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ABSTRACT

Background and Objective: Probiotics offer multiple benefits, including improved gut health, immunity,
productivity, and reduced antibiotic resistance, contributing to food security and environmental health.
Although Bacillus pumilus has been reported to exhibit both antibiotic and probiotic characteristics, its
functional mechanisms remain poorly understood, and its hypothetical proteins are largely unexplored.
This study aimed to assess the probiotic potential of Bacillus pumilus strain D5 and to evaluate the
physicochemical properties, interleukin-2 (IL-2)-inducing capacity, and safety of its protein-coding
hypothetical proteins. Materials and Methods: The genome of Bacillus pumilus strain D5 was analyzed
using in silico approaches to predict probiotic traits. Protein-coding hypothetical proteins were
characterized for physicochemical properties and IL-2-inducing potential. Computational safety
assessments were conducted to identify possible virulence or toxin-related features. Descriptive and
comparative analyses were performed to determine the strain’s probiotic potential and the functional
relevance of its proteins. The top 25 IL-2-inducing peptides from each protein were analyzed
using one-way ANOVA, and mean differences were determined by Duncan’s Multiple Range Test
at a 0.05 significance level. Results: The strain exhibited probiotic potential in 59% of evaluated
parameters. All peptides derived from the hypothetical proteins demonstrated IL-2-inducing capacity,
indicating possible immunomodulatory effects. The proteins showed stability under harsh environmental
conditions, supporting their adaptability. However, two proteins were identified as potential bacterial
toxins, including one with neurotoxic properties, suggesting possible safety risks. Conclusion: This study
provides new insights into the functional roles and safety profile of hypothetical proteins in Bacillus
pumilus strain D5. While the strain exhibits promising probiotic characteristics, the identification of toxin-
related proteins raises safety concerns that must be addressed before its application as a feed additive
or therapeutic agent. Further experimental validation is recommended to ensure safe and sustainable use.
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INTRODUCTION

Probiotics are gaining popularity in fish, swine and poultry farming owing to their health-promoting
benefits, such as improved gut health, growth performance, feed efficiency, productivity, immunity and
reduced mortality rate’>. Probiotics as alternatives to antibiotics also have environmental benefits. It
reduces antibiotic resistance and contributes significantly to enhancing food security and combating food
insecurity, which is a major problem in some parts of the world, particularly Sub-Saharan Africa.
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T cells (CD4p helper cells) are the primary source of interleukin-2 (IL-2). It is the first cytokine whose
encoding gene was cloned and sequenced®. The roles of IL-2 in regulating immune activation keep
unfolding. Nevertheless, attention is also focused on using it to defeat harmful responses, not neglecting
its dual roles. It may serve as an inhibitor and as a stimulator®. This duality of nature positions it for use
in various ways. A deep understanding of IL-2, its receptor and signaling pathways has been suggested
for potential applications in structure-based drug design, capable of treating many diseases and for many
therapeutic applications, which may eventually pave the way for similar applications of other pleiotropic
cytokines®.

Recent studies have reported the antibiotic and probiotic characteristics of Bacillus pumilus'®, but its
functional mechanisms are incompletely understood. Also, its hypothetical proteins remain unexplored,
necessitating this study. This study was therefore conducted to assess the probiotic characteristics of
Bacillus pumilus strain D5, analyze its physico-chemical properties, investigate the IL-2-inducing capacity
of peptides from its protein-coding hypothetical proteins and confirm its safety for sustainable
applications as feed additives and therapeutic purposes.

MATERIALS AND METHODS
Study area and duration: This study was conducted between June and August, 2025 at the Department
of Animal Science, University of Ibadan, Ibadan, Nigeria.

Bacterium host and sequencing information: The complete whole genome nucleotide sequence (fasta
format) of Bacillus pumilus strain D5 (accession: CP069125 and version: CP069125.1) was retrieved from
the National Center for Biotechnology Information. The sequencing technology used was lllumina HiSeq;
Oxford Nanopore; assembly method was Unicycler v. 0.4.9b, the genome representation was full; genome
coverage was 1161.0x and the source was Penaeus vannamei (white shrimp). The genome size and total
ungapped length is 3.7 Mb, and GC percent is 42. The genes present in the genome are 3,740 and 3,634
are protein-coding.

Selection of hypothetical proteins: The protein-coding hypothetical proteins (639) were explored, and

nine were randomly selected and analyzed. The selected proteins with their characteristics are presented
in Table 1.

Probiotic evaluation: The probiotic potential of Bacillus pumilus strain D5 complete genome was
evaluated using iprobiotics (http://bioinfor.imu.edu.cn/iprobiotics/public/index.html)’.

