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Abstract 

Fipronil is a phenylpyrazole agrochemical widely used in agriculture and livestock production, 
posing persistent challenges of environmental contamination due to its toxicity and the formation of 
stable transformation products. Genome-based analyses provide a powerful framework for exploring 
the biotechnological potential of environmental microorganisms. The G2.8 isolate, obtained from 
fipronil-contaminated soil, was initially classified as Enterobacter chengduensis; however, taxonomic 
reassessment based on whole-genome sequencing combined with average nucleotide identity and 
digital DNA-DNA hybridization (ANI/dDDH ≈97%) reclassified this strain as Enterobacter 
pseudoroggenkampii. The occurrence of this species in a contaminated environmental niche highlights 
its relevance beyond previously reported clinical or plant-associated contexts and supports its 
potential role in bioremediation. The draft genome of E. pseudoroggenkampii G2.8 was assembled and 
subjected to rigorous quality assessment and functional annotation using genome-scale approaches. 
Functional analyses revealed 14 biosynthetic gene clusters, including non-ribosomal peptide 
synthetases, hybrid NRPS/polyketide synthases, and siderophore-related clusters, indicating 
potential for secondary metabolite production. In addition, genes encoding oxidoreductases, 
hydrolases, and esterases associated with xenobiotic transformation were identified, supporting the 
experimentally observed capacity of this strain to degrade fipronil and its toxic metabolites. Within 
a One Health framework, the genome exhibited only intrinsic antimicrobial resistance determinants, 
mainly related to efflux systems and chromosomal β-lactamases, with no evidence of mobile 
resistance elements, supporting an environmental safety profile. Overall, genome-guided functional 
and comparative analyses provide a robust foundation for identifying metabolic pathways involved 
in both biosynthesis and biodegradation, positioning E. pseudoroggenkampii G2.8 as a promising 
genome-guided candidate for metabolite-driven environmental biotechnology and reinforcing the 
value of microbial genomics in the development of sustainable bioprocesses. 

Keywords: functional genomics; fipronil; microbial genomics; One Health; bioremediation; 
bioprocesses; environmental biotechnology 
 

1. Introduction 

The intensive use of synthetic pesticides in modern agriculture has significantly contributed to 
increased crop productivity. Fipronil is a highly relevant broad-spectrum agrochemical belonging to 
the phenylpyrazole class and is widely employed for the control of agricultural pests and urban 
vectors [1–4]. In Brazil, it is used in cotton, rice, potato, sugarcane, maize, soybean, and barley seed 
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crops, as well as in beans, pastures, wheat, and eucalyptus seedlings [5]. Its metabolites, fipronil-
sulfone and fipronil-sulfide, are frequently detected in ecosystems and represent significant risks to 
non-target organisms, including soil biota, insects, and pollinators [4,6,12]. 

Its large-scale use combined with high environmental persistence may pose serious risks to 
human and animal health, causing hepatotoxicity, nephrotoxicity, neurotoxicity, and alterations in 
reproductive development and endocrine systems. In addition, it negatively affects native vegetation, 
soil microbiota, and natural resources such as water, highlighting the urgent need for sustainable 
mitigation strategies [7–9]. 

In response to this global concern, conventional strategies for pesticide removal such as 
excavation, incineration, and chemical treatments are limited by high costs, low selectivity, and the 
generation of secondary environmental impacts. In this context, microbial transformation of 
xenobiotics represents a sustainable alternative for the attenuation of contaminated environments, 
based on the ability of microorganisms to convert toxic compounds into less harmful forms or achieve 
mineralization [10–12]. This degradation may occur through specialized catabolic pathways 
expressed under xenobiotic exposure, involving enzymes such as oxygenases and hydrolases [25]. 
However, the effectiveness of these processes should be evaluated not only by the removal of the 
parent compound but also by the elimination of persistent metabolites such as fipronil-sulfone, which 
is frequently associated with chronic soil contamination [4,12]. 

Soil and rhizosphere bacteria play a central role in these processes, as they are constantly 
exposed to xenobiotic compounds and exhibit high metabolic plasticity. Recent studies demonstrate 
that certain bacteria can integrate pesticide degradation with typical plant growth promoting 
rhizobacteria (PGPR) traits, such as siderophore production, phosphate solubilization, and 
phytohormone synthesis, thereby simultaneously promoting the recovery of soil biological 
functionality [13,14] This multifunctionality is particularly relevant in contaminated agricultural 
environments, where remediation must occur in synergy with productive sustainability. 

Gram-negative bacteria of the Enterobacter cloacae complex are notable for their metabolic 
versatility and broad distribution in soils and the rhizosphere, where they can adapt to contaminated 
conditions [15]. Species within this group exhibit functions in xenobiotic metabolism, production of 
bioactive metabolites, and plant interaction, and may occur in environmental niches as well as in the 
human microbiota. However, some species, such as Enterobacter cloacae, are opportunistic 
pathogens of clinical relevance [16–19]. Comparative genomics studies demonstrate that 
environmental and plant-associated lineages display distinct genomic profiles characterized by the 
absence of major clinical virulence determinants and by the presence of genes related to rhizosphere 
adaptation and environmental metabolism [17,20,21]. These findings reinforce the need for genome-
based approaches to differentiate environmentally adapted isolates with biotechnological potential 
from clinically relevant lineages. 

