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Abstract
Objective

The aiid gene encodes a metalloenzyme known as lactonase, which hydrolyzes acyl-homoserine
lactone (AHL) molecules and thereby inhibits the quorum sensing (QS) system in Gram-negative
bacteria—a system that plays a central role in their pathogenicity. Various forms of this enzyme
have been identified across multiple bacterial genera. The enzyme features a conserved motif
essential for metal ion binding and enzymatic activity. A well-characterized example exists in the
Bacillus genus, where the gene is 750 base pairs long and encodes a 250-amino acid protein.
Paenibacillus, formerly classified within Bacillus, is recognized as a plant growth-promoting
bacterium with potent antagonistic activity against plant pathogens, making it a valuable
candidate for biotechnological applications.

Materials and Methods

In this study, specific primers were designed to detect the presence of the aiid gene in a bacterial
isolate exhibiting traits associated with the Paenibacillus genus. The gene was amplified via PCR
and subsequently cloned into the pBluescript Il KS (+) plasmid using the restriction enzymes
Smal and BamHI. The recombinant plasmid was confirmed through PCR and enzymatic

digestion, after which the construct was submitted for sequencing.
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Results

Sequencing analysis revealed that the cloned aiid gene was 756 base pairs in length. BLAST
results indicated over 99% similarity with the aiid sequences found under NCBI accession
numbers NZ CP009909.1 and NZ CP025957.1, confirming a close relationship between the
isolate and Paenibacillus polymyxa. Distance-based analysis and phylogenetic tree construction
based on the gene sequence further supported this classification. Moreover, the presence of a
conserved domain related to the B-lactamase protein family within the predicted motif of the gene
provided additional evidence of its functional role as a lactonase capable of disrupting quorum
sensing signals. Structural analysis of the predicted protein reinforced these findings.
Conclusions

This study successfully cloned the aiid4 gene, highlighting its potential application in developing
transgenic plants resistant to bacterial pathogens. Additionally, the sequencing and phylogenetic
analyses enabled precise molecular identification of the isolate, which was closely related to P.
polymyxa. The isolate’s high potential as a biocontrol agent suggests it could play a key role in
sustainable management strategies for bacterial diseases in plants.
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Introduction

Quorum sensing (QS) is a cell-density-dependent regulatory system in Gram-negative
bacteria that coordinates collective behaviors, including virulence, biofilm formation, and
production of extracellular enzymes. QS signals in Gram-negative phytopathogens are typically
N-acyl homoserine lactones (AHLs), and many important plant pathogens rely on QS to regulate
pathogenicity. Disrupting these signals through “quorum quenching” (QQ) provides a promising
non-antibiotic strategy for disease control. The aii4 gene encodes an AHL-lactonase (a

metalloenzyme) that hydrolyzes the lactone ring of AHLSs, thereby inactivating the QS signal
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without affecting bacterial growth. Originally identified in Bacillus spp. (e.g. B. thuringiensis, B.
cereus, B. subtilis), aiiA-type lactonases have demonstrated biotechnological potential: for
instance, potato and tobacco plants expressing aiid remained largely symptom-free when
challenged with high densities of bacterial pathogens. Members of Paenibacillus (formerly
Bacillus) are well-known plant-growth-promoting bacteria that produce antimicrobial compounds
and can protect plants against pathogens. A Paenibacillus polymyxa strain (NR1) was recently
reported to carry an aiid homolog, suggesting quorum-quenching capacity in this genus. In this
study, we investigated a native aiid gene from a Paenibacillus-like isolate (designated Gs)
obtained from the rhizosphere. This isolate exhibited strong antagonism toward several Gram-
negative phytopathogens, suggesting it might produce QS-inhibiting enzymes. The objectives
were to amplify the aiid gene, clone it into plasmid pBluescript II SK(+), confirm and sequence

the insert, and perform phylogenetic and structural analyses of the encoded lactonase.