Physico-chemical properties analysis: The selected hypothetical proteins were subjected to
physicochemical properties analysis (https://web.expasy.org/protparam/)®.

Table 1: Selected proteins of Bacillus pumilus strain D5 with their characteristics

Genomic location Proteins Length (aa) Locus Tag Gene type Name Designation
CP069125.1:4187-4432 XHU98451.1 81 MHHHKEFG_00005 P-C HP A
CP069125.1:150561-150764 XHU98586.1 67 MHHHKEFG_00172 P-C HP B
CP069125.1:196536-196727 XHU98629.1 63 MHHHKEFG_00228 P-C HP C
CP069125.1:214492-214677 XHU98648.1 61 MHHHKEFG_00247 P-C HP D
CP069125.1:219557-219733 XHU98657.1 58 MHHHKEFG_00256 P-C HP E
CP069125.1:230978-231178 XHU98669.1 66 MHHHKEFG_00269 P-C HP F
CP069125.1:235895-236080 XHU98673.1 61 MHHHKEFG_00273 P-C HP G
CP069125.1:253312-253482 XHU98689.1 56 MHHHKEFG_00289 P-C HP H
CP069125.1:606948-607127 XHU98995.1 59 MHHHKEFG_00618 P-C HP I

P-C: Protein coding and HP: Hypothetical protein
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Interleukin-2-inducing potential: Each of the nine protein-coding hypothetical proteins were scanned
forregions thatinduce IL-2 (https://webs.iiitd.edu.in/raghava/il2pred/index.html)°. One hundred peptides
of such were produced. Out of the hundreds produced, twenty-five were selected from each of the
proteins based on their ML scores. The ones with the highest ML scores per group were selected and
organized in a completely randomized manner.

Toxicity evaluation: The selected proteins were subjected to toxicity evaluation for neurotoxin
using NTXpred (https://webs.iiitd.edu.in/raghava/ntxpred/)'®, bacterial toxin using BTXpred
(https://webs.iiitd.edu.in/raghava/btxpred/submission.html)"".

Statistical analysis: The selected top twenty-five IL-2-inducing peptides from each protein were subjected
to one-way analysis of variance. Means were separated using Duncan’s Multiple Range Test, and the
significance level was established at o = 0.05.

RESULTS

Figure 1 shows the probiotic proportion of Bacillus pumilus. The probiotic analysis of the whole genome
of Bacillus pumilus strain D5 chromosome revealed that the genome is about 59% probiotic while the rest
indicates non-probiotic portions. Itis therefore obvious that B. pumilus is a probiotic bacterium, which may
be used as a feed additive for sustainable animal food production, such as chicken, swine and fish farming.

Figure 2a presents a bubble plot showing the variation in ML (machine learning) scores for IL-2- inducing
peptides, where larger bubbles denote higher predictive strength. Figure 2b displays a heatmap
highlighting the intensity of ML scores across different protein groups, with warmer colors indicating
stronger IL-2-induction potential. Figure 2c shows a mosaic plot representing the relative frequency
distribution of scores among the nine protein groups (A-1), demonstrating the variability in IL-2-inducing
ability. Figure 2d presents a series plot summarizing the ML score trend across the groups, where Group
A recorded the highest mean score, followed by Groups B and C, while Group H exhibited the lowest.
These visualizations collectively depict that all selected hypothetical proteins possess IL-2-inducing
potential, although the magnitude of induction varies significantly among the groups.

Table 2 shows the statistical analysis results of ML scores for IL-2-inducing potential of peptides derived
from hypothetical proteins of Bacillus pumilus strain D5 chromosome. All the selected proteinsinduce IL-2.
However, statistical analysis revealed that peptides obtained from Group A had the highest ML score,

Non-probiotics,
40.929

[o)
e Probiotics,

59.071
59%

Fig. 1: A pie chart showing probiotic potential of Bacillus pumilus strain D5 chromosome whole genome
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Fig. 2: Distribution of IL-2-inducing capacity of selected hypothetical proteins of Bacillus pumilus strain
D5 chromosome by group (a) Bubble plot of ML score distribution for IL-2-inducing proteins, (b)
Heatmap of ML scores for selected proteins, (c) Mosaic plot showing score distribution by group
and (d) Series plot of ML scores across groups A-I

Table 2: Statistical analysis results of ML scores for IL-2-inducing potential of peptides derived from hypothetical proteins of Bacillus
pumilus strain D5 chromosome

Protein group ML score
0.7364°
0.6666°
0.6636°
0.6910°
0.6110¢
0.6470%
0.6280%
0.5240f
0.6626°

