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A B S T R A C T   

Marine macroalgae are the habitat of epiphytic bacteria and provide several conditions for a 
beneficial biological interaction to thrive. Although Bacillus is one of the most abundant epiphytic 
genera, genomic information on marine macroalgae-associated Bacillus species remains scarce. In 
this study, we further investigated our previously published genome of the epiphytic strain Ba-
cillus altitudinis 19_A to find features that could be translated to potential metabolites produced by 
this microorganism, as well as genes that play a role in its interaction with its macroalgal host. To 
achieve this goal, we performed a pan-genome analysis of Bacillus sp. and a codon bias assess-
ment, including the genome of the strain Bacillus altitudinis 19_A and 29 complete genome se-
quences of closely related Bacillus strains isolated from soil, marine environments, plants, extreme 
environments, air, and food. This genomic analysis revealed that Bacillus altitudinis 19_A 
possessed unique genes encoding proteins involved in horizontal gene transfer, DNA repair, 
transcriptional regulation, and bacteriocin biosynthesis. In this comparative analysis, codon bias 
was not associated with the habitat of the strains studied. Some accessory genes were identified in 
the Bacillus altitudinis 19_A genome that could be related to its epiphytic lifestyle, as well as gene 
clusters for the biosynthesis of a sporulation-killing factor and a bacteriocin, showing their po-
tential as a source of antimicrobial peptides. Our results provide a comprehensive view of the 
Bacillus altitudinis 19_A genome to understand its adaptation to the marine environment and its 
potential as a producer of bioactive compounds.   

1. Introduction 

Macroalgae harbor a diverse group of epiphytic microorganisms [1] that possess a broad repertoire of biochemical traits that enable 
their algal hosts to absorb nutrients and cope with pathogen attack and abiotic stress [2,3]. The interaction between marine macro-
algae and their epiphytic bacteria also helps the former to survive in many different marine habitats characterized by a wide range of 
physical and chemical conditions not found in terrestrial environments [4,5]. 
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The salient features driving such epiphyte-macroalgal interactions include the production of enzymes to degrade algal-produced 
sugars [6], the production of secondary metabolites with antibiotic properties [7–9], the synthesis of phytohormones [10] and me-
tabolites that promote motility and chemotaxis and facilitate biofilm formation [11], and the production of siderophores [12]. 
Consequently, these metabolically diverse bacterial communities [13] are the source of bioactive molecules with unique properties 
that drive ecological interactions and have biotechnological potential [14]. 

Microorganisms commonly associated with macroalgae include Actinobacteria, Betaproteobacteria, Deltaproteobacteria, Planc-
tomycetes, Cyanobacteria, and Firmicutes [13]. Within the Firmicutes, Bacillus has been reported as one of the most abundant epi-
bionts in several macroalgal species [15], and bioprospecting efforts on them are increasing. Recently, the Bacillus altitudinis 19_A 
strain isolated from the surface of the marine macroalga Ulva lactuca from the Colombian Caribbean [16] has been shown to be a source 
of enzymes and bioactive compounds with potential biotechnological applications, such as lipases, cellulases, and siderophores [16, 
17]. Macroalgae-associated Bacillus species are economically and ecologically valuable sources, due to their interaction with their host 
and the full range of potentially bioactive compounds they produce, including bacteriocins, lipopeptides such as surfactins, iturins, and 
fengycins, and polyketides such as macrolactin, bacillaene, and difficidin. In addition, the identified bioactive compounds have 
antimicrobial, anticancer, anti-inflammatory, antihypertensive, and antidiabetic properties, as well as applications in heavy metal 
detoxification and as biocontrol agents [18,19]. However, these microorganisms remain largely unexplored compared to marine 
macroorganisms such as tunicates, polychaetes, sponges, bryozoans, mollusks, and other organisms [18]. 

To advance in the understanding of the epiphyte-macroalgal interaction and in the search for bioactive compounds, product of this 
interaction, we can take advantage of the availability of the sequenced genome of Bacillus altitudinis 19_A [17]. Next-generation 
sequencing technologies are helping to identify the genomic basis of metabolic and ecological traits that promote bacterial survival 
in different environments [18,20]. For example, genomic data facilitate the prediction of protein-coding genes, which in turn can 
reveal how an organism is biochemically equipped to interact with its habitat [21]. In addition, data on bacterial specialized me-
tabolites can be recognized by the presence of biosynthetic gene clusters (BGCs) in the genome. For example, in Bacillus spp, between 5 
and 10% of the genome is involved in antibiotic biosynthesis [18]. 

Bacillus also attracts attention for its ubiquity and high persistence [22]. Its good colonization capacity allows it not only to inhabit 
marine environments, but also to be present in soil, water, and air environmental matrices, making it one of the most studied bacteria 
[19]. The diversity of this genus, its range of adaptations to different environments, and the availability of several sequenced Bacillus 
genomes allow comparative studies of Bacillus from different habitats to explore the metabolic pathways and secondary metabolites 
involved in the interaction mechanisms of Bacillus species with their hosts and their survival success in a particular habitat. Genomic 
sequences allow these studies through comparative genomic analysis, identifying unique genetic mechanisms relevant to ecological 
adaptation and unique sequences encoding substances with biotechnological potential in a given bacterial species. In this sense, 
Bacillus altitudinis 19_A genes related to its epiphytic lifestyle and unique genomic features (of biotechnological interest) can be 
identified by analyzing and comparing the genome sequences of closely related bacteria from contrasting ecological niches. 

Therefore, the objectives of this work were (i) to identify common and unique genomic features of Bacillus altitudinis 19_A compared 
to related Bacillus strains isolated from very different habitats. (ii) we sought to identify features within the accessory and unique 
genomes of Bacillus altitudinis 19_A that may play a role in the epiphyte-algal host interaction and their survival in the marine envi-
ronment, and (iii) we searched for the genomic features of Bacillus altitudinis 19_A that can be translated into potential metabolites 
produced by this strain. 

