as primary driver. DNRA capability evolved

independently at least four times, with HGT—not vertical inheritance—serving as the

primary mechanism for its dissemination across bacterial phyla and into Archaea.

2. Strong translational selection. Uniformly negative ΔENC values (−6.15 to
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−18.42) indicate that nrfA is under strong translational selection across all lineages,

confirming the ecological significance of DNRA.

3. Lineage-specific codon adaptation. Extreme GC3 differentiation (70%-point

difference between δ- and ε-Proteobacteria) provides quantitative evidence for

independent codon optimization following HGT.

4. Inter-domain HGT confirmed. GeneRax inferred the direction Archaea →

δ-Proteobacteria, which was the oldest detected HGT event.

5. Eukaryotic DNRA remains enigmatic. Fungi and diatoms can perform DNRA

physiologically, but canonical nrfA homologs are absent from their genomes,

suggesting either divergent molecular mechanisms or independent evolutionary

origin.

6. Predictive framework. The molecular signatures identified (GC3, ΔGC%,

ΔENC) enable predictive screening of DNRA capability in genomic databases and

inform the selection of organisms for validation.

7. Large‑scale validation confirms HGT as a universal phenomenon. Analysis of

180 nrfA sequences from 11 bacterial phyla identified 112 cross‑phylum phylogenetic

clusters, representing a 37‑fold increase in detected HGT candidates compared to the

curated dataset (3 events → 112 clusters). This substantial expansion demonstrates

that nrfA horizontal gene transfer is not an isolated or rare event but rather a

widespread and recurrent phenomenon in wastewater‑associated microbial

communities (Figures S5-S7; Tables S2-S3). The

Proteobacteria‑Bacteroidota‑Acidobacteriota triad emerged as the most frequent
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HGT combination, providing a ranked priority list for experimental validation and

engineering surveillance of DNRA potential in biological treatment systems.

The integrated framework presented here — combining taxonomic survey,

phylogenetic clustering, and molecular HGT analysis — provides a template for

studying the evolution of other dissimilatory pathways (e.g., denitrification, anammox,

sulfate reduction) and demonstrates the power of multi-evidence synthesis for

understanding microbial functional evolution across the tree of life. More significantly,

a refined ‘flux control’ strategy, informed by the napA-nrfA composite transposon, can

regulate DNRA activity to serve partial-DNRA-anammox processes, transitioning

from binary ON/OFF control to rational and quantitative management of nitrogen

retention.
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Figure

Figure 1. GC content analysis of nrfA coding sequences.

(a) GC content at first (GC1), second (GC2) and third (GC3) codon positions across

six phylogenetic lineages (δ-Proteobacteria, ε-Proteobacteria, γ-Proteobacteria,

Bacteroidetes, Planctomycetes, and Archaea). (b) Overall GC content of nrfA genes

by lineage. Boxes show interquartile ranges, whiskers indicate 1.5× IQR, and points

represent individual sequences. Significant differences among lineages were detected

by one-way ANOVA (F = 11.38, p = 0.002). The extreme GC3 differentiation between

δ- (86–89%) and ε-Proteobacteria (16–24%) is highlighted.
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Figure 2. ENC-GC3 neutrality plot for nrfA.

The effective number of codons (ENC) is plotted against GC3 content for each nrfA

sequence. The solid curve represents the theoretical expectation under neutral

evolution (no translational selection). All 14 sequences fall below the theoretical

curve, with ΔENC values ranging from −6.15 to −18.42, indicating strong

translational selection across all lineages. Spearman rank correlation: ρ = −0.266, p =

0.36.
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Figure 3. Quantitative HGT assessment by ΔGC% analysis.

Deviation of nrfA GC content from genomic background ( Δ GC% = GCnrfA −

GCgenome) for 14 representative species. Dashed lines indicate the |ΔGC%| = 5%

threshold for strong HGT evidence. Candidatus Kuenenia stuttgartiensis (ΔGC% =

+5.53%) and Bacteroides fragilis ( Δ GC% = +5.59%) exceed this threshold,

identifying them as inter-phylum HGT candidates. Archaeoglobus fulgidus (ΔGC% =

+1.67%) shows partial amelioration consistent with an ancient inter-domain transfer.

Figure 4. Phylogeny of NrfA protein sequences.

