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ARTICLE INFO ABSTRACT
Keywords: Heterotrophic nitrification-aerobic denitrification (HN/AD) is a single-organism process that
Comparative genomic analysis converts ammonia into nitrogen gas under strictly aerobic conditions, playing a crucial role in

Nitrogen removal
HN-AD
Differential expressed genes

biological ammonia removal from industrial wastewater. Despite several studies, significant
knowledge gaps remain about the genes involved in the process. This study aimed to characterize
the genomes of four HN/AD bacterial strains, Pseudomonas stutzeri UFV5, Pseudomonas balearica
UFV3, Rhodococcus ruber UFV2, and Gordonia amicalis UFV4, and identify potential genes
involved in the HN/AD process. Results revealed that shared genes of these strains were primarily
involved in amino acid and protein biosynthesis. The two Pseudomonas strains had more genes
linked to nitrogen metabolism than the others. Additionally, four strains showed a significant
number of hypothetical proteins and genes related to oxidative stress. Notably, no common ni-
trogen metabolism genes were found among the strains, indicating a lack of a shared HN/AD
pathway. However, comparing these genomes with previous transcriptomic data of the P. stutzeri
UFV5 identified nine shared proteins as potential HN/AD pathway candidates. This study en-
hances our understanding of the genomes of these HN/AD-capable bacterial strains and identifies
nine candidate genes as markers for the HN/AD process.

1. Introduction

Biological ammonia removal can be achieved through various metabolic pathways. The heterotrophic nitrification-aerobic deni-
trification (HN/AD) pathway has gained prominence due to the unique characteristics of the microorganisms involved. These mi-
croorganisms are aerobic, utilize organic matter as a carbon source, and exhibit tolerance to high salinity conditions [1]. Despite its
potential advantages, the HN/AD process remains less understood compared to the well-established sequential process of autotrophic
nitrification followed by anaerobic denitrification.

Autotrophic nitrification, carried out under strictly aerobic conditions in two steps, involves the oxidation of ammonia to nitrite,
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which is subsequently oxidized to nitrate in the second step. In the first step, three enzymes are involved: AmoA (ammonia mono-
oxygenase), which converts ammonia to hydroxylamine; Hao (hydroxylamine oxidoreductase), which transforms hydroxylamine into
nitrite; and Nar (nitrite oxidoreductase), responsible for the conversion of nitrite to nitrate [2,3]. Different autotrophic bacteria and
archaea, including Nitrosococcus, Nitrosospira, Nitrosomonas, and the phylum Thaumarchaeota, act in the first step, while bacteria such
as Nitrobacter, Nitrospira, Nitrospina, and Nitrococcus function in the second step [4].

In anaerobic denitrification, microorganisms use the nitrate produced in nitrification as a substrate and reduce it to nitrite via the
nap gene, which encodes the periplasmic nitrate reductase enzyme, composed of the napFDAGHBC operon, where NapA is the catalytic
unit, NapAB is the functional unit, and NapC is responsible for electron transfer from quinone to NapAB [5]. Subsequently, nitrite
reductase converts nitrite to nitric oxide, encoded by the nirK and nirS genes [6]. Next, the enzyme nitric oxide reductase (Nor) reduces
nitric oxide to nitrous oxide [6]. Finally, the nos gene, which encodes the periplasmic nitrous oxide reductase enzyme, catalyzes nitrous
oxide reduction to gaseous nitrogen [7]. Different bacterial genera carry out this process, including Pseudomonas, Achromobacter,
Alcaligenes, Bacillus, Micrococcus, Proteus, klebsiella, and many others [8-12].

Unlike the anaerobic denitrification, the HN/AD (Heterotrophic Nitrification-Aerobic Denitrification) pathway is not yet fully
understood. In addition to the nos gene, which reduces nitrous oxide to gaseous nitrogen [10,11], studies evaluating gene expression
during the pathway induction of the HN/AD process have identified genes associated with nitrification and denitrification, such as
nirS, nirK, hao, napA, narGHJI, and homologs of nitric oxide reductase FIRd and FIRd-red, present in this genus, using polymerase chain
reaction (PCR) specific for these genes [9,13,14]. Bacteria from various genera, such as Klebsiella, Paracoccus, Pseudomonas, Bacillus,
Alkali, Acinetobacter, Pallidus, Halomonas, Rhizobium, Trichomonas, Sulthiobacter, Providenensis, Achromobacter, Rhodococcus, Gordonia,
Arthrobacter, and Agrobacterium, have been identified as capable of performing the HN/AD process [12-18].