Materials and Methods

Strain Gs was isolated in 2023 from rhizosphere soil and identified by standard
morphological and biochemical tests as a Paenibacillus sp. (Gram-positive, catalase-positive,
oxidase-positive, etc.). Gs was cultured on Nutrient Agar at 28 °C. Genomic DNA was extracted
from Gs cells using the CTAB/NaCl method (Wilson, 2001), with lysozyme/phenol-chloroform
purification. DNA quality was checked by agarose gel electrophoresis. Specific primers targeting
aiiA were designed based on conserved sequences in Paenibacillus (Table 1). The primers
included EcoRl/BamHI (forward) and EcoRl/Smal (reverse) sites for cloning. PCR was carried
out with Phusion high-fidelity DNA polymerase under optimized conditions (initial denaturation
94 °C, 5 min; 35 cycles of 92 °C for 20 s, 58 °C for 20 s, 72 °C for 45 s; final extension 72 °C, 10
min). The 20 uL reaction contained template DNA, primers (10 uM each), dNTPs, MgCl, buffer,
and polymerase (Phusion). The amplified product was checked on a 1% agarose gel. The PCR
product (~756 bp) and the vector pBluescript I SK(+) were separately digested with BamHI and
Smal (sites present in the primer extensions). Digested fragments were gel-purified (Low-
Melting-Point agarose) and ethanol-precipitated. Ligation was performed overnight at 16 °C with
T4 DNA ligase (Thermo). The ligation mix was transformed by electroporation into competent E.
coli TOP cells (2500 V, 5 ms). Transformants were recovered in LB medium and plated on LB
agar with ampicillin (100 pg/mL). White (ampicillin-resistant) colonies appeared after ~14 h.
Insert presence was verified by colony PCR using aiid-specific primers and by restriction digest
of plasmid DNA. A correctly sized amplicon (~750 bp) confirmed the aiid insert. The
recombinant plasmid from a positive clone was treated with RNase, purified, and submitted for
bidirectional Sanger sequencing (BioMagic Gene). Sequence reads were assembled and trimmed.

The aiid insert (756 bp) was compared to GenBank using BLASTn. Homologous sequences were
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aligned and a phylogenetic tree was constructed in MEGA7 using the Maximum Like hood
method with Maximum Composite Likelihood distances. The deduced amino acid sequence was
analyzed for conserved motifs and domains using the Pfam database and MOTIF Search. A three-
dimensional protein model was generated using SWISS-MODEL, with model quality assessed

by GMQE and sequence identity to known lactonases.

Results

PCR amplification of Gs genomic DNA produced a single product of ~750 bp, consistent
with the expected aiid gene size. Cloning into pBluescript II SK(+) and colony PCR confirmed
the presence of the insert; restriction digestion of the plasmid yielded fragments of the predicted
sizes. Sequencing of the insert revealed a 756-bp open reading frame encoding a 251-amino acid
protein. BLAST analysis showed >99% nucleotide identity of this sequence to P. polymyxa aiiA
genes (GenBank NZ CP009909.1 and NZ CP025957.1). The top BLAST hit was P. polymyxa
strain CF05 (aiid) with 97.47% identity and 100% coverage; the second was P. polymyxa strain
HY96-2 (aiid) with 99.21% identity. These results indicate that isolate Gs is closely related to P.
polymyxa. Phylogenetic analysis of aiid sequences placed Gs in a clade with P. polymyxa HY96-
2, confirming its genetic proximity to this species. Nucleotide and amino-acid alignments of the
Gs aiid gene with that of P. polymyxa HY96-2 showed very high similarity. Motif analysis of the
translated sequence identified a conserved metallo-f-lactamase domain (Lactamase 3 family)
characteristic of AHL-lactonases. Specifically, the hallmark “HxHxDH” motif (metal-binding
histidines and aspartate) typical of aiid-type enzymes was present. Structural modeling supported
these findings: the SWISS-MODEL predicted structure (Model 01) covers the full protein
(residues 1-251) with a GMQE score of 0.97 and 94.82% identity to a P. polymyxa lactonase
template (AlphaFold template E3E7J1.1.A). The model clearly displays a Zn?** binding site in the
active site, underscoring the enzyme’s metal-dependent lactonase activity. These data collectively

confirm that the cloned gene encodes a functional AHL-lactonase.