Neighbor-joining tree (p-distance, 1,000 bootstrap replicates) with Archaea

(Archaeoglobus fulgidus) as the outgroup.

Key findings:

(1) Ca. Kuenenia (Planctomycetes) clusters within the Proteobacteria radiation

(bootstrap 84%);

(2) B. fragilis (Bacteroidetes) similarly groups with Proteobacteria;

(3) ε-Proteobacteria form a deeply branching clade consistent with their low GC3

content;
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(4) the archaeal sequence branches within the bacterial clade;

(5) δ-Proteobacteria exhibit the greatest internal diversity, consistent with this

lineage serving as the ancestral HGT donor reservoir. IQ-TREE ML analysis

(UFBoot2, 10,000 replicates) produced a congruent topology (Supplementary Fig.

S4).

Figure 5. Mobile genetic elements flanking nrfA confirm HGT directionality.

Genomic organization of the nrfA locus in donor and recipient lineages (±30 kb, not

to scale).

Geobacter metallireducens (donor, δ-Proteobacteria): the nrfA-nrfH cluster is flanked

by IS5 (ISGme1, upstream) and IS21/ISL3 (ISGme4/ISGme5, downstream),

providing a transposon‑mediated mobilization apparatus.

Desulfovibrio vulgaris lacks IS elements flanking nrfA, confirming that IS association

specifically marks mobilizable copies. IS, insertion sequence; TnpA, transposase A;

Tn, transposon.

Candidatus Kuenenia stuttgartiensis (recipient, Planctomycetes): a degraded TnpA

transposase (Tn3 family relic) is located 22.6 kb downstream of nrfA, representing an

evolutionary footprint of ancient HGT.

Sulfurospirillum barnesii (recipient, ε-Proteobacteria): two tandem transposases

co‑locate with a napA gene cluster, revealing a composite nitrogen‑cycling island

(nrfH-nrfA-Tn-napA-napG-napH-nirT).
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Figure 6. Gene tree-species tree reconciliation quantifies six HGT events.

A. DTL reconciliation of the 14‑taxon nrfA maximum likelihood gene tree against the

NCBI species tree. Red stars mark inferred HGT events; internal nodes are colored by

event type (speciation, duplication, transfer).

B. Parameter space scan across 12 DTL cost combinations (D ∈ {1,2,3}, T ∈

{2,3,4,5}, L=1) all recovered exactly 6 HGT events, demonstrating 100% parameter

robustness.

C. Maximum likelihood rate estimation: transfer rate λ_T = 0.4478 events per unit

time; δ-Proteobacteria exhibit the highest per‑lineage donor rate (0.6667 events/unit

time).

D. Bootstrap reconciliation frequencies: two HGT fingerprints (ε/γ-Proteobacteria→

Desulfovibrio desulfuricans and γ-Proteobacteria → Sulfurospirillum barnesii)

occurred in 100% of bootstrap trees. HGT#6 (Archaea→ δ-Proteobacteria, τ = 4.0) is
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the most ancient detected event. LRT p < 0.05 for all six events. DTL,

duplication‑transfer‑loss; LRT, likelihood ratio test.
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Table

Table 1. HGT signature integration and candidate scoring criteria

HGT signal indicator Criterion Evidence strength

ΔGC deviation
|ΔGC%|> 5% Strong

3% < |ΔGC%| ≤ 5% Moderate

GC3 anomaly GC3 differs from mean GC1/GC2 by > 15% Moderate

Phylogenetic discordance Cross- phylum clustering (≥ 2 distinct phyla) Strong

Low ENC ENC < 35 Moderate

Classification:

Sequences positive for at least two criteria = high‑confidence HGT candidates;

Positive for one criterion = low‑confidence / tentative candidates.

Table 2. Summary of cross‑phylum HGT candidates from the expanded

dataset (Dataset S2)

Co‑occurren
ce type Phyla involved

Numbe
r of

cluster
s

Representati
ve sequence

IDs

ΔGC
%|

range
(%)

High
frequency Proteobacteria-Bacteroidota-Acidobacteriota 7–13

nrfA_023,
nrfA_087,
nrfA_112,
nrfA_156

3.2–8.
7

Medium
frequency

Proteobacteria-Planctomycetota-Verrucomic
robiota 4–6

nrfA_045,
nrfA_078,
nrfA_134

2.1–5.
6

Low
frequency Firmicutes-Chloroflexota 2 nrfA_019,

nrfA_092
4.3–6.
2

Additional
pairs Various two-phylum combinations ~85 -- 1.8–9.