With advances in bioinformatics, genome-scale functional and comparative analyses have 
become essential tools for uncovering metabolic potential and ecological adaptation in environmental 
microorganisms. High-quality genome assemblies enable the identification of biosynthetic gene 
clusters, xenobiotic-related enzymes, intrinsic resistance determinants, and regulatory networks that 
cannot be reliably inferred from phenotypic assays alone [11,24–26]. However, obtaining robust draft 
genomes from environmental isolates remains challenging due to genome plasticity, repetitive 
regions, and assembly fragmentation, which may affect gene recovery and functional annotation. 
Therefore, the integration of whole-genome sequencing (WGS), quality-controlled assembly 
strategies, and comparative genomics is critical for accurate taxonomic resolution, biosafety 
assessment, and functional inference in microorganisms with environmental relevance [22,23]. 

The isolate Enterobacter pseudoroggenkampii G2.8, previously described as Enterobacter 
chengduensis, has been experimentally shown to degrade fipronil and its most toxic metabolites in 
soil, representing a suitable model for genome-guided investigation of xenobiotic-associated 
metabolic traits [17]. The aim of this study was to perform a functional genomic characterization of 
the draft genome of E. pseudoroggenkampii G2.8, isolated from fipronil-contaminated soil, to identify 
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genes and metabolic pathways associated with xenobiotic transformation and secondary metabolite 
biosynthesis, and to evaluate its biotechnological potential and biosafety based on genome-scale 
analyses. 

2. Materials and Methods 

2.1. DNA Extraction and Genome Sequencing 

The Enterobacter pseudoroggenkampii G2.8 strain was previously isolated and initially 
identified by Prado et al. [17] using 16S rRNA gene sequencing, being described at that time as 
Enterobacter chengduensis G2.8. The strain was obtained from soil samples collected at the 
experimental farm of the Federal University of Grande Dourados (UFGD), Brazil. 

For the present study, genomic DNA was extracted at the Environmental Biotechnology 
Laboratory of UFGD using the BioSpin Omni Genomic DNA Extraction Kit (BioFlux), following the 
manufacturer’s instructions. Whole-genome sequencing was performed using the Illumina MiSeq 
platform at the Central Multiuser Laboratory for Large-Scale DNA Sequencing and Gene Expression 
Analysis (LMSEQ), São Paulo State University (UNESP), Jaboticabal campus, according to the 
manufacturer’s protocols.  For a more comprehensive understanding, the critical steps used in this 
work are described in detail in Figure 1. 

 

Figure 1.  Schematic representation of the main steps carried out in this work. 

2.2. Data Processing and Genome Assembly 

2.2.1. Quality Control, Adapter Removal, Draft Genome Assembly, and Refinement 

All bioinformatics analyses were performed using the Galaxy platform (https://usegalaxy.org 
and https://usegalaxy.eu), an open-source, web-based environment that ensures transparency and 
reproducibility of computational workflows. Tools were executed using default parameters unless 
otherwise specified, within the UseGalaxy pipeline (v24.1). 

Sequence quality and adapter contamination were assessed using FastQC v0.74 [28], and adapter 
removal was performed with Trim Galore! v0.67 [29]. 

Genome assembly and quality assessment were re-performed in this study to ensure an 
optimized and high-confidence draft genome suitable for genome-scale functional, biosynthetic, and 
biosafety analyses. Although the isolate had been previously sequenced, reassembly using multiple 
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assemblers allowed a comparative evaluation of assembly performance, minimized assembler-
specific biases, and ensured robustness for downstream analyses [22]. 

Draft genome assemblies were generated using multiple assembler tools implemented within 
the Galaxy environment, including SPAdes v3.15.5 [31], Velvet v1.2.10 [32], Shovill (SKESA) v1.1.0 
[33], MEGAHIT v1.2.9 [34]. The use of different assemblers allowed a comparative evaluation of 
assembly performance and ensured the selection of the most suitable draft genome for downstream 
analyses. 

Assembly quality was evaluated using QUAST v5.2.0 [36] based on standard metrics, including 
N50, N75, L50, L75, total assembly length (≥0 bp), and number of contigs. The SPAdes assembly was 
selected for subsequent analyses due to its superior balance between contiguity and fragmentation, 
as indicated by higher N50 values and a lower number of contigs (Table S1). Assembled contigs were 
subjected to post-assembly refinement by filtering sequences shorter than 500 bp using the “Filter 
sequences by length” tool (Galaxy version 1.2). Consensus polishing was performed using Pilon 
v1.20.1 [37], employing raw reads to correct base errors and small insertions/deletions. Taxonomic 
validation of the assembly was conducted using Kraken2 v2.1.3+galaxy1 [38] to ensure genome 
consistency and the absence of contamination. Assembly structure and integrity were further 
evaluated using QUAST v5.2.0 [36], generating metrics such as N50, L50, and GC content. Genome 
completeness was estimated using BUSCO v5.8.0 [39] with the Enterobacteriales odb10 dataset. 

2.2.2. Gene Prediction and Functional Annotation, Resistance and Virulence Genes, Biosynthetic 
Clusters, and Plasmid Detection 

Whole-genome average nucleotide identity (ANI) was rapidly calculated without alignment 
using FastANI (Galaxy version 1.3), considering values ≥95% as indicative of species-level affiliation 
[43]. Genome-based taxonomic identification was also performed using the Type (Strain) Genome 
Server (TYGS) [44,45], with digital DNA–DNA hybridization (dDDH) estimates, for which values 
≥70% are recommended for species delimitation. 

 Protein-coding gene prediction for the E. pseudoroggenkampii G2.8 genome was performed using 
multiple independent pipelines: Prokka v1.11 [40] with RefSeq and UniProt databases; Bakta v1.9.4 
[41] for standardized INSDC-compatible annotation, generating GFF3 and FASTA files for proteins 
and RNAs; and DFAST v1.6.0 [42] for CDS, rRNA, and tRNA annotation.   