Conclusions

We report the successful cloning and characterization of an aii4 (AHL-lactonase) gene from
a Paenibacillus polymyxa-related isolate. The gene’s sequence and phylogeny place it firmly
within the P. polymyxa group, and the conserved B-lactamase-like domain and Zn-binding motif
indicate its potential to quench quorum sensing. This work provides a molecular basis for
exploiting Gs and its aiid gene in agricultural biotechnology. For example, expression of aii4 in
transgenic plants has been shown to suppress QS-dependent bacterial diseases. Similarly, the Gs
strain itself, as a Paenibacillus (a recognized plant-growth promoter and biopesticide), could be

developed as a biocontrol agent in crop protection. Overall, the high sequence conservation and
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enzyme characteristics of Gs aiid support its practical use in sustainable management of

phytopathogens through quorum-quenching strategies.
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Figure 1. Agarose gel electrophoresis of the PCR product. M) DNA marker; Gs) PCR

product of the aiiA gene from Gs bacterium; C—) Negative control

pBluescript J8b 5 aiid ;; PCR Jsaxe ;pBluescript II SK(+) dwowdly )3 aiid (5 5 5lwdilumod
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Figure 2. Electrophoresis of the restriction digestion reaction. M) DNA marker; 1)
Restriction digestion of the aiid gene; 2) Restriction digestion of the (+)pBluescript II SK
plasmid
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Figure 3. Genomic map of the recombinant plasmid pBluescript II SK (+) containing the

aiiA gene
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Figure 4. Electrophoresis result of colony PCR using aii4 gene-specific primers on colonies

grown on selective medium containing ampicillin. M) DNA marker; Lanes 3, 4, 9, and 11)

PCR products of colonies harboring the aii4 gene
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Figure 5. Electrophoresis of the purified recombinant plasmid from one of the transgenic
colonies. M) DNA marker; 1 and 2) PCR product of the recombinant plasmid using T3 and

FaiiA primers; 3 and 4) PCR product of the recombinant plasmid using T7 and RaiiA

primers; S) PCR product of the recombinant plasmid using aii4 gene-specific primers
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Figure 6. A) Top BLAST hits for the aii4 gene show the highest similarity with species of P.
polymyxa. B) Query coverage across the top 63 BLAST hits for the aii4 gene, where the
majority of sequences exhibit full-length coverage. All 63 isolates belong to the genus

Paenibacillus, underscoring the specificity and conservation of the aii4 sequence within this

genus
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Figure 7. Phylogenetic tree derived from the alignment of the aii4 gene sequence of
strain Gs with NCBI-derived sequences using MEGA software by the Maximum
Like hood method A) The tree constructed with sequences similar to the aiid gene
of strain Gs indicates that this strain forms a sister group to P. polymyxa HY96-2
bootstrap support above 50 and B) The phylogenetic analysis of the aii4 gene
sequence of strain Gs alongside those from other species shows that Gs, P. polymyxa
ATCC842 (Accession number: NZ_CP024795) , and P. polymyxa HY96-2 cluster
within the same clade with bootstrap support above 70, and are completely
separated from the genus Bacillus
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Figure 8. A) Nucleotide alignment of the aii4 gene from isolate Gs with the corresponding

gene sequence from P. polymyxa-HY96-2 using the MultAlin tool. This alignment shows that
the aii4 gene in isolate Gs has a high similarity to the reported sequence from P. polymyxa-
HY96-2 and B) Amino acid alignment of the aiid gene product from isolate Gs with the
corresponding protein sequence from P. polymyxa-HY96-2 using the MultAlin tool. This
alignment indicates that the amino acid sequence encoded by the aii4 gene in isolate Gs is
highly similar to the reported sequence from P. polymyxa-HY96-2
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Figure 9. Motif analysis of the aii4 protein from isolate Gs using the Motif Search tool and

the Pfam database. The amino acid sequence contains a domain belonging to the f-
Lactamase family, which is associated with the enzymatic activity of p-lactamases
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Figure 10. Motif analysis of the aii4 protein from isolate Gs using the Motif Search tool and
the Pfam database. The amino acid sequence contains a domain belonging to the f-
Lactamase family, which is associated with the enzymatic activity of p-lactamases
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Figure 11. A) Predicted three-dimensional structure of the aii4 gene product from isolate
Gs, generated using the Expasy - SIB Swiss Institute of Bioinformatics tool via the SWISS-
MODEL approach, shown from different perspectives. B) The models used for protein
structure prediction were based on the E3E7J1.1.A template from the AlphaFold DB
database. The corresponding protein is a quorum-quenching (QQ) lactonase belonging to
P. polymyxa. The predicted model (Model 01) covers the full length of the protein (1-251
amino acids), with a GMQE score of 0.97, sequence identity of 94.82%, and 100% structural
coverage with the reference template. The Zn** metal-binding site is also visible in the model
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