Despite the limited knowledge about the metabolic pathways involved in the HN/AD process, it is understood that these micro-
organisms have a faster growth rate compared to autotrophic nitrifiers, leading to increased efficiency of biological ammonia removal.
They are also able to remove ammonia under a single atmospheric condition and are more tolerant to environmental stresses. These
characteristics make the presence of HN/AD special in the biological sludge of wastewater treatment plants [1].

The exploration and production of oil in pre-salt layers have resulted in the generation of a large amount of highly saline effluents
[15]. This has made the process of ammonia removal very challenging, if not impossible, for autotrophic nitrifiers. As a result, HN/AD
microorganisms have become prominent in this new scenario. Therefore, to better understand and control this process in wastewater
treatment reactors and other systems, this study aimed to characterize and analyze the genome of four HN/AD bacteria: Pseudomonas
stutzeri UFV5, Pseudomonas balearica UFV4, Rhodococcus ruber UFV2, and Gordonia amicalis UFV3, and to identify proteins involved in
the HN/AD process.

2. Methods
2.1. Heterotrophic nitrifying and aerobic denitrifying bacterial strains

Four bacterial strains isolated from an activated sludge wastewater treatment system sample at the Maritime Terminal for oil
exploration were studied. These strains were identified as Pseudomonas stutzeri UFV5 (accession number KY616652.1), Pseudomonas
balearica UFV3 (accession number KX495190.2), Rhodococcus ruber UFV2 (accession number CP024890.1), and Gordonia amicalis
UFV4 (accession number KU904410.1), as described in SILVA et al. [16].

2.2. Quality of reads

The sequencing reads were assessed for quality using FastQC version 0.11.9 (https://github.com/s-andrews/FastQC). Subse-
quently, adapter sequences were automatically detected and removed with TrimGalore version 0.6.7 [17], applying a Phred cutoff
value of 25. Adapters were further removed using Trimmomatic version 0.39 [18] with specific parameters. The trimmed reads were
then used for genome contig assembly.

2.3. Genome assembly

The genome assembly process used the “isolate” method of SPAdes version 3.15.3 [19], with odd k-mers from 21 to 127. Reads were
sorted to form high-quality contigs, which were grouped into scaffolds using the “scaffold” method of RagTag 2.1.0 (https://github.
com/malonge/RagTag). The scaffolds were then aligned and corrected against a reference genome using the BWA algorithm
version 0.7.17 [20] and the Picard toolkit version 2.26.2 (https://github.com/broadinstitute/picard).

To ensure high-quality assemblies, the Pilon software version 1.24 [21] was used with up to five polishing iterations, correcting
bases and incorrect assemblies to produce more contiguous genomes. The "scaffolds" files correspond to the sequences obtained after
running SPAdes. Assembly quality was assessed using assembly-stats version 1.0.1, and scaffold coverage was calculated using the
BBMap package version 38.76 (https://sourceforge.net/projects/bbmap).

2.4. Gene annotation and sequences deposition of the strains

After assembly and quality control, the genomes of the four HN/AD strains were submitted for deposition in the National Center for
Biotechnology Information (NCBI) database (https://www.ncbi.nlm.nih.gov/guide/howto/submit-data).
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Genome annotation was performed by NCBI, and Rapid Annotation was performed using the Subsystem Technology (RAST) web
server (https://rast.nmpdr.org/rast.cgi) [22]. These annotations were compared with a FIGfam (protein families) collection, which
assigns gene functions. RAST enables metabolic reconstruction by providing an overview of genome subsystems annotated by the SEED
viewer (http://rast.nmpdr.org/) [23].