Functional assignment Kyoto Encyclopedia of Genes and Genomes (KO), Enzyme Commission 
number (EC), Clusters of Orthologous Groups (COG) and Gene Ontology (GO), was carried out using 
eggNOG-mapper v2.1.8 with default DIAMOND settings and the eggNOG v5.0.2 database [46,47]. 
InterProScan v5.59-91.0+galaxy3 [48] was used to identify protein domains and families (Pfam, 
TIGRFAM, SMART, PANTHER, Gene3D, SUPERFAMILY, PROSITE, MobiDBLite, Coils).  

CRISPR arrays and CRISPR/Cas-associated genes were identified using the Proksee pipeline [49] 
and CRISPRCasFinder v1.1.0 [50] with default parameters. Biosynthetic gene clusters (BGCs) related 
to secondary metabolite biosynthesis were detected using antiSMASH v6.1.1+galaxy1 [26]. 
Antimicrobial resistance (AMR) gene screening was performed using ABRicate v1.0.1 [51] with the 
ResFinder database and CARD Resistance Gene Identifier (RGI) v1.3.1 [52], implemented through 
the Proksee pipeline [49]. Plasmid replicons were investigated using MOB-Recon v3.1.9+Galaxy0 [53], 
which did not detect complete plasmids; plasmidSPAdes v4.2.0+galaxy0 [62], which generated 406 
additional contigs without robust plasmid evidence; MOB-Typer v3.1.9+Galaxy0 [53]; and 
PlasmidFinder v2.1.6+galaxy1 [54], which confirmed the chromosomal nature of the final 140 
sequences. The genome was therefore considered essentially chromosomal, with no detectable 
plasmids. 
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3. Results and Discussion 

3.1. Quality Control and Draft Genome Assembly 

This study was guided by the hypothesis that strain G2.8, isolated from fipronil-contaminated 
soil and previously shown to efficiently degrade this insecticide and its toxic metabolites, harbors a 
genomic repertoire shaped by xenobiotic exposure, including metabolic, regulatory, and biosynthetic 
traits associated with environmental adaptation and biotechnological potential. Accurate genome 
reconstruction and taxonomic resolution are therefore essential prerequisites for interpreting 
functional traits and assessing environmental biosafety of candidate bioremediation organisms. 

To ensure the selection of a robust and representative draft genome for downstream analyses, 
multiple genome assemblies were generated using different assembly algorithms. This comparative 
strategy allowed evaluation of assembly consistency and minimized assembler-specific biases, 
providing a reliable basis for selecting the most suitable genome for structural and functional 
analyses. When evaluating assemblies generated by SPAdes, Velvet, Shovill-SKESA, and MEGAHIT, 
SPAdes presented the highest N50 and lowest L50 values (Table S1). N50 represents the length of the 
shortest contig accounting for 50% of the assembly, whereas L50 indicates the number of scaffolds 
comprising more than 50% of the genome. Differences among assemblers reflect distinct algorithmic 
strategies and heuristics that influence contiguity, structural accuracy, and gene recovery depending 
on genome characteristics [31]. Therefore, considering its superior assembly continuity and 
performance metrics, SPAdes was selected for subsequent genome reconstruction and downstream 
analyses. 

After polishing, the draft genome comprised approximately 5.1 Mb with ~55% GC content and 
4,900–5,100 predicted Coding Sequences (CDSs), consistent with genomes of the Enterobacter cloacae 
complex. Genome completeness assessed using BUSCO (Benchmarking Universal Single-Copy 
Orthologs) yielded 99.8% completeness (Complete: 99.8% [Single-copy: 83.6%, Duplicated: 16.1%]; 
Fragmented: 0.2%; Missing: 0.0%; n = 440), with no detectable contamination. These metrics indicate 
that the assembly is near-complete and structurally reliable, supporting its suitability for functional 
and comparative genomic analyses. 

For environmental biotechnology applications such as bioremediation, accurate taxonomic 
identification is critical to ensure biosafety and functional reliability. Methods based solely on the 16S 
rRNA gene often lack resolution within metabolically diverse genera such as Enterobacter, whereas 
whole-genome sequencing (WGS) combined with average nucleotide identity (ANI) and digital 
DNA–DNA hybridization (dDDH) provides the current gold standard for species-level classification 
and biological risk assessment [22]. 

Average Nucleotide Identity (ANI) analysis revealed in Figure 2A a value of 97.90% between 
strain G2.8 and Enterobacter pseudoroggenkampii (reference genome ASM3040616v1), exceeding the 
≥95% threshold recommended for species-level assignment. This result was supported by 1,418 
orthologous matches distributed across 1,576 genomic fragments, indicating extensive genome-wide 
similarity and a strong phylogenomic relationship. Whole-genome taxonomic analysis using the 
Type (Strain) Genome Server (TYGS) further corroborated this classification, yielding dDDH = 80.5% 
relative to the type strain, well above the ≥70% species boundary (Table 1). Synteny analysis revealed 
high collinearity and conservation of genomic blocks between genomes, reinforcing taxonomic 
coherence. 

Phylogenomic analysis using TYGS integrates genome similarity with genomic parameters such 
as GC content, genome size, protein count, and reference type strains, and all indicators consistently 
placed strain G2.8 within E. pseudoroggenkampii. In contrast, comparisons with Enterobacter 
chengduensis yielded ANI and dDDH values below species thresholds, supporting its exclusion. 
Together, ANI, dDDH, and synteny analyses provide robust genomic evidence for definitive 
reclassification of strain G2.8 as Enterobacter pseudoroggenkampii (Figure 2B). 

