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ABSTRACT: Species of the genus Paenibacillus, especially those from extreme environments that have been reported,
are known for producing bioactive compounds with agricultural and biotechnological applications. In this study, we
investigated the genomic and biochemical potential of Paenibacillus sp. VCAL strain isolated from a thermophilic
environment. Taxonomic identification was performed using whole genome similarity analysis, TETRA four-nucleotide
frequency of occurrence analysis, ANI average nucleotide identity analysis, and gene distance analysis using digital
DNA-DNA hybridization (dDDH). Functional analysis of the strain VCAI1 was performed by detecting genes, enzymes,
and genome subsystems involved in biocontrol and plant growth promotion, which was carried out using the RAST
(Rapid Annotation using Subsystem Technology), the seed server and antiSAMSH (antibiotics & Secondary Metabolite
Analysis Shell). Genetic analyses showed the existence of 11 fatty acid and isoprenoid production genes, 56 motility and
chemotaxis genes, 29 N-acetylglucosamine genes, and five siderophore genes. Finally, the antifungal and emulsifying
activities demonstrated that strain VCALI has activity against Fusarium oxysporum strain 45ta using integrated genomic
and experimental validation, and the antifungal properties of the Paenibacillus sp. VCA1 has suggested potential use as a
biocontrol agent against phytopathogenic fungi, and its continuous study can have beneficial applications in sustainable
agriculture and biotechnology.
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1 Introduction

Extreme environments are known to be distributed over large portions of the Earth. These environments
are characterized by different physicochemical, chemical, and biological conditions, such as extremely
high or low temperatures, high concentrations of heavy metals, very pronounced pH ranges, etc. [1]. This
environment includes hydrothermal and volcanic sites, which have been found on the Earth’s surface and
the deep sea [2].
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Various microorganisms capable of adapting to geothermal ecosystems have been identified. These
include bacteria [3], fungi [4], algae [5], and cyanobacteria [6]. These capabilities are related to survival under
these hostile conditions. Classification of these microorganisms is based on the physicochemical conditions
in which they can adapt and develop extensively [7]. For example, those that live in high temperature
conditions are considered thermophiles (45°C to 60°C) and hyperthermophiles (>80°C), whereas those
developing and reproducing at low temperatures are referred to as psychrophiles (<10°C). Microorganisms
that tolerate high salt concentrations are referred to as halophiles. Finally, those that tolerate various pH
ranges are divided into three groups: acidophiles (living in a pH range of 0 to 5), alkalines (tolerating a pH
range of 5 to 8), and alkalophiles (those surviving at a pH above 8) [8,9].

The genus Paenibacillus predominates in this category [10]. These Gram-positive, spore-forming bacte-
ria exhibit facultative anaerobic metabolism and belong to the phylum Firmicutes [11]. Bacteria belonging to
this genus have been identified in different extreme ecosystems, one of them is the active volcano El Chichén,
which is located northwest of the State of Chiapas, Mexico, with a crater lake formed after its eruption in 1982.
This complex is considered a highly hydrodynamic system due to the geochemical composition, variations
in temperature and pH of the lake, and geothermal activity due to the presence of minerals, heavy metals and
sulfur, which gives the lake acid-thermal characteristics [12]. Due to the hostile qualities of the crater lake,
microbial life is limited; however, there are reports where different microbial strains have been identified
that can produce phytohormones, solubilize phosphates, fix nitrogen, and synthesize siderophores [13]. In
summary, Paenibacillus bacteria play an essential role in soil ecology and agriculture, and their continued
study may have beneficial applications in sustainable agriculture and biotechnology.

