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Abstract

:

Plants and their derivatives, such as fruits, can be inhabited by different bacteria. However, this microbiota is still poorly studied. Among the wide variety of metabolites that bacteria produce, biosurfactants have been identified as potential molecules in the development of bioprocesses for various industrial sectors. In this work, we analyzed and compared the microbiota of fruit residues (mango and orange), in order to compare two possible sources of bioprospecting. For this, a bioinformatics approach was used to perform the taxonomic analysis and the prediction of the functional profile of the microbiota present in the samples. The results showed that the microbiota present in both fruit residues have the potential in biotechnological applications to produce biosurfactants, as these microbiota have genes related to the biosynthesis of these compounds. The common core of the microbiota present in the samples—Stenotrophomonas, Klebsiella, Serratia and Citrobacter—proved, according to the literature, to be composed of biosurfactant producers, showing the biosurfactant potential of the bacteria isolated from orange and mango residues.
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1. Introduction


Surfactants are amphiphilic molecules with hydrophilic and hydrophobic portions, which have properties to decrease the surface or interfacial tension of two liquid phases. They are compounds that play a wide and significant role in several market areas and can also be used in bioremediation processes. However, synthetic surfactants come from the petrochemical industry, and their use has caused a great deal of environmental damage. Therefore, biosurfactants, which are produced by microorganisms, are an environmentally favorable alternative. Biosurfactants are synthesized by microorganisms, such as bacteria, yeasts and filamentous fungi. The production of these compounds occurs through secondary metabolic pathways in a microbial fermentation, which starts during the stationary phase, often related to the lack of nutrients, and continues until the phase of death [1,2,3,4,5]. Biosurfactants are effective in oil spill recovery and removal, wastewater treatment, agribusiness, pharmaceutical and cosmetic industries, and also have the ability to remove potentially toxic metals from contaminated soil and water [6].



Biosurfactant-producing microorganisms are present in various aquatic and terrestrial habitats, including extreme environments, seawater and bilge water [7,8,9]. Some biosurfactant-producing microorganisms can be isolated from high-sugar environments, such as fruits and other parts of plants. Using agro-industrial residues to produce biosurfactants is an environmentally favorable and low-cost alternative. Therefore, knowledge of the diversity of the microbiota present in fruit residues is needed to verify the functional potential of these microorganisms and their applicability to various industrial sectors [7,8,9].



In this scenario, Brazil is the world’s largest orange producer, accounting for approximately 50% of the world’s orange juice production and holds 85% of the world’s exports of the product [10]. However, after extracting the orange juice, approximately 50% of the fruit is discarded in the form of bagasse (peel, seed and pulp). Part of this waste is used to supplement cattle and pig herds, but much of it is wasted [11]. Another prominent tropical fruit in production is mangoes. Brazil is a large producer and exporter of mangoes. In 2020, the mango export to the American and European markets reached the level of 243.2 thousand tons of mangoes, totaling the value of $246.9 million USD. Similar to the case in oranges, the large amount of mango production generates a lot of residue and waste from the pulp and juice industries [12].



In our study, we were interested in evaluating the microbiota present in fruit samples of the Mangifera indica L. (mangoes) and Citrus sinensis L. (oranges) after enriched fermentation. In order to compare these possible sources of bioprospecting from the sequencing of the 16S rRNA gene, the microbiota present in these enriched fruit residues were taxonomically assigned. As the functional profiles cannot be directly identified using 16S rRNA gene sequence data, the prediction of the functional profiles associated with the microbiota present in the fruit samples was performed using PICRUSt2, which is a software for predicting functional abundances based only on marker gene sequences. In this research, we specifically focused only on the analysis of the genes related to biosurfactant production.




2. Materials and Methods


2.1. Sampling


Mangoes (1.2 kg) and oranges (1.2 kg) unfit for consumption were collected at street fairs in the city of Sorocaba, SP, Brazil. The orange bagasse was obtained from peeled and squeezed oranges after juice removal. To obtain the mango pulp, the peel and kernel were discarded. The orange bagasse and mango pulp were ground separately using a domestic blender, homogenized in distilled water in a 1:1 (w/v) ratio and stored in airtight plastic bags at 4 °C until use.