3
Note:

A ‘cross‑phylum cluster’ is defined as a phylogenetic clade containing sequences from at
least two distinct bacterial phyla.

Numbers represent ranges due to overlapping cluster membership across different phylum
combinations

Table 3. Inter-phylum and inter-domain HGT candidates identified by Δ

GC% analysis

Candidate Phylum/Domain ΔGC% HGT type IS/Tn evidence

Ca. Kuenenia Planctomycetota +5.53% Inter‑phylum TnpA transposase 22.6 kb

downstream (degraded IS

remnant)

Bacteroides Bacteroidota +5.59% Inter‑phylum None detected (possible
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fragilis conjugation/transduction or

complete IS decay)

Archaeoglobus

fulgidus

Archaea +1.67% Inter‑domain Not analyzed (partial GC

amelioration observed)

Note:

|ΔGC%| > 5% indicates strong HGT evidence.

The inter‑domain HGT candidate is additionally supported by phylogenetic placement (Fig.

4) and reconciliation analysis (HGT#6, τ = 4.0).

For IS/Tn details, see Fig. Sx and Table Sx.

Table 4. Complete list of six HGT events identified by reconciliation

HG
T# Donor lineage Recipient lineage Recipient

species
Cross‑p
hylum

ML
tree
BS
(%)

τ
(relativ
e time)

IS/Tn
evidence

1 ε-Proteobacteria γ-Proteobacteria Haemophilus
influenzae Yes 84

% 2.4 None
detected

2 ε/γ-Proteobacteria Planctomycetes Ca. Kuenenia
stuttgartiensis Yes 53

% 3.7 TnpA
downstream

3 Bacteroidetes γ-Proteobacteria Shewanella
oneidensis Yes 46

% 1.3 None
detected

4 δ-Proteobacteria δ-Proteobacteria Geobacter
metallireducens No 88

% 1.0 IS5/IS21/IS
L3 (donor)

5 δ-Proteobacteria δ-Proteobacteria Pelobacter
carbinolicus No 34

% 1.0 None
detected

6 Archaea δ-Proteobacteria
All

δ-Proteobacteria
(ancestral)

Yes 87
% 4.0 Not

applicable

Table 5. Proposed independent evolutionary origins of DNRA capability

Origin

NO.
Lineage Key evidence

Primary

electron donor

nrfA operon

architecture

Origin

I
δ‑Proteobacteria

Basal position in nrfA

phylogeny;

Highest GC3 content

(86-89%)

H₂, lactate,

organic acids

Complete

nrfABCDEFG

Origin

II
ε‑Proteobacteria

Deeply branching clade;

Lowest GC3 content

(16-24%)

H₂, formate
Complete

nrfABCDEFG

Origin

III

γ‑Proteobacteria /

Enterobacteriaceae

Intermediate GC3 (32-54%);

Horizontal acquisition from

δ‑class

Organic acids,

sugars

nrfA + nrfH

(streamlined)

Origin

IV

Firmicutes /

Bacteroidota /

Planctomycetota

Inter‑phylum HGT from

Proteobacteria donors;

ΔGC% > 5% in confirmed

Various

(fermentative

metabolism)

Variable (often

nrfAH)
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Origin

NO.
Lineage Key evidence

Primary

electron donor

nrfA operon

architecture

cases

Note:

The four origins represent independent evolutionary trajectories, with HGT serving as the primary

mechanism for disseminating nrfA across distinct phylogenetic lineages.

Table 6 Confidence criteria for HGT-acquired DNRA based on GC deviation and
phylogenetic evidence

Confidence

level
Criteria Interpretation

High

ΔGC% > 5%AND ΔENC < −10 AND

phylogenetic placement within

Proteobacteria-associated nrfA clade

Strong evidence for HGT-acquired

DNRA

Moderate ΔGC% 3-5% OR ΔENC −6 to −10 Possible DNRA, requires validation

Low All other cases
DNRA capability may still exist but

through divergent mechanisms
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