Biosurfactants are surface metabolites produced by microbes [14]. According to reports, the genera
Acinetobacter, Arthrobacter, Pseudomonas, Halomonas, Bacillus, Rhodococcus, and Enterobacter, as well as
some Paenibacillus species such as P. polymyxa, P. macerans, P. dendritiformis, etc., can produce these
metabolites [15,16]. Most biosurfactants are produced by metabolic activities, where the metabolic substrates
are lipids, alkanes, and sugars. These compounds are classified according to their molecular structure, where
categories such as glycolipids, phospholipids, neutral lipids, and lipopeptides can be found [17]. Lipopeptides
are defined as low molecular weight compounds with a peptide chain variation between 6 and 13 amino acids
and several variations along the fatty acid chain [18]. They can form pores in phytopathogens while possessing
siderophore activity, biofilm inhibition, and detachment activity. Lastly, they can prevent colonization by
phytopathogens [19].

The use of microorganisms and their secreted metabolites for the suppression of phytopathogenic fungi
and promotion of plant growth has numerous advantages [20]. The degradation of these metabolites is
easy and environmentally friendly, and they can even become part of the cycles of natural elements, which
is in stark contrast with the chemical products used nowadays. However, a critical scientific problem lies
in the understanding of the genetic and metabolic mechanisms involved in the biosynthesis of antifungal
compounds in thermophilic bacteria. This knowledge gap hinders the development of new biotechnological
strategies for the control of phytopathogens and the promotion of plant growth. Based on this, we hypothesize
that Paenibacillus strain VCALI presents unique genomic and metabolic characteristics as a biocontrol agent
and plant growth promoter. Therefore, this work aimed to evaluate the antifungal and genomic potential,
along with the biosurfactant activity of the Paenibacillus sp. strain VCALI isolated from the crater lake of
El Chichén volcano, thus attempting to provide scientific evidence for its application as a next-generation
microbial biocontrol agent in sustainable agriculture.
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2 Materials and Methods
2.1 Bacterial Strain

Paenibacillus sp. strain VCA1 was isolated from volcanic sediments using a series of culture and isolation
techniques at high temperatures, as reported by [21].

2.2 Functional Genome Annotation and Identification of Biosynthetic Genes Related to Biocontrol and
Plant Growth Promotion

Genomic DNA from strain VCAI was extracted and sequenced, as was reported by [21]. In this study,
functional genome annotation was performed with the RAST-The Seed Server web server in conjunction
with PROKKA v.1.15.5. In addition, annotation and identification of biosynthetic genes that are involved in
biocontrol were performed with antiSMASH v.7.0.1 under predetermined parameters [22].

Taxonomic classification was conducted using a combination of genome-based metrics: tetranucleotide
similarity analysis (TETRA), average nucleotide identity (ANIb and ANIm) using the Jspecies tool, and
DNA-DNA hybridization using the genome-genome distance calculator (GGDC) method with the DSMZ
(Deutsche Sammlung von Mikroorganismen und Zellkulturen) server [21].

2.3 Extraction of Lipopeptide Compounds by Acid Precipitation from Paenibacillus sp. Strain VCAI

A total of 10 mL of VCA1 was inoculated into 1000 mL of LB medium with trace elements contained in an
Erlenmeyer flask containing MgSO,4-7H,0 0.5 g/L; (NH, ), HPO4 0.2 g/L; ZnSO4-7H,0 0.2 g/L; MnSO,4-4H, O
0.08 g/L; Na,MoO,-2H,0 0.08 g/L; CoCl,-6H,0 0.0016 g/L; CuSO,-5H,0 0.008 g/L; H3BO, 0.006 g/L [22].
The cultures were incubated at a temperature of 45°C for a time of 72 h. After the incubation time had elapsed,
the cultures were centrifuged at 4500 rpm for 40 min at 4°C to perform cell separation. After separation, 6M
HCI was added to the cell-free supernatant until pH 2 was reached and refrigerated overnight at 4°C [22].
After the cooling time, the acid precipitates were centrifuged at 4000 rpm for 30 min at a temperature of 4°C.
Once the precipitates were centrifuged, they were washed three times with acidic water (pH 2), discarding
the acidic water and neutralizing the precipitates with NaOH 6M.