The genomes were deposited in NCBI under the project titled "Comparative Genomics of Heterotrophic Nitrifiers for Detection and
Characterization of Genes Involved in the HN/AD Metabolic Pathway," project accession number: PRINA851409. Deposits are
available in the following databases: JANJEWO000000000 - P. stutzeri UFV5, JANIEOOO0O000000 - P. balearica UFV3, JAN-
JEU000000000 — R. ruber UFV2, and JANJEV000000000 — G. amicalis UFV4. Submission of HN/AD strains can be accessed through the
following accession numbers: SUB11715879 — P. stutzeri UFV5, SUB11715788 — P. balearica UFV3, SUB11715992 — R. ruber UFV2, and
SUB11715916 - G. amicalis UFV4.

2.5. Orthologous genes

Comparative analysis of the four HN/AD bacterial strains was conducted using the OrthoVenn3 web service (https://orthovenn3.
bioinfotoolkits.net/). OrthoVenn3 analyzed the similarity and clustering of orthologous genes among the evaluated strains. Genomic
sequences encoding proteins were formatted in FASTA format, and the program compared orthologous genes among the HN/AD
strains.

For these analyses, the OrthoMCL algorithm was employed for orthologous gene identification, with an E-value of 1,0 X 102 and an
inflation index of 1.5 to compare all protein similarities. Additionally, the Markov clustering algorithm was utilized to generate
orthologous clusters [24].

2.6. Comparative genomics of HN/AD strains and differentially expressed genes

A comparative genomics analysis was conducted using the genomes of the strains in this study against differentially expressed
genes described in SILVA et al. [25]. These authors conducted a transcriptomic study of the Pseudomonas stutzeri UFV5 strain and
identified 29 differentially expressed genes under HN/AD pathway induction conditions. In addition to transcriptomic data, gene
sequences (KEGG: Kyoto Encyclopedia of Genes and Genomes) encoding enzymes involved in the autotrophic nitrification and
anaerobic denitrification (conventional process) of ammonia biological removal were included. Genomic sequences of bacteria such as
Nitrosomonas europaea (NCBI accession number AL954747.1), capable of autotrophic nitrification, and Micrococcus luteus (NCBI
accession number CP082331.1), a bacterium that does not remove ammonia, were also included as a negative control.

The BLASTn analysis compared the differentially expressed genes [25] with the nucleotide sequences of four studied bacteria was
done. To ensure accurate translation, a BLASTp comparison was also conducted, comparing the amino acid sequences of the bacteria
with the differentially expressed genes. This approach helped identify any errors during protein translation. Two other bacterial ge-
nomes, from Nitrosomonas europaea (involved in autotrophic nitrification) and Micrococcus luteus (which does not perform nitrifica-
tion), were used as controls. Proteins meeting the criteria of identity >30 %, coverage >70 %, and e-value >107° from the BLASTp
analysis were selected. Coverage was calculated by dividing the query size by the protein size and multiplying by 100. The selected
proteins then proceeded to the annotation step for determining their functions using PFAM (http://pfam.xfam.org/) [26].

Table 1
Characterization and comparison of genome annotations of HN/AD bacterial strains derived from nitrifying sludge samples from an oil exploration
effluent treatment plant.

P. stutzeri UFV5 P. balearica UFV3 R. ruber UFV2 G. amicalis UFV4
Size (pb) 4,559,141 4,554,350 5,563,789 5,080,713
CDS ¢ 4208 4212 5284 4378
GC (%)’ 64 64 70.5 67.3
RNAs ¢ 66 59 63 62
Pseudo Genes 29 30 69 208
tRNA ! 55 55 53 48
Plasmids 2 2 - -
Phages 2 2 - -
N50 (pb) ¢ 740,842 742,452 432,576 190,949
150’ 3 2 4 10

& Number of protein-coding DNA sequences (CDS).

b Percentage (%) of G + C in the total nucleotide sequence.
¢ Number of RNAs.

4 Number of transporter RNAs.

¢ Represents the contig size.