This taxonomic reassignment provides the genomic framework necessary to interpret functional 
traits observed in strain G2.8, since metabolic capacity, biosynthetic potential, and biosafety profiles 
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are lineage-dependent within the Enterobacter cloacae complex. Notably, E. pseudoroggenkampii has 
been described as an environmentally associated species exhibiting genomic plasticity and 
adaptation to heterogeneous ecological niches, consistent with the contaminated-soil origin and 
biodegradation phenotype of strain G2.8 [20,21,55]. 

 

Figure 2. Genomic similarity and phylogenetic placement of strain G2.8. A. Global genome alignment between 
E. pseudoroggenkampii G2.8 and the reference genome based on average nucleotide identity (ANI). B. Tree 
inferred with FastME 2.1.6.1 from GBDP distances calculated from genome sequences. The branch lengths are 
scaled in terms of GBDP distance formula d5. The numbers above branches are GBDP pseudo-bootstrap support 
values > 60 % from 100 replications, with an average branch support of 93.8 %. The tree was rooted at the 
midpoint. 

Table 1. Taxonomic analyses used for the identification of the draft genome of E. pseudoroggenkampii G2.8. 

Method Comparison Results 
Reference 

Thresholds Interpretation 

FastANI G2.8 × E. pseudoroggenkampii  
(ASM3040616v1) 97,86% ≥95% Same species 

dDDH (d4, TYGS) G2.8 × type strain 80,50% ≥70% Same species 

Syntenia G2.8 × E. pseudoroggenkampii  High 
collinearity 

— Genomic 
conservation 

Comparison with E. 
chengduensis 

ANI / dDDH < threshold ≥95 / ≥70 Distinct species 

3.2. Prediction and Functional Annotation, Resistance and Virulence Genes, Biosynthetic Clusters, and 
Plasmid Detection 

To assess the functional potential of the G2.8 strain, draft genome annotation was performed 
using independent and widely adopted prokaryotic annotation pipelines, such as Prokka, Bakta, and 
DFAST, allowing for a comparative and integrative evaluation of predicted coding sequences (Table 
2). Prokka provides rapid gene prediction and annotation based on curated protein databases, Bakta 
applies a standardized ontology-driven framework with cross-referencing to multiple reference 
datasets, and DFAST offers a flexible annotation workflow optimized for draft genomes, improving 
functional consistency between annotations. The integration of multiple annotation platforms is 
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recommended for prokaryotic genome analysis because differences in gene prediction algorithms, 
reference databases, and functional ontologies can substantially influence CDS identification and 
functional assignment [41]. Such genome-driven functional inference approaches have been widely 
applied in environmental biotechnology to reveal metabolic capabilities and adaptive traits even 
when conventional annotations are incomplete [11]. In this context, the combined annotation strategy 
adopted here aimed to maximize functional resolution and reduce tool-specific bias in the 
interpretation of the genomic repertoire of strain G2.8. 

In addition to core genome annotation, specialized in silico analyses were performed to screen 
for antimicrobial resistance determinants (ABRicate/CARD), virulence-associated genes, biosynthetic 
gene clusters (antiSMASH), and plasmid-associated sequences (MOB-recon and PlasmidFinder). The 
integration of these complementary tools is widely recommended in genome-based characterization 
of environmental bacteria, as it enables simultaneous assessment of metabolic capacity, biosynthetic 
potential, and biosafety-related traits [22,23]. This combined approach provided a comprehensive 
overview of the genomic architecture of strain G2.8, highlighting both its metabolic and ecological 
potential and the absence of complete plasmid replicons. The lack of plasmids and mobile resistance 
elements is consistent with environmental Enterobacter lineages, which typically exhibit intrinsic 
stress-tolerance determinants rather than clinically relevant resistance or virulence factors [20,21]. 
Such genome-wide screening is particularly important in candidate bioremediation organisms to 
distinguish environmentally specialized strains from clinically associated taxa and to ensure 
biosafety in applied contexts [22,23]. 

Between 75% and 80% of the predicted proteins were functionally annotated, while 
approximately 20%–25% remained classified as hypothetical [27,62], and no complete plasmids were 
identified (Figure 3A). Proportions of hypothetical proteins within this range are commonly reported 
in bacterial draft genomes and reflect the persistence of poorly characterized or lineage-specific genes 
in public databases, particularly in environmentally adapted taxa [27,62]. The circular genome map 
further highlights relatively homogeneous GC content across the chromosome, with localized 
variations and a clear GC skew pattern, consistent with a single chromosomal replicon and indicative 
of the origin and terminus of replication. These features reflect a structurally stable genome 
architecture, while subtle GC deviations may correspond to regions associated with genomic 
plasticity, potentially including horizontally acquired loci involved in environmental adaptation. 
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Figure 3. Genomic architecture and COG functional distribution of Enterobacter pseudoroggenkampii G2.8.  A. 
Circular genome map showing CDSs on forward and reverse strands, RNA genes (tRNA, rRNA, tmRNA and 
ncRNA), GC content and GC skew. B. Genome-wide distribution of COG functional categories grouped into 
Information storage and processing, Cellular processes and signaling, Metabolism, and Poorly characterized. C. 
COG functional distribution of the 123 unique consensus hypothetical proteins inferred by eggNOG-mapper. 
Bars indicate the number of proteins per category; a single protein may be assigned to multiple COG classes.  
COG functional categories were defined as follows: A, RNA processing and modification; B, chromatin structure 
and dynamics; C, energy production and conversion; D, cell cycle control, cell division and chromosome 
partitioning; E, amino acid transport and metabolism; F, nucleotide transport and metabolism; G, carbohydrate 
transport and metabolism; H, coenzyme transport and metabolism; I, lipid transport and metabolism; J, 
translation, ribosomal structure and biogenesis; K, transcription; L, replication, recombination and repair; M, 
cell wall/membrane/envelope biogenesis; N, cell motility; O, posttranslational modification, protein turnover 
and chaperones; P, inorganic ion transport and metabolism; Q, secondary metabolites biosynthesis, transport 
and catabolism; S, function unknown; T, signal transduction mechanisms; U, intracellular trafficking, secretion 
and vesicular transport; and V, defense mechanisms. 