Subsequently, methanol was added to the obtained precipitates and allowed to stand for 5 h at a
temperature of 4°C. Once the standing time passed, the insoluble impurities were removed by centrifuging
at 4000 rpm for 20 min at 4°C, repeating this whole procedure in duplicate [23]. Traces of methanol in the
samples were removed with the help of a rotary evaporator at 56°C, 45 rpm, and a pressure of 270 hPa until
it was completely removed. To dry the samples completely, they were taken to an oven at 40°C for 48 h.

2.4 Analysis of the Lipopeptide Structures of Paenibacillus sp. VCAI Extracts

For the analysis of the lipopeptides present in the VCAI samples, first the functional groups were
analyzed with the Fourier Transform Infrared Spectroscopy (FTIR-ATR) technique with 32 scans, a res-
olution of 4, spacing of 0.482 cm! in a Transmittance format, the results were analyzed with the web
server Spectroscopic Tools; while to determine the molecular structure and the chemical composition of
the samples was performed with the technique of Nuclear Magnetic Resonance Spectroscopy (NMR) where
nuclear magnetic spectra of 'H and '*C at 298 K were obtained in a 600 MHz spectrometer with a magnetic
field of 1.14 T, the results were analyzed with the MestReNova 5.1.1 program [24].
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2.5 In Vitro Experimental Validation of Biocontrol Potential by Strain VCAI
2.5.1 Antifungal Activity Assay

The phytopathogenic fungus Fusarium oxysporum 45ta strain was used to evaluate the antifungal
activity of VCAL. Fungal cultures were incubated at 28°C for 7 days. Dual culture assays were performed
on PDA plates by placing 0.6 mm diameter fungal plugs 15 mm from the plate’s edge. The VCALI strain was
seeded 35 mm away from the fungal disk position. The confrontations were also incubated at 28°C for 7 days.
All experiments were performed in triplicate. The inhibition rate was determined by Eq. (1).

Inhibition rate (%) = (Rc — Rt)/Rc x 100 (1

where Rc is the radial growth of the fungal control, and Rt is the radial growth of the fungfungusfronted with
the VCALI strain [25].

2.5.2 Emulsifying Activity Assay

Metabolite extraction was performed according to the methodology described by [26,27]. Briefly
described, 0.5 mL of metabolite extract was added into a 13 mm x 100 mm test tube, followed by the addition
of 7.5 mL of a buffer containing Tris-HCI [20 mM] and MgSO4 [10 mM], after which the pH was adjusted to
+7 with HCI1 M and 0.1 mL of olive oil and 0.1 mL of soybean oil for each experiment. Samples were whirled
for 1 min on a Vortex-Genie II Mixer SI-0236 (Scientific Industries, Bohemia, NY, USA) and incubated at
30°C for one h. The emulsifying activity was determined by measuring the mixture’s absorbance for each
tube, which was performed at a wavelength of 540 nm with a VE 5600 UV-A11807003 spectrophotometer
(VELAB® , Pharr, TX, USA). All assays were performed in triplicate, including the control, which contained
0.5mL of uninoculated liquid LB medium supplemented with 7.5 mL of the previously mentioned buffer [27].

2.6 Statistical Analysis

The dual confrontation and emulsification data were studied in a statistical analysis where the values
are presented as the mean value and standard deviation. To compare the differences in means, an analysis of
variance (ANOVA) was performed using Tukey’s test with the help of Statgraphics Centurion XVILII-X64
software (Statgraphics Technologies Inc., Virgin, UT, USA), with 95% reliability and statistical difference
significant at p < 0.05.

3 Results
3.1 Genome Analysis of Strain VCAI

According to the data obtained from the sequencing of the genome of strain VCALI, genome size was
found to be 6.69 Mb, and the GC content was 51.8%, with an N50 value of 483,213, and an L50 of 6, a total of
450 subsystems and 6312 coding regions, as was announced previously by [21].