Represents the quantity of contigs.
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3. Results
3.1. Characterization of HN/AD strain genomes

The annotation of the four genomes of HN/AD bacterial strains derived from nitrifying sludge samples from an oil exploration
effluent treatment plant yielded the following results, as represented in Table 1. The genome sizes of P. stutzeri UFV5 and P. balearica
UFV3 were 4,559,141 bp and 4,554,350 bp, respectively, falling within the range of sizes (3923 bp to 7329 bp) observed for 117
Pseudomonas genomes cataloged in the NCBI. Both strains of the Pseudomonas genus exhibited a 64 % GC content. The G. amicalis UFV4
strain presented a genome size of 5,080,713 bp containing 67.3 % GC content, a result similar to that observed for the 49 reference
genomes, which ranged from 3233 bp to 5962 bp. The genome of R. ruber UFV2 is the largest among those analyzed, with 5,563,789
base pairs and a higher GC content of 70.5 %. This falls within the expected size range, as the 133 reference genomes available in the
NCBI ranged in size from 3944 base pairs to 9867 base pairs.

The statistical metrics N50 and L50 were utilized to assess the total number of base pairs (bp) in the assembly and the number of
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Fig. 1. Subsystem annotation by Rapid Annotation using Subsystem Technology (RAST). The graph shows the categories of subsystems of protein-
coding genes. The number of genes assigned to each functional category is represented in parentheses. A) Pseudomonas stutzeri UFV5, B) Pseudo-
monas balearica UFV3, C) Rhodococcus rubber UFV2, e D) Gordonia amicalis UFV4.
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contigs generated in this study for each genome, thus evaluating assembly quality. N50 evaluates contig continuity, while L50 evaluates
the number of contigs. According to the applied statistical metrics, the strains exhibited excellent assembly and annotation quality, with
N50 resulting in a higher number compared to the L50 value, which is desirable and indicates excellent genome assembly quality. In
the case of P. stutzeri UFV5, it was observed that 50 % of the total bases assembled were contained in 3 contigs (L50) of size 740,842 bp
(N50). For P. balearica UFV3, N50 was 740,852 bp and L50 was 2 contigs. In R. ruber UFV2, N50 was 432,576 bp and L50 was 4 contigs.
Finally, in G. amicalis UFV4, N50 was 190,949 bp and L50 was 10 contigs.

3.2. The RAST subsystems of HN/AD strains

The RAST characterization indicated that 58 % of Pseudomonas genes were related to protein-coding subsystems, while 46 % were
R. ruber UFV2 and G. amicalis UFV4 (Fig. 1). The remaining genes were categorized into general subsystems such as "Carbohydrates,"
"Cofactors, Vitamins, Prosthetic Groups, Pigments," "RNA metabolism," "Fatty Acids, Lipids, and Isoprenoids," "Respiration," "DNA
Metabolism," "Nucleosides and Nucleotides," and others. However, these were not graphically represented to emphasize significant
differences among the strains. P. stutzeri UFV5 has 4208 coding DNA sequences (CDS), with 52 % (2177) in 495 subsystems, including
140 with unknown functions. The remaining 48 % (2031) were not classified, with 1029 as hypothetical proteins. P. balearica UFV3 has
4305 CDS, with 52 % (2180) in 495 subsystems, including 139 hypothetical proteins. The remaining 47 % (2032) were unclassified,
with 1030 hypothetical proteins. Both strains had two phage gene sequences (Fig. 1B).

R. ruber UFV2 has 4999 CDS, with 38 % (1879) in 403 subsystems, including 72 hypothetical functions. The remaining 62 % (3120)
were unclassified, with 1924 unknown functions (Fig. 1C). G. amicalis UFV4 has 4378 CDS, with 37 % (1616) in 377 subsystems,
including 76 hypothetical functions. The remaining 63 % (2762) were unclassified (Fig. 1D).

Regarding the genes involved in nitrogen metabolism and stress-related genes, highlighted by Silva et al. [25] for their role in the
HN/AD process, P. stutzeri UFV5 and P. balearica UFV3 had 93 nitrogen metabolism genes and 154 stress response genes. R. ruber UFV2
had 37 nitrogen metabolism genes and 112 stress response genes. G. amicalis UFV4 had 40 nitrogen metabolism genes and 104 stress
response genes (Table 2).

The Pseudomonas strains contained a higher number of denitrification genes, while R. ruber UFV2 and G. amicalis UFV4 had similar
numbers of ammonia assimilation genes. All four HN/AD strains had more oxidative stress genes than ammonia assimilation genes,
with the Pseudomonas species having the highest number.