As shown in Table 2, Prokka annotated a total of 10,794 genomic elements, including 10,623 
CDSs, 151 tRNAs, 18 rRNAs, and 2 tmRNAs. Bakta provided broader structural coverage, totaling 
11,018 features, of which 10,618 correspond to CDSs, in addition to tRNAs, rRNAs, ncRNAs, small 
ORFs, and regulatory regions. In contrast, DFAST annotated 1,470 features, predominantly CDSs 
(1,450) (Table 2). These differences likely reflect the distinct prediction criteria and reference 
databases employed by each annotation tool. Such variation highlights intrinsic differences among 
algorithms, prediction strategies, and database resources, particularly regarding the identification of 
small ORFs, non-coding RNAs, and regulatory regions, which are more extensively explored by 
Bakta [41]. 

Comparison among the annotation pipelines revealed differences in the classification of 
hypothetical proteins. Prokka presented the highest absolute number of CDSs annotated as 
hypothetical (3,491), followed by Bakta (482) and DFAST (157) (Table 2). This discrepancy reflects the 
use of more up-to-date databases and alignment-independent annotation strategies in Bakta, 
resulting in improved functional assignment for CDSs previously classified as hypothetical by more 
conservative approaches [27,41]. Cross comparison among the pipelines did not reveal hypothetical 
proteins shared simultaneously by all three tools when genes were compared based on genomic 
coordinates (contig, start position, end position, and strand), demonstrating the strong dependence 
on annotation criteria and database selection (Table 2) [27]. Therefore, Bakta annotations were used 
as the primary reference for subsequent analyses, while Prokka and DFAST results were used in a 
complementary manner for validation and cross-comparison. 

Consensus hypothetical proteins were defined as CDSs annotated as “hypothetical protein” by 
both pipelines and presenting exact matching genomic coordinates. A total of 133 consensus 
hypothetical proteins were initially identified. However, 10 of these corresponded to duplicated locus 
tags, in which the same gene was annotated in more than one entry. These duplicates were removed, 
resulting in a final set of 123 consensus hypothetical proteins, representing a highly conservative 
subset of CDSs with no functional assignment by the two main annotation pipelines employed 
(Tables S1 and S2). The use of consensus annotation across independent pipelines reduces tool-
specific bias and increases confidence that these CDSs correspond to genuinely uncharacterized 
proteins rather than annotation artifacts. Such conservative subsets are commonly used to define 
high-confidence genomic “dark matter” in bacterial genomes and reflect proteins lacking detectable 
orthology or conserved domains despite multi-tool annotation [27,41,46–48]. 
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Table 2. 

1. Main 
statistics 

2. Protein and 
enzyme 

prediction by 
tool 

3. Secondary 
metabolites 

(antiSMASH) 

4. Resistance genes 
(AMR)  5. Metabolic functionality 

Categori
as 

N° 
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genes
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6 

PROKKA 
– total 
CDS 

10.79
4 

CDS in 
BGC 

195 acrD 4 
oqxB_

1 3 COG 
5.542 genes with 

functional categories 

Protein
s 

annotat
ed 

(Prokka
) 

5.66
6 

Hypotheti
cal 

proteins 
(Prokka) 

3.491 
Total 

clusters 14 msbA 3 
qnrE1

_1 2 
KEGG 

KO 

5.542 genes with 
annotated metabolic 

pathways 

Protein
s 

annotat
ed 

(Bakta) 

5.66
2 

BAKTA – 
total CDS 

11.01
8 NRPS 60 leuO 3 

fosA_
1 2 

InterP
roSca

n 

10.983 functional 
domains identified 

Genes 
with 

eggNO
G 

5.54
1 

Hypotheti
cal 

proteins 
(Bakta) 

482 
NRPS + 
T1PKS 45 adeF 3 

oqxB_
1; 

oqxA_
1 

1 - - 

Genes 
with 
COG 

5.54
2 

DFAST – 
total CDS 1.470 

β-
lactone 26 

PBP3 
(H. 

influen
zae) 

3 
blaAC
T-4_2 1 - - 

Genes 
with 

KEGG 
KO 

5.54
2 

Hypotheti
cal 

proteins 
(DFAST) 

157 RiPP 21 oqxB 2 - - - - 

- - - - hserlact
one 

22 soxR 2 - - - - 

- - - - siderop
hore 

13 vanX 2 - - - - 

- - - - butyrola
ctone 

8 vanH 2 - - - - 

      emrA / 
emrB 

2 - - - - 

CDS, coding DNA sequence; BGC, biosynthetic gene cluster; COG, 

Clusters of Orthologous Groups; KEGG KO, Kyoto Encyclopedia of 

Genes and Genomes Orthology; CARD-RGI, Comprehensive Antibiotic 

Resistance Database – Resistance Gene Identifier; NRPS, non-ribosomal 
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peptide synthetase; T1PKS, type I polyketide synthase; RiPP, 

ribosomally synthesized and post-translationally modified peptide. 