2. Methodology 

2.1. Genome reassembly and annotation 

The whole genome sequence of the strain Bacillus altitudinis 19_A, previously sequenced and published (by our laboratory), was 
obtained from DDBJ/ENA/GenBank, accession number NZ_CABEHU000000000.1 [17]. Considering our previous work [17], the 
assembly was performed without a reference genome (de novo) and it was only possible to reach the contig level. Here, we wanted to 
improve this assembly in order to perform a whole genome analyses. Therefore, we decided to reassemble the genome using SPAdes 
v3.13.1 [23] and guide the assembly with a closely related reference genome. After comparing average nucleotide identities (ANIs), we 
selected the genome sequence of the strain Bacillus altitudinis SCU11 (NZ_CP038517) as the assembly reference. Subsequently, different 
k-mer sizes were evaluated to select the best assembly based on Quast v5.0.2 statistics [24], including number of contigs, mean contig 
length, N50, number of contigs≥1 Kb, and longest contig as the main criteria used. The contigs and the reference genome were 
evaluated using MeDuSa5 [25] and Ragout [26] to order and orient the assembled genome contigs into scaffolds. Finally, the reas-
sembled genome was examined for synteny using the Mauve aligner [27], and a dot plot (http://dgenies.toulouse.inra.fr/) comparison 
with the reference genome was generated. 

Genome annotation was performed using Prokka v1.12 [28], and scaffolds were submitted to the RAST server (http://rast.nmpdr. 
org/rast.cgi). Transfer RNA (tRNA) and ribosomal RNA (rRNA) genes were detected using tRNAscan-SE v1.4 [29] and RNAmmer v1.2 
[30], respectively. 

2.2. Selection of Bacillus genomes for comparative analysis 

The refined and reassembled genome of Bacillus altitudinis 19_A was compared with other bacterial genomes most closely related to 
B. altitudinis. Evolutionary proximity was assessed using ANI values ranging from 85 to 100% [31]. We selected the genomes closest to 
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B. altitudinis with the aim of finding genes specific to B. altitudinis 19_A that are involved in the epiphytic lifestyle of this strain and in 
the production of potential metabolites. 

ANI values of Bacillus genomes were calculated using the EzGenome ANI web tool (http://www.ezbiocloud.net/ezgenome/ani) 
[32]. Strains with ANIs ≥95% were considered to belong to the same species [33]. In addition, in silico predictions of digital DNA-DNA 
hybridization (dDDH) between the Bacillus altitudinis 19_A genome and the genomes of other Bacillus species were calculated using the 
Genome-Genome Distance Calculator (GGDC) 2.0 BLAST+ and recommended formula 2 (https://www.dsmz.de/services/online- 
tools/genome-to-genome-distance-calculator-ggdc). A 70% dDDH value represents the boundary between different species [31,34]. 

To find the specific and common functions of Bacillus altitudinis 19_A involved in its epiphytic lifestyle, we compared the 19_A 
genome sequence with those of other Bacillus strains of the Bacillus pumilus group. We considered the following inclusion criteria for the 
comparative genomic analysis: (i) the ANI values obtained (in the range of 85%–100%), (ii) the availability of complete genome 
sequences (either fully closed or high draft sequences), and (iii) the platform used for sequencing (only those sequenced with Illumina 
technology were retained). Twenty-nine complete genomes representing eight species of the genus Bacillus were retrieved from the 
GenBank database at the National Center for Biotechnology Information (NCBI) (accessed in August 2020, Table 1). Among them, six 
were from the species B. altitudinis, six from Bacillus safensis, six from Bacillus pumilus, five from Bacillus stratosphericus, two from 
Bacillus aerophilus, two from Bacillus xiamenensis, one from Bacillus zhangzhouensis, and one from Bacillus australimaris. These strains 
were isolated from soils (eight genomes), marine environments (six genomes), plants (five genomes), extreme environments (five 
genomes), air (three genomes), and food (two genomes). 

2.3. Genome comparisons 

We performed a comparative analysis including all retrieved Bacillus genomes and another set of analyses grouping these genomes 
according to their corresponding bacterial habitats, namely plants, soil, air, food, marine, and extreme environments. 

All genome sequences were re-annotated using Prokka v1.12 [35]. The following tools were used for pan-genome analysis: (i) 
Roary v3.11.2 [36], (ii) bacterial pan-genome analysis (BPGA) pipeline (v1.3) [37], (iii) panX software [38], and OrthoMCL v2.0.9 
pipeline [39]. For these analyses, a minimum identity of 80% was considered for BLASTP and USEARCH. Core genes (genomes = 30), 
accessory genes (2 ≤ genomes ≤29), and unique genes (genome = 1) were identified. 

Core and accessory genes from the respective genomes were submitted to the web-based server BlastKOALA v2.2 (http://www. 
kegg.jp/blastkoala/) [40] and to the Anvi’o platform (http://merenlab.org/software/anvio/) [41] for functional annotation based 
on Clusters of Orthologous Groups (COGs). Furthermore, the relative percentages of COG categories were calculated and visualized. 

Table 1 
Genomic features of Bacillus altitudinis 19_A and closely related Bacillus species.  