3.2 Taxonomic Assignment and Comparison of Strain VCAI

Different genomic studies were performed to assign a taxonomic classification to the VCAI strain. These
provided a guideline that would allow us to find degrees of similarity between the genome of strain VCAl and
others that had been previously reported. It was found that some Paenibacillus genomes were very similar to
our microorganism and were of interest to our strain (Table 1).
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Table 1: Genome features of Paenibacillus strains used in this study

Strain Assembly no. Level Size GC (%) No.of Isolation source
(Mb) genes
Paenibacillus sp. VCA1  JAVLSX000000000.1 Complete genome — 6.69 51.8 6312 Crater Lake of the El Chichén
volcano, Chiapas, Mexico

Paenibacillus sp. PIXP2 ~ JRNV00000000  Complete genome  6.64 53.5 6608 Baku Baku, a commercial
bioreactor degrading food

waste

Paenibacillus lautus CP001793.1 Complete genome 6.6 51.24 6444 Obsidian Hot Spring,
Y412MC10 Yellowstone National Park,
West Yellowstone, MT, USA

Paenibacillus polymyxa CP017968 Complete genome  6.12 46.66 5334 Tobacco rhizosphere

YCO0573
Paenibacillus vortex ADHJ00000000  Complete genome  6.38 48.7 6437 Soil/Rhizosphere
V453

Paenibacillus sp. JDR-2 ~ GCA_000023585.1 Complete genome 718 50.28 6410  Sweet gum stem wood buried
in surface soil

Paenibacillus sp. A3 JTHN00000000. Whole genome 7.56 53.6 7230 Soil/Rhizosphere
shotgun
Paenibacillus polymyxa CP010268 Complete genome  5.59 45.5 5056 Organically managed soil in
Sb3-1 Egypt
Paenibacillus polymyxa ~ AFOX00000000  Complete genome 6 45 5433 Soil/Rhizosphere
ATCC 842"
Paenibacillus lautus BIMF01000000 Whole genome 71 49.5 6406 Intestinal tract of a child
NBRC 15380" shotgun

As seen in Table 1, the first strain compared was Paenibacillus sp. P1XP2 [28] was isolated from a food
waste bioreactor at a temperature of 45°C, where the sequenced genome size was 6.64 Mb and the GC content
was 53.5%. Similarly, Paenibacillus lautus strain Y412MC10 [29], isolated from Yellowstone National Park at
50°C, contained a genome size of 6.6 Mb and GC content of 51.24%. Also, Paenibacillus polymyxa YC0573
was isolated from agricultural soil and classified within the plant growth-promoting bacteria group with the
ability to inhibit activity in plant pathogens. This strain presented a genome size of 6.12 Mb and a noticeably
lower GC content of 46.66% [30].

The comparison between the genomes mentioned above and the one sequenced in this work was carried
out using the method of genome similarity analysis, which is shown in Table 2. Herein, the percentage
of genome similarity of the VCALI strain with Paenibacillus sp. PIXP2 (98.77% similarity), Paenibacillus
lautus Y412MC10 (97.44% similarity), and Paenibacillus polymyxa YC0573 (95.55% similarity) have been
determined. According to ANIm, ANIb, and DNA-DNA hybridization analysis values, it is suggested the
VCALI strain be classified as a new subspecies.

Table 2: The whole genome similarity analysis, Z-value of tetranucleotide frequency analysis (TETRA), and average
nucleotide identity analysis (ANI) values for the VCALI strain

Microorganism/Genome Domain/Filum/Class/Order/Family Similitude Z-Value ~ ANIm  Aligned  ANIb Aligned