EggNOG-mapper and InterProScan analyses applied to the complete set of predicted coding 
sequences (Table 2) consistently identified genes encoding AMP-binding, condensation, and 
oxidoreductase domains, which are characteristic of biosynthetic enzymes. Hydrolases and esterases 
associated with xenobiotic degradation, oxidative stress response, and metabolic adaptation were 
also detected across both annotation platforms. These enzyme classes are widely implicated in 
pesticide biodegradation and environmental stress tolerance, where oxidation–reduction and 
hydrolytic reactions mediate the transformation of complex xenobiotics into less toxic or 
metabolizable intermediates [8–11,15]. The predominance of these catalytic domains therefore 
supports a genome-wide metabolic architecture compatible with the experimentally observed 
degradation phenotype of strain G2.8. 

At the genome-wide level, COG functional classification revealed a predominant distribution in 
categories related to unknown function (S), cell wall/membrane/envelope biogenesis (M), and 
transcription (K), in addition to categories associated with metabolism, transport, and cellular 
signaling (Figure 3B). Similar COG distributions have been reported in environmental and plant-
associated Enterobacter lineages, in which regulatory and envelope-associated functions are enriched 
due to adaptation to fluctuating physicochemical and xenobiotic stresses in soil and rhizosphere 
environments [20,21]. 

To infer the functional role of proteins initially classified as hypothetical, a targeted analysis of 
the 123 unique consensus hypothetical proteins was performed using eggNOG-mapper. As a result, 
84 proteins (68.3%) received functional annotations based on orthology, and 54 proteins (43.9%) were 
associated with at least one KEGG Orthology (KO) identifier (Table S2). Analysis of the COG 
functional categories assigned to this subset showed a similar distribution pattern, with enrichment 
in categories S, M, and K, as well as metabolism-related functions (Figure 2C), suggesting that a 
substantial fraction of these proteins may play regulatory and structural roles linked to 
environmental adaptation and xenobiotic stress responses. The recovery of functional signals from 
initially unannotated CDSs reinforces the concept that bacterial genomic “dark matter” often encodes 
niche-adaptive and stress-associated functions that remain poorly represented in reference databases 
[27,46–48]. 

To investigate the presence and organization of CRISPR–Cas defense systems and to assess 
potential interactions with mobile genetic elements, the genomic distribution of CRISPR arrays and 
isolated cas genes was analyzed (Figure 4A). Multiple CRISPR arrays were detected across distinct 
contigs of the draft genome and classified with high-confidence evidence levels, consistent with bona 
fide CRISPR loci (Table S3). The presence of multiple spacer-containing arrays indicates recurrent 
exposure to foreign genetic elements, such as bacteriophages and plasmids, as CRISPR spacers are 
typically acquired from invading DNA and retained as a molecular record of past infections. Such 
spacer diversity is commonly interpreted as evidence of historical phage–host interactions in 
environmental bacteria inhabiting dynamic microbial communities [61]. 

Although isolated cas genes were identified, including cas3 associated with Type I systems, 
these genes were not organized into complete operons nor directly associated with the detected 
CRISPR arrays (Figure 4B–C). Consequently, no complete CRISPR–Cas system could be classified in 
the analyzed genome. This genomic configuration is consistent with the presence of orphan CRISPR 
arrays and fragmented cas loci, which are commonly interpreted as evolutionary remnants of 
previously functional CRISPR–Cas systems that have undergone decay or partial loss during genome 
evolution [61]. 
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In environmental bacteria, erosion or modular loss of CRISPR–Cas operons has been associated 
with genome plasticity and adaptation to habitats characterized by intense horizontal gene transfer 
and fluctuating selective pressures, such as contaminated soils and rhizosphere environments [27,61]. 
The occurrence of orphan CRISPR elements in strain G2.8 is therefore compatible with its 
environmental origin and suggests historical exposure to mobile genetic elements coupled with 
subsequent genomic restructuring. Such patterns have been reported in metabolically versatile 
environmental Enterobacterales, where residual CRISPR loci persist despite the absence of a fully 
functional adaptive immune system. 

Alternatively, orphan CRISPR arrays may be retained as structural or regulatory genomic 
elements, potentially influencing genome organization or gene expression, although their functional 
significance in strain G2.8 remains to be elucidated. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 March 2026 doi:10.20944/preprints202603.0890.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.0890.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 19 

 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 March 2026 doi:10.20944/preprints202603.0890.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.0890.v1
http://creativecommons.org/licenses/by/4.0/


 13 of 19 

 

Figure 4. Distribution of CRISPR arrays and Cas gene clusters in the draft genome of Enterobacter 
pseudoroggenkampii G2.8. A. Genome-wide view showing coding sequences (CDS, green), CRISPR arrays 
(purple), and Cas gene clusters (red). B–C. Detailed views of the two isolated Cas loci, highlighting the presence 
of cas3 (Type I) genes and surrounding genomic regions. Neither Cas cluster is colocalized with CRISPR arrays 
nor organized into a complete CRISPR–Cas operon, indicating fragmented and orphan Cas systems. 

Using antiSMASH (antibiotics & Secondary Metabolite Analysis Shell), a specialized 
bioinformatic platform for the identification and characterization of biosynthetic gene clusters (BGCs) 
involved in secondary metabolite production, a total of 14 BGCs were detected in the draft genome 
of Enterobacter pseudoroggenkampii G2.8 (Table 2). These clusters included non-ribosomal peptide 
synthetases (NRPS), hybrid NRPS/type I polyketide synthases (NRPS/T1PKS), β-lactones, 
ribosomally synthesized and post-translationally modified peptides (RiPP-like), siderophores, 
arylpolyenes, butyrolactones, and homoserine lactone–related regions (Table S4). 