— IOoTmMmMgN®>

*bcMeans with different superscripts across the column are significantly (p<0.05) different

which is significantly (p<0.05) higher than the values obtained for the peptides from the remaining
proteins (Table 2). Peptides from Group B closely followed A, which is significantly (p<0.05) lower than the
value obtained for A5 but significantly (p<0.05) higher than peptides from the remaining protein groups.
Groups B, C, and 1% closely followed B, although significantly (p<0.05) lower than A and B, they are
significantly (p<0.05) higher than the scores obtained for the remaining peptides from the other protein
groups. E, F, and G are statistically similar, although E is significantly (p<0.05) lower than F; it is statistically
similar to G. The least value was obtained from the peptides from Group |, which is significantly (p<0.05)
lower than the values obtained for the rest peptides. The group mean value is 0.6478, the highest value
was 0.7364 (A), while the lowest value was 0.5240. All the peptides considered have IL-inducing capacity,
but Group A had the highest mean value, while Group H had the lowest mean value.

The physicochemical properties of the selected proteins are presented in Table 3. The estimated half-life
for the protein groups is 30 hrs (mammalian reticulocytes, in vitro). >20 hrs (yeast, in vivo). >10 hrs
(Escherichia coli, in vivo). Four of the proteins (F, G, H, and | are stable in nature. Aliphatic indices show
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Table 4: Toxicity evaluation results of selected hypothetical proteins of the Bacillus pumilus strain D5 chromosome

Toxicity analysis result

Protein groups Neurotoxicity result Bacterial toxicity result
A Non-toxin Non-toxin

B Non-toxin Bacterial toxin: Exotoxin
C Non-toxin Non-toxin

D Non-toxin Non-toxin

E Non-toxin Non-toxin

F Non-toxin Non-toxin

G Non-toxin Non-toxin

H Neurotoxin Bacterial toxin: Exotoxin
| Non-toxin Non-toxin

that the proteins are stable over a wide temperature range. Aliphatic indices ranged between 57.54 and
139.21. The mean value was 100.95. The isoelectric point ranged between 5.00 and 11.00. The mean value
was 8.63. The isoelectric point results obtained in this study showed that the proteins can withstand the
harsh conditions of the gut. The GRAVY scores are used to determine the hydophilicity and hydrophobicity
of proteins. Overall, the values range between -2 and+2. Four of the proteins (B, D, E, and H) obtained
a negative GRAVY score, indicating hydrophilicity.

Neurotoxicity evaluation: Table 4 shows the neurotoxic and bacterial toxicity analysis of the selected
proteins. The neurotoxicity evaluation revealed that one of the proteins (H) is neurotoxic, while the
bacterial toxicity evaluation result indicated the same protein and B as bacterial toxin: exotoxins.

DISCUSSION

Previously classified as Bacillus subtilis, B. pumilus is a gram-positive bacterium found in different
habitats1'#". The results of the present study show that the Bacillus pumilus strain D5 chromosome is
probiotic. Previous recent studies have also corroborated the finding as reported in the present study.
Beyari et al." reported that Bacillus pumilus SA388 isolated from the chicken feces was not confirmed
probiotic; it also had antibiotic properties. Bacillus pumilus was reported to show significant bactericidal
activity against Klebsiella pneumonia, Staphylococcus aureus, Listeria monocytogenes, Salmonella typhi,
Escherichia coli, and Streptococcus pyogenes. At 1.6 mg/kg supplementation, B. pumilus SA388 was
reported to enhance immunological response, thyroid function, lipid profile, and gut microbiota of broiler
chickens. In like manner, B. subtilis P223 had been shown to possess antibiotic and probiotic properties®
it was reported to decrease nitric oxide production, generation of inflammatory cytokine, and reactive
oxygen species, in addition to being reported to be effective against the growth of skin infections brought
about by Propionibacterium acnes and S. aureus®. The special role of B. pumilus 3-19 in antagonistic
activity against soil bacteria has also been documented®. Another recent study had also documented the
probiotic and antibiotic potential of Bacillus strains®.