Species Strain Habitat Genome size (Mb) GC 
% 

CDSs ANI (%) dDDH (%) NCBI accession 

Bacillus altitudinis 19_A Marine 3.76 41.28 3994 – – NZ_CABEHU000000000 

Bacillus altitudinis SCU11 Extreme/solid waste 3.75 41.40 3781 98.49 86.6 NZ_CP038517 
Bacillus altitudinis W3 Food/raw gallnut honey 3.74 41.40 3780 98.43 86.2 NZ_CP011150 
Bacillus altitudinis P-10 Soil/rice rhizosphere 3.76 41.50 3874 98.42 86.4 NZ_CP024204 
Bacillus altitudinis FD48 Plant/rice phylloplane 3.75 41.20 3859 98.36 85.2 CP025643 
Bacillus altitudinis Cr2-1 Soil/sludge 3.74 41.40 3791 98.34 85.4 NZ_CP031774 
Bacillus altitudinis SGAir0031 Air/tropical air 3.84 41.37 3851 98.02 83.1 NZ_CP022319 
Bacillus stratosphericus M53 Extreme/hot spring 3.69 41.30 3741 98.51 86.8 NZ_LFMM00000000 
Bacillus stratosphericus LK18 Plant 3.73 41.20 3765 98.48 86.2 NZ_LDWI00000000 
Bacillus stratosphericus BT2.2 Plant/dragon fruit tree 3.70 41.20 3743 98.48 86.5 NZ_JABMIW000000000 
Bacillus stratosphericus 5Co Plant 3.62 41.3 3677 98.47 86.6 NZ_MWKO00000000 
Bacillus stratosphericus LAMA 585 Marine/deep sea 3.70 41.19 3808 98.4 85.6 NZ_APAS00000000 
Bacillus aerophilus 232 Air/tropical air 3.82 41.40 3889 98.45 86.1 NZ_CP026008 
Bacillus aerophilus C772 Soil/rice field 3.75 41.20 3806 98.10 82.4 NZ_JXRO00000000 
Bacillus xiamenensis HYC-10 Marine/intestinal tract 3.61 41.30 3692 91.49 44.1 NZ_AMSH00000000 
Bacillus xiamenensis VV3 Food/fermented rice 3.63 41.50 3700 91.52 44.3 NZ_CP017786 
Bacillus zhangzhouensis DW5-4 Marine/shrimp farm 3.73 41.40 3808 89.94 39.3 NZ_JOTP00000000 
Bacillus safensis FO-36b Air/spacecraft facility 3.76 41.7 3800 88.89 36.5 NZ_CP010405 
Bacillus safensis Sami Plant/Ficus religiosa 3.67 41.60 3688 88.85 36.3 CP032830 
Bacillus safensis BRM1 Marine/mangrove soil 3.74 41.80 3773 88.85 36.5 NZ_CP018100 
Bacillus safensis U41 Extreme/lake 3.73 41.5 3780 88.80 36.2 NZ_CP015610 
Bacillus safensis KCTC Marine/marine sponge 3.97 41.36 4011 88.79 36.5 NZ_CP018197 
Bacillus safensis U17-1 Extreme/lake 3.74 41.5 3780 88.79 36.3 NZ_CP015611 
Bacillus pumilus PDSLzg-1 Soil/oil contaminated 3.71 41.99 3719 89.16 37.2 NZ_CP016784 
Bacillus pumilus ZB201701 Soil/maize rhizosphere 3.64 41.90 3607 89.16 37.2 NZ_CP029464 
Bacillus pumilus SH-B9 Soil/beet rhizosphere 3.87 41.46 3914 88.75 36.2 NZ_CP011007 
Bacillus pumilus 145 Extreme/shallow water 4.05 41.16 4125 88.59 35.7 NZ_CP027116 
Bacillus pumilus 150a Soil/sediment top 3.74 41.40 3726 88.44 35.3 NZ_CP027034 
Bacillus pumilus SF-4 Soil 3.77 41.20 3790 88.27 35 NZ_CP047089 
Bacillus australimaris NH71_1 Marine/sediment 3.64 41.30 3667 88.62 35.8 NZ_LGYN00000000  
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For phylogenetic analysis, multiple sequence alignment was performed using Clustal_W with the retrieved 16S rRNA gene sequence 
data of the selected strains. The alignment was used to construct a cladogram in MEGA7 [42]. The distances were calculated using a 
joint maximum likelihood method with 1000 bootstrap replicates. 

2.4. Codon bias analysis 

We assessed codon bias for all 30 Bacillus genomes and in the set of core and accessory genes from each Bacillus genome using the 
program CodonW v1.4.2 (http://www.molbiol.ox.ac.uk/cu). We estimated codon bias using several metrics, including Codon 
Adaptation Index-CAI, Effective Number of Codons-Nc, GC content at the first, second, and third codon positions (GC1, GC2, and GC3), 
G or C frequency at the third codon position of synonymous codons (GC3s), and total GC and AT content. CAI values range from 0 (no 
bias) to 1 (maximum bias), and Nc values range from 20 (maximum bias) to 61 (no bias) [43]. We analyzed the correlations between 
the following pairs of codon bias estimators: CAI and GC3s, CAI and Nc, and nucleotide composition and Nc. This analysis included 
Spearman’s rank correlation using R statistical software [44]. 

2.5. Mining of genes related to secondary metabolites in the accessory genome 

Secondary metabolite gene clusters and non-ribosomal peptides were identified across all genomes using the online tool anti-
SMASH [45]. The web-based database BAGEL 3 was used to predict the coding sequences of bacteriocins and post-translationally 
modified peptides (RiPPs) of interest for their biological functions [46]. In addition, we used the NRPSpredictor2 tool [47] to iden-
tify the non-ribosomal peptide synthetases (NRPS) responsible for the synthesis of secondary metabolites. Through the computational 
workflow integrating the software tools BiG-SCAPE and CORASON [48], we detected biosynthetic gene clusters (BGCs) and compared 
their genomic context between the Bacillus altitudinis 19_A genome and the rest of the genomes included in this study. 