NRPS and NRPS/T1PKS clusters are typically associated with the biosynthesis of bioactive 
peptides and polyketides with antimicrobial, siderophore, or signaling functions [24,26]. RiPP-like 
clusters encode ribosomally synthesized peptides that undergo post-translational modifications, 
often involved in microbial competition, ecological interactions, and stress tolerance [24]. 
Siderophore clusters are related to iron acquisition, arylpolyene clusters are associated with 
protection against oxidative stress, β-lactones are linked to antimicrobial activity, and butyrolactone- 
and homoserine lactone–related regions are commonly involved in quorum sensing and regulatory 
signaling processes [24–26]. 

Several BGCs exhibited similarity to known clusters such as aerobactin, turnerbactin, 
arylpolyenes, and crochelin A, although most showed low to moderate similarity values, suggesting 
the presence of potentially novel biosynthetic pathways [24,26]. These metabolite classes are 
commonly associated with iron acquisition, antimicrobial activity, oxidative stress protection, 
microbial competition, and ecological adaptation in soil and plant-associated bacteria [25,26]. The 
predominance of siderophore- and redox-related clusters is consistent with environmental 
Enterobacter lineages adapted to fluctuating nutrient availability and oxidative stress conditions 
typical of contaminated soils [20,21]. 

Consensus hypothetical proteins were also detected within BGC regions, particularly in NRPS 
and hybrid NRPS/T1PKS clusters, suggesting possible accessory, regulatory, or tailoring roles in 
secondary metabolite biosynthesis. The frequent occurrence of poorly characterized genes within 
BGC boundaries is widely reported and reflects the modular and rapidly evolving nature of 
specialized metabolism loci, which often harbor lineage-specific enzymatic components [24,27]. 
Together, these genomic features indicate that strain G2.8 harbors a diverse and potentially unique 
repertoire of biosynthetic gene clusters, supporting a genetic capacity for secondary metabolite 
production that remains to be functionally validated. 

In addition to secondary metabolite biosynthetic clusters, genes associated with plant growth–
promoting traits were identified in the genome of strain G2.8 (Table 3). These included genes 
involved in siderophore-mediated iron acquisition (ent and fep operons), indole-3-acetic acid (IAA) 
biosynthesis via the indole-3-pyruvate pathway (ipdC), phosphate solubilization through the 
pyrroloquinoline quinone (PQQ) system (pqqABCDE and gcd), as well as determinants related to 
rhizosphere colonization and environmental fitness, such as motility (motAB), chemotaxis (cheAY), 
and oxidative stress tolerance (katG, sodA, sodB). 

The coexistence of nutrient acquisition, phytohormone production, and colonization-associated 
determinants indicates a genomic repertoire compatible with plant-associated ecological interactions. 
Similar combinations of siderophore production, IAA biosynthesis, and phosphate solubilization 
genes are widely reported in plant-associated Enterobacter spp. and are considered core genomic 
determinants of plant growth–promoting rhizobacteria (PGPR) functioning under abiotic and 
chemical stress conditions [13,14]. Comparative genomic analyses further demonstrate that 
environmental and plant-associated Enterobacter lineages, including E. pseudoroggenkampii, are 
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enriched in rhizosphere-adaptation and xenobiotic-response traits relative to clinical counterparts 
[20,21]. 

In strain G2.8, the presence of these PGPR-related genes together with biosynthetic clusters and 
oxidative-stress enzymes suggests a multifunctional ecological strategy combining plant interaction, 
environmental persistence, and metabolic adaptability. Such trait convergence is consistent with 
microorganisms adapted to contaminated agricultural soils, where nutrient limitation, oxidative 
stress, and xenobiotic exposure select for bacteria capable of both pollutant transformation and plant-
associated fitness. Therefore, the PGPR genomic signature observed in strain G2.8 complements its 
biodegradation potential and supports its prospective application in integrated soil bioremediation 
and plant-assisted remediation systems, pending experimental validation. 

Table 3. Genes detected in the draft genome of E. pseudoroggenkampii G2.8 associated with plant growth 
promotion (PGPR). 

Functional category Genes Function Evidence tool 
Iron acquisition 
(siderophores) 

entA, entB, entC, 
entD, entE, entF Enterobactin biosynthesis 

antiSMASH / eggNOG 
/ KEGG 

Iron acquisition 
(siderophores) 

fepA, fepB, fepC, 
fepD, fepG Siderophore transport eggNOG / KEGG 

Phytohormone production 
(IAA) ipdC 

Indole-3-pyruvate pathway 
(IAA) eggNOG / KEGG 

Phosphate solubilization 
pqqB, pqqC, pqqD, 

pqqE PQQ biosynthesis eggNOG 

Phosphate solubilization gcd Glucose dehydrogenase KEGG 
Rhizosphere colonization motA, motB Flagellar motilit eggNOG 
Rhizosphere colonization cheA, cheY Bacterial chemotaxis eggNOG 

Environmental stress 
tolerance katG, sodA, sodB 

Detoxification of reactive 
oxygen species InterPro / KEGG 

Microbial competition NRPS-like BGC 
Antimicrobial metabolite 

production antiSMASH 

Aromatic compound 
metabolism pcaH, pcaG 

Phenolic compound 
catabolism KEGG 

PGPR, plant growth-promoting rhizobacteria; IAA, indole-3-acetic acid; PQQ, pyrroloquinoline 
quinone; BGC, biosynthetic gene cluster; NRPS, non-ribosomal peptide synthetase; KEGG, Kyoto 

Encyclopedia of Genes and Genomes; eggNOG, evolutionary genealogy of genes: Non-supervised 
Orthologous Groups; InterPro, integrated protein signature database; antiSMASH, Antibiotics & 

Secondary Metabolite Analysis Shell (tool for prediction of secondary metabolite biosynthetic gene 
clusters). 