3.3. Orthologous and unique genes

The analysis in OrthoVenn3 identified between the 14,749 proteins, a total of 6157 protein clusters in the four HN/AD bacterial
strains. Among these, 855 clusters represented 3545 proteins were shared among the four genomes. These shared proteins were
involved in the following biological processes: 16.4 % in the metabolic process; 15.1 % in biological processes; 14.6 % in cellular
metabolism; 11.6 % in nitrogen compound metabolic processes; 9.3 % in primary metabolic processes; 7.4 % in cellular processes; 7.1
% in heterocycle metabolic processes; 6.9 % in organic acid processes; 6.7 % in cellular aromatic compound metabolic processes; and
4.9 % in nucleobase-containing compound metabolic processes.

In the analysis of exclusive protein clusters, 145 unique clusters were detected for R. ruber UFV2, 93 for G. amicalis UFV4, 2 clusters
for P. balearica UFV3, and no exclusive clusters for P. stutzeri UFV5 (Fig. 2A). The Pseudomonas strains exhibited 3101 common clusters.
Meanwhile, the R. ruber UFV2 and G. amicalis UFV4 strains shared 1732 clusters, as they belong to the same taxonomic order.

In R. ruber UFV2, 2868 clusters were identified, of which 1728 were single-copy protein clusters. In G. amicalis UFV4, 2773 clusters
were identified, with 1322 being single-copy protein clusters. The Pseudomonas strains had a higher number of clusters, but a
significantly lower number of single-copy genes compared to the other two strains. P. balearica UFV3 presented 4187 clusters, of which
10 were single-copy, while P. stutzeri UFV5 had 4185 clusters, with 8 being single-copy clusters (Fig. 2B).

Table 2

Genes from Nitrogen Metabolism and Stress Response Subsystems. On the horizontal axis are the two subsystems, and on the vertical axis are the
subcategories found. The numbers correspond to the quantity of genes involved in each subsystem in the HN/AD strains (Rhodococus ruber UFV2;
Pseudomonas balearica UFV3, Gordonia amicalis UFV4 e Pseudomonas stutzeri UFV5).

P. stutzeri UFV5 P. balearica UFV3 R. ruber UFV2 G. amicalis UFV4
Nitrogen Metabolism Ammonia assimilation 16 16 15 17
Nitrosative stress 4 4 1 1
Denitrification 33 33 4 4
Cyanate hydrolysis 4 4 0 5
Dissimilatory nitrite reductase 13 13 0 0
Nitrate and nitrite ammonification 23 23 8 13
Stress Response Periplasmic Stress 6 6 1 0
Oxidative stress 72 72 23 57
Osmotic stress 15 14 1 10
Heat shock 16 16 0 14
Cold shock 4 4 0 3
Detoxification 9 9 3 15
no subcategory 32 32 8 5




L.R. Medina et al.

A)

Heliyon 10 (2024) 39436

R. ruber G. amicalis
UFV2 UFV4
_ 3101
3,000
2,500
§ 2,000
8 1,732
9] \
‘«g 1,500 P. stutzeri P. balearica
5 UFV5 UFV3
1,000 855
Cluster count
500
& & & &
145 136 93 93 ™ EN Q3 Ny
04 | N | = L L L |

2 2 2 1 1
I 4,185
4,187

e 4 2 2

& & & @ R_ruber G_amicalis @ P_balearica @ P_stutzeri
< 5 & Q Cluster count Protein count
CGED CGEED 0 6218 ——
D D 173 3628 I
D GEENED GEEED GBS S 3545 —
D 145 335
D — D G 6 434 E—
D - G - GED 93 289 —
D 93 276
D 2 4

Fig. 2. Representation of OrthoVenn3 analysis results among the four HN/AD strains. (A) Visual representation of cluster sharing and unique

clusters among the strains. (B) Graphical visualization of orthology cluster analysis results among the four strains and the number of proteins
(reduce the Venn diagram size).