3. Results 

3.1. Genome reassembly and annotation 

The Bacillus altitudinis 19_A genome assembly comprises 59 contigs (N50 3,750,214, L50 1) with a length of 3,762,775 bp (~3.76 
Mb) and a G + C content of 41.28%. After annotation, a total of 3994 protein-coding genes were predicted. The tools tRNAscan-SE and 
RNAmmer predicted 47 tRNA- and 11 rRNA-coding genes, respectively. Approximately 23% of the genes potentially encode hypo-
thetical proteins. 

The synteny plot in Fig. 1, which contrasts the annotated genome of Bacillus altitudinis 19_A with the genome of strain B. altitudinis 
SCU11, showed that most of the genes on the chromosome of these two bacterial strains share the same order, reflecting a high level of 
synteny between the genomes of the two strains, except for some points of possible deletions or inversions represented by disconti-
nuities in the syntenic line. This finding indicates the close genetic relationship between Bacillus altitudinis 19_A and B. altitudinis 
SCU11, since the synteny plots between Bacillus altitudinis 19_A and the other Bacillus species showed a lower degree of conservation in 

Fig. 1. Whole-genome dot-plot comparison between Bacillus altitudinis 19_A and B. altitudinis strain SCU11.  
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terms of gene order and content between these genomes. Rearrangements of large portions of the genomes were also observed. 

3.2. Comparative genomics analyses 

When comparing all the Bacillus genomes examined (Table 1), we observed heterogeneity in genome size, ranging from 3.61 to 4.05 
Mbp. The GC content of these genomes varied from 41.10% (B. altitudinis strain Cr-2-1) to 41.99% (B. pumilus strain PDSLzg-1). The 
number of CDSs ranged from 3607 (B. pumilus strain ZB201701) to 4125 (B. pumilus strain 145), suggesting a high diversity in the 
genetic repertoire of Bacillus strains and their genome plasticity. 

According to the average nucleotide identity (ANI) and digital DNA-DNA hybridization (dDDH) values, the Bacillus altitudinis 19_A 
genome showed the most similarities with the genomes of the species B. altitudinis, B. stratosphericus, and B. aerophilus (Table 1). 

Our pan-genome analysis using Roary, BPGA, the panX software, and the OrthoMCL v2.0.9 pipeline yielded similar results. 
Comparison of the complete genome sequences of Bacillus altitudinis 19_A with the genomes of 29 Bacillus strains obtained from NCBI 
revealed a core genome containing 2708 protein-coding genes. In addition, we identified 3171 accessory genes and 2589 unique genes. 
Core, accessory, and unique genes accounted for 31.98%, 37.44% and 30.58% of the pan-genome (8468 genes), respectively. On 
average, 72% of the genes accounted for the core genome of each strain. 

Our analysis also revealed a large share of unique genes in B. pumilis 145 (9.89%; extreme environment), B. zhangzhouensis (6.17%; 
marine), B. pumilus SHB9 (5.09%; soil), B. safensis KCTC (4.66%; marine), and B. xiamenensis HYC-10 (3.14%; marine), suggesting that 
these strains may have more genetic characteristics and ecological traits than strains with fewer unique genes (Fu et al., 2021). For 
Bacillus altitudinis 19_A, the analysis identified 47 unique genes (1.23%). 

The cumulative curve of genes showed that, while the pan-genome size increases due to the emergence of new strain-specific gene 
families, its core genome remains stable (Fig. 2). The resulting curve equation is as follows: 

f(x) = 3138.22.x0.2842. In our study γ = 0.2842. According to Heap’s Law, when 0 < γ < 1, the pan-genome will continue to in-
crease, which indicates that the pan-genome is open. This could mean that Bacillus is a genus that can quickly adapt to contrasting 
conditions as it can colonize any niche [49]. 

Using the Cluster of Orthologous Groups (COG) database, we classified core, accessory, and unique gene families into super- 
functional categories. Most of the core and accessory gene families belonged to the superfunctional categories: “Metabolism” (37% 
and 47%, respectively), “Cellular Processes and Signal Transduction” (23% and 18%, respectively), and “Information Storage and 
Processing” (22% and 17%, respectively) (Fig. 3). 

Unique gene families were underrepresented in the “Metabolism” gene category (21%), and a large proportion of the unique 
genome fell into the super-functional COG categories “Information Storage and Processing” (36%) and “Cellular Processes and 
Signaling” (23%). In addition, genes in the “Poorly characterized” super-functional group accounted for 17%, 18%, and 19% of the 
core, accessory, and unique gene families, respectively (Fig. 3). 

To analyze the evolutionary relationship among the 29 Bacillus isolates, we constructed a phylogenetic tree based on 16S rRNA 
gene sequences. In the tree shown in Fig. 4, Bacillus altitudinis 19_A belonged to the Bacillus pumilus (Bp) group and formed a separate 
clade, with strain SCU11 being the closest to B. altitudinis, B. stratosphericus, and B. aerophilus. 

After grouping Bacillus genomes by habitat, we identified 3215 core genes in the genomes of strains isolated from air, 3204 core 
genes in isolates from food, 3133 core genes in isolates from plants, and 3075 core genes in isolates from extreme environments. We 

Fig. 2. Accumulation curves showing the number of gene families belonging to the pan and core genomes as calculated through the BPGA tool. The 
upper box plots represent the pangenome, and the lower box plots depict the core genome. 
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also identified 3041 and 2884 core genes in strains isolated from soil and marine environments, respectively. Through comparative 
analysis, we observed a decrease in the number of accessory genes in the genome groups according to habitat and a 32% difference 
between the genomes of strains from marine environments and the genomes of strains isolated from air (Fig. 5). 

When analyzing the accessory genome, we identified 141 genes shared among habitats and counted a total of 130, 93, and 71 
unique accessory genes in genomes isolated from marine environments, soil, and extreme environments, respectively (Fig. 6). 