Screening with ABRicate (ResFinder) and CARD-RGI identified genes associated with a 
restricted intrinsic antimicrobial resistance profile, mainly related to efflux systems and chromosomal 
β-lactamases, including acrD, oqxA/oqxB, msbA, adeF, and blaACT-like variants (Table 2). No 
acquired resistance determinants, virulence factors, or plasmid-associated resistance genes were 
detected. 

This genomic configuration is consistent with environmental Enterobacter isolates, in which 
intrinsic efflux systems and chromosomal β-lactamases are commonly associated with tolerance to 
environmental toxicants rather than with clinically relevant multidrug resistance [18,20]. In contrast, 
clinical Enterobacter strains frequently harbor mobile resistance determinants and virulence genes 
located on plasmids and genomic islands, facilitating horizontal dissemination in healthcare 
environments [18,19,23]. 

The absence of high-risk virulence markers and mobile resistance elements in strain G2.8 
therefore supports its environmental lineage and low biosafety concern, in agreement with genome-
based frameworks used to distinguish environmental from clinically relevant Enterobacter 
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populations [20,21]. From an ecological perspective, the predominance of intrinsic resistance 
mechanisms together with stress-response and metabolic genes suggests adaptation to chemically 
impacted habitats rather than to host-associated niches. 

Recent studies on pesticide biodegradation report that many bacterial degraders exhibit 
incomplete mineralization or accumulation of toxic intermediates, particularly in the case of fipronil, 
whose transformation products such as fipronil-sulfone often persist in the environment [8–10,15]. In 
contrast, strain G2.8 has been experimentally demonstrated to degrade both fipronil and its major 
toxic metabolites in contaminated soil systems [17], indicating a more advanced degradation 
performance than that reported for several previously described isolates [8,57]. Genome analysis of 
G2.8 additionally revealed the presence of diverse biosynthetic gene clusters, including NRPS and 
hybrid NRPS/T1PKS systems, together with plant growth–promoting–related genes and intrinsic 
resistance determinants associated with environmental stress tolerance. Notably, although G2.8 
belongs to E. pseudoroggenkampii, it was isolated from fipronil-contaminated soil, whereas the 
reference genome (ASM3040616v1) originates from a plant-associated (rice) environment. This 
ecological distinction is reflected in the genomic repertoire of G2.8, which includes multiple features 
associated with xenobiotic exposure and environmental adaptation. While many reported pesticide-
degrading bacteria are primarily characterized by catabolic potential alone, the coexistence in G2.8 of 
genomic features related to xenobiotic transformation, secondary metabolism, rhizosphere-
associated traits, and adaptive resistance suggests a broader ecological potential in contaminated soil 
environments. This integrated genomic profile distinguishes G2.8 both from many described 
degraders and from plant-associated reference representatives of the same species, supporting its 
classification as an environmentally adapted strain rather than a strictly plant-associated lineage. 

Future investigations should prioritize experimental validation of the predicted biosynthetic 
and metabolic capabilities of strain G2.8 through controlled bench-scale assays and functional 
analyses. In particular, metabolomic profiling, expression studies of biosynthetic gene clusters, and 
biodegradation experiments under defined environmental conditions will be essential to confirm the 
production and activity of secondary metabolites inferred from genomic data. Such approaches may 
elucidate the ecological roles and potential applications of these metabolites in xenobiotic 
transformation, microbial interaction, and plant-associated processes. Additionally, evaluating 
metabolite production dynamics and degradation efficiency in soil microcosms or bioreactor systems 
will be critical to assess the feasibility of deploying strain G2.8 or its metabolic products in 
environmental and agricultural bioprocesses. These future studies will enable translation of genome-
based predictions into practical applications and clarify the biotechnological relevance of secondary 
metabolites encoded in the G2.8 genome. 

4. Conclusions 

In this study, we generated a high-quality draft genome of Enterobacter pseudoroggenkampii 
G2.8, an environmental strain isolated from fipronil-contaminated soil. Genome-scale analyses 
revealed a multifunctional genetic repertoire including biosynthetic gene clusters related to NRPS 
and siderophore production, enzymes associated with xenobiotic transformation, and regulatory 
features linked to environmental adaptation. Although no genes explicitly annotated as fipronil-
degrading were detected, the presence of oxidoreductases, hydrolases, esterases, and secondary 
metabolite pathways is consistent with the previously demonstrated degradation phenotype of this 
strain. The absence of plasmid-borne resistance determinants and high-virulence factors further 
supports a favorable biosafety profile consistent with an environmental lineage. 

Overall, the genome-guided characterization of strain G2.8 demonstrates the coexistence of 
genomic features associated with xenobiotic transformation, secondary metabolism, and plant-
associated functions within a single organism. This integrated repertoire highlights its relevance for 
studies on microbial metabolite processes in contaminated environments. Collectively, these findings 
establish E. pseudoroggenkampii G2.8 as an environmentally adapted strain with combined 
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biodegradation and biosynthetic potential, providing a genomic foundation for future experimental 
validation and exploration of metabolite-oriented environmental biotechnology applications 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org., Table S1. Quality assessment of the draft genome assembly of the E. 
pseudoroggenkampii G2.8 isolate using QUAST. 
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