3.4. Comparative genomics

In the comparative genomics analysis, no genes involved in autotrophic nitrification were found in the evaluated genomes.
However, genes involved in anaerobic denitrification were identified in the Pseudomonas strains, which are already described as
anaerobic denitrifiers (Fig. 3). The detected genes included nap, which encodes the periplasmic nitrate reductase enzyme; nirS,
encoding the nitrite reductase enzyme; Nor, encoding the nitric oxide reductase enzyme; and the nos gene, encoding the periplasmic
nitrous oxide reductase enzyme, with the latter observed only in P. balearica UFV3 (Fig. 3B). The genes involved in the anaerobic
denitrification process were not found in Gram-positive strains, R. ruber UFV2, and G. amicalis UFV4.

Denitrification

NirK
o Narctn B Nk B oc
L ETL: Nitrite

Nitric oxide Nitrous oxide Nitrogen

[ Nirs |
Denitrification
Ni(rateoﬂ.

[ Nirs |

NapAB LS Nitric oxide Nitrous oxide Nitrogen

Fig. 3. Comparative genomics of HN/AD strains against genes involved in conventional anaerobic denitrification. According to KEGG: Pseudomonas
stutzeri UFV5 (A) and Pseudomonas balearica UFV3 (B), The genes filled with (W) were found in the HN/AD strain of this study.



L.R. Medina et al. Heliyon 10 (2024) 39436

The genomes were also compared with 35 proteins encoded by differentially expressed genes identified in the transcriptome of
Pseudomonas stutzeri UFV5 studied by Silva et al. (2020) in a HN/AD pathway induction in culture medium containing ammonia
(Table 3). Comparative genomics revealed that of the 35 proteins, six (WP_013982320.1, WP_013983005.1, WP_013982283.1,
WP_013983347.1, WP_010594313.1, and WP_005260096.1) were observed in at least three studied HN/AD strains and were not

Table 3

Differentially expressed genes found in the transcriptome of P. stutzeri
UFV5 (Silva et al., 2020) and in other HN/AD strains evaluated in this
study. The presence or absence of these genes in the HN/AD strains
(Rhodococcus ruber UFV2, Pseudomonas balearica UFV3, Gordonia
amicalis UFV4, and Pseudomonas stutzeri UFV5) and the bacteria
Nitrosomonas europaea and Micrococcus luteus, which were used as
controls, was assessed. The former is involved in the autotrophic
nitrification process, while the latter does not perform nitrification.
The squares marked (m) indicate that the genes encoding the proteins
were found in the genomes of the strains evaluated in this study.