As shown in Table 2, the unique accessory genes mainly correspond to the superfunctional categories: “Metabolism” in air, marine, 
and extreme environment Bacillus strains and “poorly characterized” categories in plant and soil strains. The least represented cate-
gories were “Cellular Processes and Signaling” in marine and soil strains; “Information Storage and Processing” in extreme environ-
ments and air; in plants, “Information Storage and Processing” and “Cellular Processes and Signaling” registered the same percentage. 

Fig. 3. Comparison of the abundance of COG super-functional categories in the core, accessory, and unique gene families in the 29 assessed Ba-
cillus genomes. 

Fig. 4. Cladogram derived from 16S rRNA sequence data. Analyses were conducted in MEGA7, using the Maximum Likelihood method with 1000 
bootstrap replicates. Bootstrap values are displayed as percentages on their respective branch nodes. 
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In addition, eight of the unique accessory genes of strains from marine environments were also found in the Bacillus altitudinis 19_A 
genome. Genomic analysis revealed genes encoding proteins involved in bacterial osmoregulation (ABC-type proline-glycine-betaine 
transport systems), aromatic compound metabolism (phenylpyruvate tautomerase, phenolic acid decarboxylase), carbohydrate 
metabolism (ribulose-5-phosphate 4-epimerase, arabinofuranosidase, xylose isomerase, polysaccharide pyruvyltransferase), and sul-
fur cycle processes (formylglycine producing enzyme). 

3.3. Codon bias analysis 

We performed a codon usage analysis for all Bacillus strain genomes included in this study, in addition to the core and accessory 
genes belonging to each genome. The results of both approaches were comparable. The effective number of codons (Nc) values ranged 

Fig. 5. Core and accessory genes in the genomes of the assessed Bacillus strains grouped according to habitat.  

Fig. 6. Number of accessory genes shared among in the assessed Bacillus genomes grouped according to habitat.  

Table 2 
Percentage of super-functional categories in unique accessory genes of the grouped genomes according to habitat.  

Super-functional category Habitat 

Marine environment Soil Extreme environment Plants Air 

Information storage and processing 12.97% 18.94% 19.17% 21.73% 9.52% 
Cellular processes and signaling 12.21% 16.84% 21.91% 21.73% 14.28% 
Metabolism 41.98% 26.31% 31.50% 26.08% 47.61% 
Poorly characterized 32.82% 37.89% 27.39% 30.43% 28.57%  
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from 54.79 to 57.45, indicating a low codon usage bias (Supplementary Table S1). 
Our analysis also calculated the GC3 index, which indicates the frequency of G or C nucleotides at the third position of synony-

mously variable codons. We used this index as a predictor variable for Nc variation. GC3s values in Bacillus strain genomes grouped by 
habitat ranged from 0.39 to 0.41 (Supplementary Table S1). 

Our results also showed low codon adaptation index (CAI) values (Supplementary Table S1). We performed correlation analyses 
between CAI vs. GC3s and CAI vs. Nc. The obtained CAI and GC3 values were negatively correlated (R2 -0.014), whereas CAI and Nc 
were significantly and positively correlated (R2 0.397). 

The obtained values of the codon bias parameters GC3s (Fig. 7a), CAI (Fig. 7b), and Nc (Fig. 7c) differed among the genomes of 
Bacillus strains from marine environments, plants, and soil, whereas among the genomes from extreme environments, air, and food, 
these parameter values were similar. 

3.4. Unique genes in the Bacillus altitudinis 19_A genome 

Our comparative genome analysis of Bacillus altitudinis 19_A revealed genes unique to this strain and confirmed their identity by 
BLAST searches. These genes mainly encode hypothetical proteins. In addition, we identified genes encoding proteins involved in 
horizontal gene transfer, DNA modification and repair processes, and transcriptional regulation. The strain 19_A genome also contains 
a gene encoding a peptidase involved in bacteriocin biosynthesis and some genes with a role in ribosome assembly and triple helical 
structure formation (Table 3). 

3.5. Mining of genes related to secondary metabolites 

Since the differences between the genomes of the Bacillus strains were mainly in genes within the metabolism category (according 
to the present comparative analysis), we screened the genome of Bacillus altitudinis 19_A for secondary metabolite genes. 

Using the antiSMASH genome analysis tool, we identified six clusters of secondary metabolite genes in the genome of Bacillus 
altitudinis 19_A (Table 4). Three of these genes are located in the core genome: surfactin (lipopeptide), carotenoid (terpene), and 
aerobactin (type of siderophore). The other three clusters are in the accessory genome: bacteriocin, bacilysin (dipeptide), and 
sporulation-killing factor (sactipeptide). Our analysis revealed that at least 1.7% of the genome of Bacillus altitudinis 19_A contains 
genes involved in the biosynthesis, regulation, and transport of secondary metabolites. 

Two relevant findings were the identification of the sporulation-killing factor operon in only four of the genomes included in our 
study (19_A, LAMA 585, KCTC, and SCU11) and the bacteriocin gene in the genomes of strains isolated from all the habitats studied 
(marine and extreme environments, plants, soil, air, and food); however, in the strains from the marine environment, the gene for this 
metabolite was present only in the Bacillus altitudinis 19_A and HYC-10 genomes (Table 4). Some of the characteristics of these two 
biosynthetic clusters are presented below. 

3.5.1. Sporulation killing factor 
The sactipeptide-encoding skf operon is located at positions 159,272 and 166,619 of the Bacillus altitudinis 19_A genome. This 

operon consists of eight genes (skfA-H, Fig. 8a) involved in immunity and the biosynthesis and release of the sporulation killing factor. 
Thanks to the analysis performed with the AntiSMASH and BAGEL4 online tools, we identified the skfB gene (1235 nt), which 

encodes an enzyme called sactisynthase, involved in sactipeptide maturation. A blastp search of the amino acid sequence against the 
NCBI database showed 100% identity and 100% query coverage with the sporulation-killing factor system radical SAM maturase of 
Bacillus and 99.76% identity and 100% query coverage with that of B. altitudinis. 