The results of the study showed that four of the proteins (F, G, H, and | are stable in nature. The isoelectric
point range between 5.00 and 11.00, showing that the proteins can withstand the harsh conditions of the
gut as well as other harsh environmental conditions such as drought and changes in climatic conditions.
The estimated half-life for the proteins is 30 hrs, greater than 20 hrs, and greater than 10 hrs in
mammalian reticulocytes (in vitro), yeast (in vivo), and Escherichia coli (in vivo), respectively. Aliphatic
indices show that the proteins are stable over a wide temperature range. Four of the proteins (B, D,
E and H) obtained a negative GRAVY score indicating hydrophilicity, while the rest, which obtained positive
values, indicate hydrophobicity. Overall, the values range between -2 and +2. The physicochemical
properties of the protein-coding hypothetical proteins of B. pumilus as reported in this study, agree with
the previous findings, stating that B. pumilus can withstand extreme environmental stressors™.
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Peptides derived from Bacillus pumilus strain D5 in the present study induced IL-2. The immunological
potential of Bacillus pumilus has been previously reported’, but the mechanisms remain incompletely
explored. Lactic acid bacteria are important probiotic candidates. Previous studies have shown that
peptides from hypothetical proteins of Lactobacillus acidophilus induced interleukin 4 (IL-4) and
interleukin 10 (IL-10)". Similarly hypothetical proteins of chicken-isolated Limosilactobacillus reuteri
induced IL-2 and IL-10"" and protein-coding hypothetical proteins Ligilactobacillus saerimneri and
Ligilactobacillus salivarius were reported to induce interleukin 5 (IL-5) and interleukin-13 (IL-13)"".

IL-2 plays important immunomodulatory roles. Secreted by Th1 cells activated by certain mitogens or
interaction of the T-cell receptor with the antigen/MHC complex on the surface of antigen-presenting
cells'™. IL-2 aids the survival and expansion of activated T cells, synthesis of immunoglobulin and activation
of natural killer (NK) cells™. IL-2 gene has been identified in fish®® and has gene has a 4 exon/3 intron
organisation like in mammals. The relationship among diets, gene expression and cytokine profile has
been reported. This isimportant in recognizing metabolism-associated pathways and inflammation in pigs.
It may also provide significant guide to handling human diseases, that is metabolic diseases®'. In pigs,
human, mice and chickens, the function of IL-2 in regulating neutrophil has been documented'>™,
Ctenopharyngodon idellus IL-2 has also been reported to regulate neutrophil antimicrobial activities®.

There is no doubt to the benefits inherent in Bacillus pumilus as feed additive and alternative antibiotics
for use in sustainable animal food production such as poultry, swine and fish farming. The search for
alternative to sustainable antibiotics is on-going and it is a worthy course aimed at mitigating food
insecurity in areas already being plagued or to prevent it from regions that are not yet affected. Antibiotic
resistance is a global concern for animal food producers and public health as a whole. Bacillus pumilus
looks promising based on findings from similar previous studies, which the findings in the present study
agree with. However, there is a major concern as revealed by this study, the threat of neurotoxin potential.
If subsequent findings align with the reported neurotoxin potential, then the great potentials Bacillus
pumilus holds may have to be left alone for safety concerns. Interestingly, this is the first study reporting
this. Other previous studies have only reported the beneficial effects on this strain on animal production,
human health and the plant growth, which is commendable, but the safety concern as presently
discovered may require concerted efforts to ensure that this strain is safe for consumption, particularly
as feed additive for sustainable animal food production.

The importance of neurotoxicity whether pertaining to human health and animal food production cannot
be trivialized. Behaviours in vertebrates including fish, are mostly nervously-controlled. Therefore,
neurotoxic agents may impair normal behaviour and functions, sometimes for a short period and at
certain doses may lead to more permanent damages and neurodegeneration®. Loss of reflex, balance and
erratic muscle movement are some of the neurological behavioural alterations, particularly in fish.
Behavioural changes owing to toxicants in organisms may impair their appetite and consequently their
growth and reproductive performance®. Studies have demonstrated the link between toxicants,
performance and behavioural changes in animals®**’. Marine biotoxins are of serious concern to human
health, ingestion of these biotoxins or through other routes may result in threatening symptoms,
depending on what types one is exposed to, such as digestive symptoms in mammals®.

CONCLUSION

The findings of this study provide novel insights into the functional roles and safety profile of hypothetical
proteins derived from Bacillus pumilus strain D5. The strain demonstrated promising probiotic
characteristics and strong IL-2-inducing potential, suggesting its possible immunomodulatory benefits.
However, the detection of toxin-related proteins, including one with neurotoxic potential, highlights
important safety concerns that must be addressed before its practical use as a probiotic or therapeutic
agent. Therefore, further experimental validation is strongly recommended to ensure the safe and
sustainable application of this strain in animal feed and biotechnological formulations.
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SIGNIFICANCE STATEMENT

This study is the first to report both the probiotic potential and neurotoxic risk of Bacillus pumilus strain
D5. The identification of IL-2-inducing peptides reveals its immunomodulatory capacity, while the
detection of toxin-related proteins underscores the need for caution in its probiotic application. These
findings provide critical insights for future safety assessments and responsible utilization of Bacillus strains
in animal nutrition and biotechnology.
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