HN/AD

Gene code in the
Pfam annotation
proteome

P. stutzeri UFV5
P. balearica UFV3
R. ruber UFV2

G. amicalis UFV4
N. europaca

M. lutous

WP_013982320.1 | Protein of unknown function

WP_003246255.1 | “Cold-shock” DNA-binding domain

WP_013983373.1 | BFD-like [2Fe-2S] binding domain

WP_003283670.1 | NADH dehydrogenase

WP_003293422.1 | “Cold-shock” DNA-binding domain

WP_041771612.1 | 50S ribosomal protein L28

Putative quorum-sensing-regulated virulence
WP_026006463.1
factor

WP_013983644.1 | Iron-sulphur cluster assembly

WP_013983005.1 | Protein of unknown function

WP_013982942.1 | 'Cold-shock' DNA-binding domain

WP_013982283.1 | Protein of unknown function

WP_013982024.1 | Protein of unknown function

WP_011912999.1 | Sulfurtransferase TusA

WP_011912373.1 | 30S ribosomal protein S16

WP_003298367.1 | 50S ribosomal protein L35

WP_003284185.1 | 50S ribosomal protein L33

WP_003282211.1 | “Cold-shock” DNA-binding domain

WP_003281814.1 | 50S ribosomal protein L36

WP_041771783.1 | (Na+)-NQR maturation NqrM

WP_013984129.1 | Protein of unknown function

'WP_013983984.1 | Prokaryotic Cytochrome C oxidase subunit IV

WP_013983347.1 | Bacterial regulatory proteins, tetR family

WP_013982479.1 | Protein of unknown function

‘WP_013982009.1 | DNA-binding protein

WP_011913772.1 | Protein of unknown function

WP_011913664.1 | Heme exporter protein D

WP_011913223.1 | Protein of unknown function

WP_011912146.1 | Protein of unknown function

WP_011911750.1 | Phosphate-starvation-inducible E

Alanine-zipper, major outer membrane
WP_003294452.1
lipoprotein

WP_003293518.1 | 50S ribosomal protein L32

WP_003290642.1 | 30S ribosomal protein S21

WP_003281834.1 | 50S ribosomal protein L29

WP_010594313.1 | Glutamine synthetase

WP_ 1
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found in the control genomes of the Micrococcus luteus or the Nitrosomonas europaea, indicating the potential relation of these genes
with HN/AD process of the studied strains (Table 3). In addition, three more genes encoding proteins WP_003282211.1,
WP_011912146.1, and WP_003281834.1, were found in three of the HN/AD bacterial strains and N. europaea (Table 3). Despite being
observed in the genome of a bacterium that performs autotrophic nitrification, these three genes could still be related to the HN/AD
process. Thus, based on comparative genomics, nine genes encoding proteins with potential relation in the HN/AD process have been
selected in this study.

4. Discussion

The four bacterial strains that carry out the HN/AD process were isolated from activated sludge of petroleum effluent treatment,
and two of them, G. amicalis and P. balearica were physiologically characterized by Silva and collaborators [16]. R. ruber UFV2 and
G. amicalis UFV4, are aerobic, Gram-positive, and belong to the phylum Actinomycetota. However, R. ruber UFV2 belongs to the family
Nocardiaceae, while G. amicalis UFV4 belongs to the family Gordoniaceae. R. ruber are opportunistic pathogenic bacteria and were
described as HN/AD bacteria by CHEN and collaborators [28], showing significant potential for use in the bioremediation of envi-
ronmental pollutants [29]. G. amicalis UFV4 was first described as HN/AD by our research group [16]. Pseudomonas stutzeri UFV5 and
Pseudomonas balearica UFV3, both belonging to the class Gammaproteobacteria, are facultative anaerobes, Gram-negative, and
rod-shaped [27]. Pseudomonas species are versatile in different environments and have been studied in fields ranging from medicine to
polluted environments [10].

The genome characterization of four strains revealed that the most abundant subsystems were the same, those related to amino acid
and protein synthesis. The third most abundant subsystem varied among the strains. In Pseudomonas, the membrane transport sub-
system was also abundant. This might be because Gram-negative bacteria have a more complex outer membrane, thus having a greater
variety of specialized transport proteins performing various functions [30].

Regarding genes related to nitrogen metabolism, a higher number was observed for Pseudomonas strains (93 genes), while less than
half were found for R. ruber UFV3 (37 genes) and G. amicalis UFV4 (40 genes). This highlights that each evaluated genus presented its
characteristic set of genes related to nitrogen metabolism, especially in the denitrification stage for Pseudomonas. It is worth noting that
Pseudomonas strains can use nitrate as an electron source (denitrification) under anoxic conditions. This is because they are faculta-
tively anaerobic bacteria [31]. Another subsystem that caught our attention in the four strains was the stress response, which included
genes linked to detoxification. According to previous studies [16,25,32,33], the HN/AD process may act as a detoxification mechanism
for microorganisms under conditions of high ammonia concentration. It is already known that effluents from Brazilian oil terminal
treatment plants have a high concentration of ammonia [15], which corroborates this hypothesis.

The analysis of similar and common ancestral genes showed that the 855 clusters shared by four HN/AD strains potentially
represent a central set of functionalities essential for these microorganisms, associated with fundamental biological processes, and
indicate the conservation of genes throughout the evolution of these bacteria. As expected, the clusters among the Pseudomonas strains
showed a higher identity, and no exclusive protein clusters were found between Pseudomonas and G. amicalis UFV4 or R. ruber UFV2.
However, exclusive protein clusters were observed for G. amicalis UFV4 and R. ruber UFV2.

These two strains, G. amicalis UFV4 and R. ruber UFV2, exhibited the highest percentage of unique copy orthologous genes, with 60
% for R. ruber UFV2 and 48 % for G. amicalis UFV4. On the other hand, this percentage was less than 10 % in the Pseudomonas strains.
Unique copy orthologs are crucial as they imply a direct evolution with the genome, used in various phylogenetic analyses, as they
capture the entire genome evolution as single copies [35].