We compared the skfB gene structure between genomes isolated from marine (LAMA 585 and KCTC) and extreme environments 
(SCU11) using CORASON software. We identified differences in the skfB gene structure registered in strains from marine environments 
(Fig. 8b); however, when compared with strains from extreme environments, we observed that the gene organization was very similar 
(Fig. 8c). 

Fig. 7. Boxplots of codon bias parameters, GC3s (a), CAI (b), and Nc (c) among Bacillus strains genomes, grouped according to habitat.  
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3.5.2. Bacteriocin 
Bacteriocins are antimicrobial peptides of ribosomal synthesis. Analysis using the antiSMASH tool identified a gene encoding a 

circular bacteriocin in the Bacillus altitudinis 19_A genome between positions 2,342,586 and 2,342,912. A blastp search of the amino 
acid sequence against the NCBI database showed 98% identity and 100% query coverage with the circular bacteriocin, circularin A/ 
uberolysin family, in Bacillus. 

In addition, we observed differences in the organization of the circular bacteriocin gene between the genomes of Bacillus altitudinis 
19_A and B. xiamenensis strain HYC10 isolated from marine environments (Fig. 9). When comparing the organization of this gene 
between B. altitudinis 19_A and the strains from other environments, no major differences were detected (data not shown). 

Table 3 
Unique protein-coding genes identified in the Bacillus altitudinis strain 19_A genome and the level of identity of their predicted amino sequence with 
other Bacillus proteins in the NCBI databank, as revealed by the BLASTp tool.  

Category Protein Function Percent of 
identity 

Species 

Horizontal gene 
transfer 

IS3 family transposase Insertion sequence 98% Bacillus sp. 
SinI family restriction endonuclease Horizontal gene transfer modulation 100% B. altitudinis 

DNA modification Exonuclease V DNA repair 99.6% B. altitudinis 
Restriction endonuclease (HNH family) DNA modification and rearrangement 93.48% B. pumilus 
DNA cytosine methyltransferase DNA methylation 100% B. altitudinis 

Transcription 
regulation 

AAA family ATPase Transcription regulator 100% B. altitudinis 
DNA-binding transcriptional regulator (XRE-family) Gene regulation (DNA damage) 100% B. altitudinis 

Metabolite biosynthesis C39 family peptidase Bacteriocin biosynthesis 100% B. altitudinis 
Other Collagen-like repeat preface domain-containing 

protein 
Formation of the triple helical 
structure 

95.24% B. altitudinis 

50S ribosome-binding GTPase 50S ribosomal subunit assembly 100% B. altitudinis  

Table 4 
Comparative analysis of genes involved in the secondary metabolites synthesis identified in the genome of Bacillus altitudinis 19_ A with those in the 
genomes of Bacillus strains isolated from marine, extreme, plant, soil, air, and food-associated environments.  

Habitat Strain Compound 

Sporulation killing factor Surfactin Carotenoid Aerobactin Bacteriocin Bacilysin 

Marine environment 19_A + + + + + +

HYC-10 – + + + + – 
BRM1 – + + + – +

DW5-4 – + + + – +

NH71_1 – + + + – +

LAMA 585 + + + + – +

KCTC + + + + – +

Extreme environment M53 – + + + + +

SCU11 + + + + + +

145 – + + + + +

U17-1 – + + + + +

U41 – + + + + +

Plant 5Co – – + + – +

Sami – + + + + – 
BT2.2 – + + + + +

LK18 – + + + + +

FD48 – + + + + +

Soil ZB201701 – + + + + +

PDSLzg-1 – + + + – +

150a – + + + – +

SF-4 – + + + + +

Cr2-1 – + + + + – 
C772 – + + + + +

P-10 – + + + – +

SH-B9 – + + + + +

Air FO-36b – + + + + +

SGAir0031 – + + + + +

232 – + + + + +

Food VV3 – + + + + – 
W3 – + + + + +
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4. Discussion 

4.1. Genome similarities of Bacillus altitudinis 19_A with other strains 

In our analysis, we compared the genomes of a number of Bacillus isolates from different habitats. The ANIs suggested that our focal 
strain, Bacillus altitudinis 19_A, was closely related to strains within the Bacillus pumilus (Bp) group from different habitats. Members of 
the Bp group are often isolated from terrestrial ecosystems and marine environments, such as sediments, seawater, and marine animals 
[50]. Our phylogenetic reconstruction using 16S rRNA sequences is consistent with previous studies suggesting that some members of 
the Bp group tend to cluster, as lineage takes precedence over niche effects in defining evolutionary relationships within this group [50, 
51]. 

Our Bacillus sp. pan-genome analysis is consistent with other studies using environmental strains [50,52]. The results showed a 
sequential addition of new genomes to the analysis, resulting in an accumulation curve showing a continuous increase in the number of 
new genes added to the pan-genome. The slope of the regression curve was 0.28. This value is comparable to the slopes of the 
regression curve of B. pumilus, B. safensis and P. megaterium (0.16, 0.17 and 0.23), indicating open pangenomes. However, these values 
show a tendency to saturate the number of new genes with the inclusion of a few new genomes [53]. 

The pan-genome of the 30 strains studied contains 8468 genes, and the proportions of core genes among the strains ranged from 
66.48% to 75.43%, which is comparable to the proportions of core genes observed in the B. pumilis group (58.79%–68.78%) [50]. The 
proportions of accessory (37.44%) and strain-specific genes (30.58%) recorded in our study are also similar to those described for the 
B. pumilis group (35.5% and 39.3%, respectively) [50]. 