(%) (TETRA) (%) (%) (%) (%)
Paenibacillus sp. Bacteria/Firmicutes/Bacilli/ 98.77 0.9877 88.22 61.08 85.64 66.96
P1XP2 Bacillales/Paenibacillaceae
Paenibacillus lautus Bacteria/Firmicutes/Bacilli/ 97.44 0.9214 86.45 0.85 71.27 37.25
Y142MC10 Bacillales/Paenibacillaceae
Paenibacillus Bacteria/Firmicutes/Bacilli/ 95.55 0.707 84.74 3.98 68.9 24.91

polymyxa YC0573 Bacillales/Paenibacillaceae




2734 Phyton-Int ] Exp Bot. 2025;94(9)

3.3 Functional Analysis of the VCA1 Genome

After taxonomic assignment, the functional analysis of the strain was carried out, which consisted of
characterizing and structuring the genome’s categories and functions (Supplementary Material Fig. S1). To
achieve detailed explanations, the subsystems investigation was carried out at the function level, which is
shown in Fig. 1. This figure shows the number of genes and functions involved in plant growth promotion and
the biocontrol of the phytopathogens. Strain VCA1 was found to have the ability to produce isoprenoids, also
known as terpenoids. Another function of great interest that was identified within the genome of strain VCA1
is the production of siderophores, which was found in the subsystem corresponding to iron metabolism

(Fig. 1).
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Figure 1: Classification of functions involved in biocontrol and plant growth promotion in the complete genome of
VCAL strain

3.4 Analysis of Biosynthetic Genes for Secondary Metabolites Involved in Biocontrol

A genome analysis was also performed to determine biosynthetic gene clusters (BGC) involved in the
biocontrol of phytopathogens. These results revealed the identification of 7 putative BGCs, one of which was
involved in synthesizing non-ribosomal peptides (NRPS). Fig. 2 shows region 3.1 of the complete genome of
strain VCAL. A biosynthetic gene for the enzyme 4-phosphopantetheinyl transferase (PPTase) was identified
in this region.

3.5 Analysis of Functional Groups of the Surfactant Compound by FTIR-ATR

For further analysis to determine which lipopeptide was present in the sample of the acidic extract of
the VCAL strain, the analysis of the functional groups was performed by FTIR-ATR (Fig. 3).
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Figure 2: Bioinformatic identification of clusters for the biosynthesis of biological control-related genes. Analysis was
performed using the antiSMASH v.7.0.1 platform
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Figure 3: IR spectrum of acid precipitation extracts of strain VCA1

According to the signals of the spectra obtained, it was found that at 3264 cm™' there is an N-H
stretching, a high signal was obtained by hydrogen bridge with overtone pattern at 2924 cm™', a signal at 2094
and 1979 demonstrated the presence of the N=C=S double bonds characteristic of isothiocyanate, a signal at
1577 cm™! for primary amine (NH,) bending vibrations, an aromatic ring system demonstrated its presence
by a strong signal at 1439 cm™', a C=0 stretching at 1409 cm™' gives evidence of a protein COO-bond and
a deformation of the terminal C=C bond at 901 cm™'. All these results are characteristic of the presence of
lipid and peptide functional groups; these results are like those reported by [24] as the signals generated in
the infrared spectrum give a hint to the presence of lipopeptides.

3.6 Nuclear Magnetic Resonance (NMR) of the Surfactant Compound

After the functional groups present in the sample were identified, nuclear magnetic resonance was
performed (Fig. 3), according to the peaks of the spectrum at positions 0.89, 0.93, 0. 94, 1.4, 1.8 2.3, 5.5 and
8.6 of the 'H proton and peaks 23.3, 29.9, 32.5, 38.7, 40.2, 50.1 115.6, 130 and 173.8 of the C13 spectrum, the
identified compound belongs to the ITURINE C family (Fig. 4).
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Figure 4: Resonance spectra of the: (a) 'H and (b) '*C proton resonance of the acid extract of strain VCA1

3.7 Biocontrol Capabilities of Strain VCAI

In vitro, analyses were performed to confirm the strain’s ability and efficacy to inhibit phytopathogenic
fungi of agricultural interest. The antifungal activity was evaluated by measuring the inhibition rate and
fungal growth diameter, which can be seen in Supplementary Material Table S1. An inhibition of 49.4%
was obtained against Fusarium oxysporum 45ta, as seen in Fig. 5. This value was compared with the control
fungus, where a statistically significant difference was observed.