The comparative genomics conducted among the strains in search of genes involved in the conventional process of ammonia
removal (autotrophic nitrification and anaerobic denitrification) revealed a surprising finding. Only genes involved in the process of
anaerobic denitrification, known to be present in the Pseudomonas genus, were found. Our results corroborate the previous study [16],
which had already observed by PCR that only genes related to anaerobic denitrification were present in the Pseudomonas strains
evaluated in this study, and that R. ruber UFV2 and G. amicalis UFV4 did not present genes involved in the conventional process.

However, our results differed from those of the study by CHEN [36], who analyzed a species of Rhodococcus sp. S2 and found three
genes involved in the conventional denitrification process: NarG, NxrA, and NirBD. This author suggested that these genes are essential
for this species’ the HN/AD process.

Although previous studies have suggested that anaerobic denitrification involved genes in the HN/AD process [9], our work did not
find these genes in the Gram-positive strain genomes. In addition, Silva and collaborators [25] also did not find anaerobic denitrifi-
cation genes being expressed at Pseudomonas stutzeri UFV5 [25] at a concentration of 1300 mg of ammonia. These results suggested the
involvement of other genes in the HN/AD process of the four strains studied.

In this way, we identified nine common proteins between the four strains and the differentially expressed genes of P. stutzeri UFV5
transcriptome as potentially related to the HN/AD process. The protein WP_013982320.1 has an unknown function, and
WP_013982283.1 is a protein of the DUF2945 domain, which belongs to the Tudor domain, including chromo, MBT, and PWWP
domains [34]. However, its function is still unclear, although it is involved in positive and negative regulation of transcription [35].
The protein WP_013983347.1 functions as a transcriptional regulator (TFRs) [36], and it has been described for the genera Pseudo-
monas and Gordonia. The protein WP_010594313.1, glutamine synthetase, functions to convert ammonia into glutamine [12], and the
protein WP_005260096.1, aminomethyltransferase, catalyzes the transfer of ammonia to the aminomethyl portion of glycine [37].
TRAN and colleagues [38] have previously observed glutamine synthetase and aminomethyltransferase proteins in the genus Pseu-
domonas; however, this study was the first to observe the genes encoding these enzymes in HN/AD strains of the genus Gordonia and
Rhodococcus. The last two proteins, WP_011912146.1 and WP_003281834.1, are ribosomal proteins involved in the protein translation
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process. SILVA et al. [25] explained that during the degradation of ammonia by P. stutzeri UFV5, there was an increase in the
expression of proteins of the cellular translation machinery; therefore, these proteins could also be candidates for possible relation with
HN/AD process.

Previous studies with the strains of this work [16,25], inferred that there may not be a unique metabolic pathway for the HN/AD
process between the different microbial groups. As previously stated, some literature works suggested that the HN/AD process may be
a bacterial response to ammonia toxicity, i.e. a detoxification mechanism, when in high ammonia concentrations [16,25,32,33].

However, in the present study were found nine common genes, even though these proteins are not closely involved with the HN/AD
process, they may be related to the pathway, and these genes may be used as genetic markers for monitoring and better understanding
the ecology of this group in various environmental or constructed systems, as well as identifying new microorganisms capable of
performing the HN/AD process. Future work involving the gene expression of the four strains will be developed to validate the
relationship of the nine genes to the HN/AD process.

5. Conclusion

Our research provided new insights into understanding the heterotrophic nitrification and aerobic denitrification (HN/AD) process
by analyzing four strains able to carry out this process. Our findings suggest that the absence of genes responsible for autotrophic
nitrification in the genomes of these strains, and the absence of anaerobic denitrification genes in the G. amicalis UFV4 and R. ruber
UFV2 indicates the involvement of other genes in the HN/AD process of this strains. By comparing the four genomes with previous
results of P. stutzeri UFV5 transcriptome, we identified nine common proteins, including cold-shock DNA-binding domain proteins,
bacterial regulatory proteins from the TetR family, the ribosomal protein L29 of the 50S subunit, glutamine synthetase, amino-
methyltransferase, and proteins with unknown function. The validation of these candidates’ proteins related to the HN/AD process will
open the possibility of contributing to the identification of genetic markers that can be used to find new HN/AD microorganisms, as
well as monitoring them in different environments. Furthermore, a better understanding of this mechanism can be used to improve
biological ammonia removal.
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