By grouping genomes according to habitat, we observed that the number of accessory genes is comparable across habitats, except 
for Bacillus strains from air. In this habitat, the low number of accessory genes in strains could be explained by barriers to horizontal 
gene transfer inherent to this environment, such as the physical distance separating microbes, lack of moisture sources for mobility and 
nutrient transport, or lack of compatibility between strains [52]. 

Through general genome comparisons between strains grouped by habitat, we found that marine strains had more strain-specific 
genes than strains from other habitats, consistent with a previous study suggesting that horizontal gene transfer events are more 
common among marine bacteria [50]. 

In terms of function, the most abundant accessory genes specific to air, marine, and extreme environments were associated with 
metabolism. This highlights the importance of this functional group in the response to different habitats [50]. In plant and soil bacterial 
genomes, most of the accessory genes have unknown functions. 

Fig. 8. Sporulation killing factor gene cluster in Bacillus altitudinis 19_A. a) Scheme of the skf operon. b) Comparison of skfB gene organization in 
genomes of strains isolated from marine environments. c) Comparison of skfB gene structure in the genome of a strain isolated from extreme 
environments. 

Fig. 9. Comparison between circular bacteriocin sequences of strains isolated from marine environments.  
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Our analyses identified accessory genes related to the marine environment in the Bacillus altitudinis 19_A genome. COG functional 
classification revealed a gene encoding the protein ProV (ABC-type proline glycine betaine transport system), which is involved in 
bacterial osmoregulation and may play a role in osmotic stress conditions caused by salinity changes in marine environments [54]. 
Another aspect related to habitat adaptation in the epiphytic Bacillus altitudinis 19_A is nutrient availability; we identified genes 
involved in carbohydrate metabolism as well as a gene encoding a formylglycine producing enzyme required for the degradation of 
sulfated polysaccharides from macroalgal cell walls [55]. These genes may facilitate efficient uptake of polysaccharides from the 
macroalgal surface where this epiphytic strain establishes. 

Our analysis also identified genes involved in the metabolism of aromatic compounds (phenylpyruvate tautomerase, phenolic acid 
decarboxylase), which some marine bacteria use as carbon and energy sources. Previous studies have described marine plankton and 
lignin derivatives from coastal marshes as precursors of aromatic compounds that are available to bacteria with the metabolic capacity 
to assimilate them [56]. 

4.2. Codon bias analysis 

To gain insight into the adaptation of strains from different habitats, we analyzed codon bias in the genomes selected for this study. 
Codon bias refers to the preferential use of certain codons over their synonymous counterparts during the translation of genes into 
proteins [43]. Some factors such as GC content, lifestyle, generation time, and genome size can lead to codon bias [57]. 

We used the metrics CAI, Nc, and GC3 index to evaluate codon bias, and we found evidence of more codon bias in Bacillus strains 
from marine environments, plants, and soil than in strains from extreme environments, air, and food, in which the metric values were 
similar. However, the codon bias index values that we observed suggest low levels of codon bias in the genomes analyzed. Low levels of 
codon bias are common in species with horizontal gene transfer, which have all the tRNAs necessary to process each DNA fragment 
[50]. 

To explore the influence of different codon usage indices on each other, we performed pairwise correlations between index values: 
CAI vs. GC3s and CAI vs. Nc. CAI and GC3s values were negatively correlated, reflecting the independence of GC content at the third 
codon positions and gene expression. This is in agreement with a previous study in another bacterial group [58]. CAI and Nc values 
were positively correlated, probably indicating that other factors besides gene expression influence codon usage in these strains [59]. 

Studies have shown that codon bias may play an important role in the adaptation of microorganisms to different lifestyles and 
habitats; furthermore, the genomic plasticity of Bacillus indicates their ability to adapt to different niches [50]. However, our results do 
not show codon bias associated with the habitat of the strains analyzed in this study. 

4.3. Specific features in the genome of Bacillus altitudinis 19_A 

Comparative analysis of the reassembled genome of Bacillus altitudinis 19_A revealed the presence of unique genes encoding 
proteins involved in horizontal gene transfer, namely members of the IS3 family of transposases and the SinI family of restriction 
endonucleases. Thanks to gene transfer, the potential for bacterial adaptation relies on the horizontal acquisition of genes transferred 
between neighboring bacteria [60–62]. 

Previous studies have shown that some horizontally transferred genes confer key functions that contribute to the adaptability of 
strains within their habitats [63,64]. Restriction endonucleases are components of prokaryotic DNA restriction modification mech-
anisms that protect microorganisms from invading foreign DNA, and insertion sequences are mobile genetic elements that are widely 
distributed among bacteria, involved in genetic information transfer, and influence genome content. These genes could play an 
important role in the organization, plasticity and evolution of the Bacillus altitudinis 19_A genome [65]. 

Our analysis also identified unique genes in the Bacillus altitudinis strain 19_A genome that encode proteins involved in DNA 
modification, including exonucleases and restriction endonucleases. These play a central role in site-specific recombination events that 
can result in insertion, deletion, mutation, or correction of DNA sequences [66]. In addition, we identified a gene encoding a DNA 
cytosine methyltransferase involved in defense against phage DNA [67]. A previous study showed several genes related to DNA 
recombination and repair in B. altitudinis genomes [50]. These features may be relevant for B. altitudinis strains such as 19_A to adapt to 
marine environments where exposure to UV radiation, desiccation, salinity, high temperature, and pollutants are common and can 
damage bacterial DNA. 

The Bacillus altitudinis 19_A genome also contains unique genes encoding an AAA family ATPase and DNA-binding transcriptional 
regulators of the XRE family. ATPases are related to transcription factors, have chaperone roles, or serve as molecular matchmakers in 
the formation or activities of DNA-protein complexes [68]. Transcription factors that control the timing and level of gene expression, 
particularly those within the xenobiotic response element (XRE) family of proteins, are involved in metabolic functions such as 
toxin-antitoxin and nitrogen regulation systems [69]. 