Figure 5: Dual confrontation of Paenibacillus sp. VCAI against Fusarium oxysporum 45ta. (1) Fusarium oxysporum
45ta control, (2-4) Fusarium oxysporum 45ta + VCA1

On the other hand, biocontrol by Paenibacillus sp. VCA1 was corroborated by the emulsification activity
of metabolic extracts produced by strain VCAL. The emulsification analysis of these metabolites showed that
the obtained values are lower than those of the control (Supplementary Material Table S2). The absorbance
related to this activity suggests a reduction in the oil content in the samples containing the extracts of the
metabolites. These results were compared with those reported by [27], who obtained absorbance values of
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0.040, 0.0002, and 0.075 when emulsifying corn oil, olive oil, and soybean oil when producing biosurfactants
from Bacillus subtilis Bs-Cach.

4 Discussion

Bioinformatics techniques based on whole genome information and used for taxonomic assignment
of microorganisms help us broadly delimit the comparison between related species [31]. According to data
obtained for strain P1XP2, it had higher TETRA, ANIb, and ANIm values than those shown for strains
Y412MCI10 and YC0573, as seen in Table 2. Although there are insufficient reports for the identification of
Paenibacillus species by use of TETRA, it has proved to be effective in identifying several species in a genus,
such as Thioalkalivibrio [29], Paraburkholderia [32] and Salinimomas [33], as different authors have reported
that a Z value closer to a value of 1.0 indicates similarity between them at the species level. On the other hand,
it has been stated that the cutoff level between the compared genomes must be above the 95%-96% similarity
range to assert that they are the same species, according to the ANIb and ANIm analysis [34]. However,
although data for percentage similarity and TETRA analysis generated species-level matches with the PIXP2
strain, ANIn, and ANIDb analysis determined that it is a new species, according to the recommended cutoff
level. However, [35] demonstrated that if ANI values are below 95% but within an 80%-90% range, it is
still the same species and is a new subspecies instead. These results were demonstrated via DNA-DNA
hybridization analysis (Supplementary Material Table S3) with the GGDC method, which helped determine
the genomic relationship between microorganisms. This technique is based on the combination of two single
DNA strands, which give way to a double-stranded molecule by base pairing. When the percentage of this
pairing is above 70%, it is concluded that it is a new subspecies. The percentage of hybridization similarity
was 84.5% with Paenibacillus sp. PIXP2, meaning there is high similarity between strain VCAI and P1XP2.
However, it could be a new subspecies. The identification of new thermophilic isolates is desirable for research
expansion in the biotechnology and agriculture fields. Also, this information is highly useful for visualizing
the genomic similarities and differences between different species and subspecies within the same bacterial
genus [36]. The ecological niche of strain VCAI is markedly distinct from that of mesophilic P. polymyxa
strains commonly isolated from soil environments (Table 1). Strain VCAL, isolated from the geothermal
environment of El Chichdn volcano, occupies a thermophilic niche that contrasts sharply with mesophilic
soil-derived P. polymyxa strains, which typically grow optimally around 30°C-32°C (soil isolates; Optima
~30°C-32°C) (Grady et al., 2016). The adaptation of VCALI to high-temperature environments is supported
by the presence of thermotolerance-related genes, such as Hsp20 and Hsp70, which are well-documented in
thermophilic bacteria as key factors for protein stabilization under thermal stress [30].

On the other hand, according to the genomic functionality data from strain VCAL a diversity of
subsystems in the genome was found. One of the most important functions for living things is the ability
to metabolize carbohydrates, as this allows them to produce the energy needed to live and reproduce [37].
Although this function is essential among bacteria, small differences can be observed between the metabolic
pathways of existing genera, which then provide information on how each microorganism adapts to the
surrounding environment [38]. Other notable functions in the genome of strain VCALI include the ability
to metabolize iron, sulfur metabolism, amino acid and fatty acid metabolism, motility, and chemotaxis. It is
worth mentioning that sulfur metabolism is of the utmost importance, as strain VCA1 was isolated from an
ecosystem in which several sulfur-containing species are present [39].

Likewise, when analyzing the subsystems found in the complete genome of strain VCAI, it was found
that several functions are involved in biocontrol and plant growth promotion. One of these functions is
the synthesis of isoprenoids, whose type of metabolite is classified under secondary metabolites, meaning
they are involved in the defense against phytopathogens that cause damage and subsequent death to the
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plant [38]. Likewise, it was observed that it has flagellar motility capabilities, whereby a certain number
of genes are involved in the motility that benefits bacteria, as they can move to colonize plant roots and
carry out their promoter and biocontrol functions [40]. On the other hand, the function involved in
bacterial chemotaxis, which allows microorganisms to have the ability to move according to the different
chemical gradients that exist in their environment, also allows them to adapt and is in addition to flagellar
mobility [41]. This mechanism belongs to the signal translation system, which controls the movement
of bacteria. This implies that it oversees converting an extracellular stimulus into an intracellular signal,
creating a response that will establish guidelines to approach or move away from the existing chemical
gradient [42]. These extracellular stimuli can come from the environment or a neighboring cell. Another
function observed was responsible for the production of N-acetylglucosaminidase. This enzyme is involved
in the degradation of chitin, which can weaken cell structure and decrease the ability to infect [43]. The
degradation of this polymer is of utmost importance for biological control because, as the fungal cell wall
degrades, fungal cells become exposed and are more vulnerable to various molecules produced by bacteria,
which are responsible for inhibiting phytopathogenic functions [44]. Finally, the role of the production
of siderophores is iron-chelating compounds secreted by microorganisms [45]. It has been reported that
iron tends to limit agricultural productivity in various environments. Therefore, chelating compounds are
of extreme importance for iron assimilation and utilization in plants, as they can create a mechanism that
promotes plant growth [46].

All the above can be compared with the study by [38], where different genes and functions were reported
for the Paenibacillus pasadensis R16 strain, which was isolated from the rhizosphere in agricultural soils.
This strain was capable of controlling phytopathogens such as Botrytis cinerea, Fusarium graminearum, and
Aspergillus niger. Likewise, it has been reported that the Paenibacillus genus could biocontrol other genera,
such as Alternaria and Chrysosporum [47], and serves as a plant growth promoter. Belonging to the same
bacterial genus, strain VCA1 presents this functional similarity.

Regarding the analysis used to determine biosynthetic gene clusters (BGC), genes involved in cyclic
lipopeptide biosynthesis are assembled as large gene groups that encode multifunctional enzyme complexes
(NRPS), which have a structure with multiple domains that affect activation and recognition for amino acid
ordering, this system functions as an enzymatic assembly line where each domain incorporates an amino acid
to the peptide of interest. For the synthesis of iturin, 4 domains are necessary: (1) Domain A (Adelination),
which recognizes and activates the amino acids necessary for the formation of lipopeptides, where each free
amino acid is activated with ATP to form an aminoacyl-AMP; (2) Domain T (Thioester), which oversees
transporting the activated amino acids. This domain contains a phosphopantetheine group that binds to the
activated amino acid using a thioester bond; (3) C domain (condensation), this domain forms the peptide
bonds between the new amino acid and the previous one, in this way the reaction is catalyzed between the
amino group and the carboxyl group of the previous amino acid giving way to the binding of a new residue
to the peptide in formation; (4) TE domain (Thioesterase), this domain is in charge of releasing the peptide
complex [48].

Upon further analysis, it was found that the production of the 4-phosphopantetheinyl transferase
enzyme is occurring within the analyzed region. It has been reported that this enzyme can perform post-
translational modification for the active functionality of NRPS [49]. This enzyme is encoded by the sfp gene,
which plays an essential role in priming some synthases and NRPS, such as cyclic lipopeptides and, more
specifically, surfactins, iturins, and fengycins [21].