Another important feature revealed by our analysis of Bacillus altitudinis 19_A is a gene encoding a member of the C39 peptidase 
family; proteins of this family consist mostly of bacteriocin-processing endopeptidases from bacteria. C39 peptidases are ABC trans-
porters involved in bacteriocin maturation and translocation across the cytoplasmic membrane [70]. 

We also identified genes involved in structural functions, revealing a gene encoding a 50S ribosome-binding GTPase involved in 
ribosome biogenesis [71] and a gene encoding a collagen-like repeat preface domain-containing protein. These proteins form triple 
helical structures with protease resistance and melting temperatures similar to animal collagens. However, their function in envi-
ronmental bacteria is unknown [72]. 
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4.4. Mining of genes related to secondary metabolites 

To survive in marine ecosystems, microorganisms have evolved various adaptations, including the synthesis of novel specific 
biomolecules. Some of these functions are encoded by accessory genes, which are responsible for intraspecific variation and envi-
ronmental adaptation [50]. In the accessory genome of Bacillus altitudinis 19_A, we identified clusters of genes involved in the 
biosynthesis of sporulation-killing factor and bacteriocin. 

The sporulation killing factor is a sactipeptide, a subclass of ribosomally synthesized and post-translationally modified peptides 
(RiPP) [73]. In Bacillus sp. this molecule is important for the sporulation process and nutrient limitation conditions. Its biosynthesis 
also involves other mechanisms that confer immunity to its toxicity. Previous studies have shown that Bacillus subitilis produces a 
sporulation killing factor to eliminate nonsporulating siblings susceptible to these toxins. This behavior is a form of cannibalism, as the 
dead cells release nutrients that can be assimilated by the surviving sporulating cells. This phenomenon delays sporulation and allows 
cells to grow and divide again [74]. 

The sporulation killing factor could be an adaptive advantage for Bacillus altitudinis strain 19_A in natural environments where 
other non-sporulating microorganisms may be present. Synthesis of this compound could sustain a small percentage of spores and most 
growing cells. In addition, the toxins produced could also kill other microorganisms and provide nutrients to delay the sporulation 
process. In the epiphytic lifestyle, expression of this factor could be an adaptive trait because sporulation becomes irreversible after its 
earliest stage, and delaying spore formation may be beneficial when nutrient deprivation is temporary. This is the case on macroalgal 
surfaces where high levels of nutrients are available for epiphytic microorganisms [13,74]. 

To compare the organization of genes in the cluster responsible for the biosynthesis of the sporulation killing factor, we identified 
the gene SkfB, which encodes the enzyme sactisynthase, involved in the post-translational modification of the precursor peptide SkfA 
[73]. In terms of organization, we observed differences in the SkfB gene organization between Bacillus altitudinis 19_A and other 
Bacillus strains isolated from marine environments. When we compared the SkfB gene structure between Bacillus altitudinis 19_A and 
Bacillus altitudinis SCU11, we observed that their gene organizations were very similar. This could indicate a conserved gene orga-
nization among strains of the same species regardless of their habitat. 

Our analysis also identified a member of the circular bacteriocin gene family in the genome of the strain Bacillus altitudinis 19_A. 
Circular bacteriocins are ribosomally synthesized antimicrobial peptides characterized by an N-to-C-terminal covalent bond that forms 
a circular structure. The biosynthesis of these structures requires three steps: cleavage of a leader sequence, circularization, and export 
from the cell. However, many of the mechanisms involved in this process remain to be elucidated [75]. 

The arrangement of the circular bacteriocin gene in Bacillus altitudinis 19_A differed from that of the B. xiamenensis strain HYC10 
isolated from a marine environment, consistent with studies of circular bacteriocins with low sequence identity [75]. 

Marine microorganisms have considerable potential for the production of bioactive compounds not found in terrestrial environ-
ments [4]. Our results showed that Bacillus altitudinis 19_A could be a potential source of bacterial antimicrobial peptides produced by 
ribosomal synthesis with pH and thermal stability, properties of interest for medical and environmental applications and use as natural 
preservatives and probiotics in the food industry [76]. 

5. Conclusion 

Although our results do not show codon bias associated with the particular habitat of each studied strain, our comparative analysis 
highlighted the genomic plasticity of Bacillus sp. members and their potential for adaptation to multiple habitats. Our genomic analysis 
revealed that Bacillus altitudinis 19_A possesses specific genes encoding proteins involved in horizontal gene transfer, DNA repair, and 
transcriptional regulation. In the accessory genome of Bacillus altitudinis 19_A, we identified some genes that could be related to its 
epiphytic lifestyle, as well as clusters for the biosynthesis of secondary metabolites such as sporulation killing factor, surfactin, 
carotenoid, aerobactin, bacteriocin, and bacilysin. Our study provides a comprehensive genetic landscape of Bacillus altitudinis 19_A to 
thoroughly understand its adaptation to the marine environment and the potential of this epiphytic bacterium as a source of bacterial 
antimicrobial peptides produced by ribosomal synthesis. The information obtained will serve as a basis for designing future experi-
ments to extract, characterize and evaluate the bioactive potential of the identified metabolites. 
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[54] A. D’ors, M. Bartolomé, S. Sánchez, Repercussions of salinity changes and osmotic stress in marine phytoplankton species, Estuar. Coast Shelf Sci. 175 (2016) 
169–175, https://doi.org/10.1016/j.ecss.2016.04.004. 

[55] W. Helbert, Marine polysaccharide sulfatases, Front. Mar. Sci. 4 (2017) 6, https://doi.org/10.3389/fmars.2017.00006. 
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