All these results indicate that Paenibacillus sp. strain VCALI can inhibit disease-causing phytopathogens

in various plants of agricultural and commercial interest, which could contribute to reducing crop losses and
improving productivity. It is essential to mention that the VCAL1 strain isolated from the extreme environment
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of El Chichoén Volcano has some advantages for agricultural applications, as it can withstand temperatures
ranging from 28°C to 65°C and pH ranges from 3 to 5.

In this study, the antagonistic activity of Paenibacillus sp. VCA1 against the fungal pathogen Fusarium
oxysporum 45ta had an inhibition of 49.4%, a result comparable to that reported by [50], where Paenibacillus
polymyxa SK1 obtained an inhibition of 55.5% against the fungus Fusarium oxysporum. Similarly, [51]
reported 59.2% inhibition with Paenibacillus peoriae CFCC and 46.9% inhibition with Paenibacillus enshidis
CCTCCAB when they tested the antifungal activity against the plant pathogen Fusarium graminearum.
A similar result to that obtained with VCAI was reported by [52], where the Paenibacillus kribbensis T-9
strain showed broad antifungal activity against several phytopathogens such as Phytophthora capsici, Botrytis
cinerea and Colletrotrichum acutatum, which are mainly transmitted through soil. Although the inhibition
rate of VCAL is slightly lower than some of the reported values, this variation can be attributed to several
factors, including differences in experimental conditions (e.g., medium composition, temperature, pH, and
incubation time), the specificity of interactions between the bacterial strain and the phytopathogen tested,
and the quantity and diversity of antifungal metabolites produced. Furthermore, the extreme environment
from which VCAL1 was isolated (the crater lake of El Chichdn volcano) may have shaped unique metabolic
adaptations that limit the optimal production of bioactive compounds under conventional laboratory
conditions. These findings highlight the importance of optimizing culture parameters to enhance the
synthesis of antifungal secondary metabolites (Ngo et al., 2025) and exploring alternative strategies, such as
co-cultivation or metabolic engineering, to improve its efficacy as a biocontrol agent.

Thus, it is worth mentioning that not only hydrolytic enzymes could function as antifungals, but some
biosurfactants (lipopeptides) are associated with this activity and have been reported to inhibit the growth
of phytopathogenic fungi [53]. These biotensoactive compounds not only reduce the surface tension of water
but also play a direct role in biocontrol mechanisms against phytopathogenic diseases. The mechanism by
which they reduce the surface tension of the fungal membrane is through the degradation of phospho-
lipids [54]. Finally, they also offer advantages for ecological purposes, as they have low toxicity, are easily
degradable, have good environmental compatibility, and are highly selective in extreme environments [55].

5 Conclusions

According to the genomic analyses performed, DNA-DNA digital hybridization (dDDH) showed
84.5% similarity with the compared genomes, suggesting that Paenibacillus sp. VCA1 may represent a new
subspecies of this genus. Functional genome annotation revealed the presence of genes associated with plant
growth promotion, biocontrol mechanisms, and biosynthesis of antifungal and antimicrobial lipopeptides
applicable to agriculture. Since the bacterium produces compounds that have biocontrol activity, the VCA1
strain could inhibit the growth of phytopathogenic fungi isolated from tomato plants. This antagonistic effect
is likely mediated by the production of bioactive compounds capable of degrading fungal cell walls and
membranes. Therefore, in this work, the use of Paenibacillus sp. VCALI strain isolated from the lake crater of
El Chichén Volcano was elucidated for the first time against a phytopathogenic fungus that causes significant
losses of crops. Consequently, it’s important to carry out field experiments to understand the behavior of
the bacterial strain in the presence of crops, specifically tomato crops with symptoms of diseases caused by
phytopathogens and its possible action as a plant growth promoter, in addition to the implications of working
with a thermophilic bacterium, since there are challenges such as the viability and stability of crops, the
formulation and production at scale of these microorganisms, which are little explored, is of interest in the
scientific and technological field for the development of new bioinoculants.
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