2.2. Microbial Enrichments


Each homogenized sample of fruit was enriched separately in duplicate, and 25 g L−1 of total solids were added to 250 mL of Luria–Bertani (LB) medium in an Erlenmeyer flask (500 mL). The total incubation period for the assays was 19 days, at a temperature of 34 °C and agitation of 150 rpm [13]. After 5 days of incubation, a 2.5 mL aliquot was transferred to a 250 mL flask with a new medium containing 1% glycerol and kept in a rotary shaker (150 rpm) for 7 days. After 7 days, 2.5 mL of the fermentative broth was removed and added to a new medium under the same conditions as above [14].




2.3. DNA Isolation and 16S rRNA Sequencing


After fermentation, microbial genomic DNA was extracted from the enriched fruit samples using a PowerSoil DNA isolation kit (MOBIO Laboratories, Carlsbad, CA, USA), following the manufacturer´s instructions. Two replicates from each enriched fermentation were sequenced, resulting in a total of 4 sequencing data sets. Evaluation of the DNA quality was performed by visual comparison by electrophoresis on a 0.8% agarose gel. The assessment of the taxonomic profile of the microorganisms occurred utilizing the approach of analyzing the 16S ribosomal RNA gene (16S rRNA) on a large scale. The 16S rRNA sequencing was performed using the Illumina MiSeq platform 2 × 250 bp [15]. DNA amplification was performed using primers 341F (5′-CCT ACG GGR SGC AGC AG-3′) and 806R (5′-GGA CTA C V GGG TWT CTA AT-3′) for the Bacteria and Archaea domain [16].




2.4. Bioinformatics and Statistical Analysis


Raw data quality control was performed using FASTQC v.011.5 software [17]. Low-quality sequences (Phred score ≤ 20) and adapters were filtered using the Trimmomatic v.0.39 tool [18]. The QIIME 2 program (Quantitative Insights Into Microbial Ecology version 2019.4) [19] was used to analyze the results obtained with the Illumina platform and the QIIME 2 plugin tool was used to import quality read filters as an ‘artifact’ file. Afterward, the chimeras were removed and clustered into representative sequences and Amplicon Sequence Variants (ASVs) using the ‘dada2’ plugin [20].



Taxonomic classification was performed in the SILVA ribosomal RNA gene database version 138, and the ASVs were determined using 97% similarity. The predicted functional profiles obtained in the 16S were defined using the phylogenetic method of the PICRUSt2 software (Phylogenetic Investigation of Communities of Unobserved States) [21]. In PiCRUSt2, the metagenome inference step depends on an ASV table obtained from taxonomic analysis and is then used as input for the PICRUSt2 QIIME2 plugin. Prediction results were obtained from the PICRUst2 output against the KEGG Orthology (KO) database [22] to reconstruct the metabolic pathways.



Genes were analyzed using the KOs in STAMP v2.1.3 [23]. Poor or non-specific functional data were eliminated from the analysis and used only to calculate the frequency profiles. The comparison of the functional profile between the two samples of Orange and the two samples of Mango was performed with a two-sided Welch’s t-test combined with Welch’s inverted method for 95% confidence intervals. Moreover, a false discovery rate was applied as a multiple test correction using the FDR method. An extended error bar graph was used to group the different functional profiles (KEGG level 2) by similarity. To do this, specific KEGGs records related to biosurfactant production were selected from articles analyzing microbial metabolites.



Afterward, the ASVs were exported to the R statistical environment for the purpose of performing the statistical analysis and graphical computation of the data. The taxonomic data were imported as a phyloseq object in order to perform a set of custom graphical functions for taxonomic sequencing analysis [24]. The maximum value of the ASVs observed in each sample was determined using the rarefaction curves. To assess the richness and diversity of the samples, an alpha diversity graph was used. From this, three indices were analyzed: the observed, the Chao index and the Shannon index [25]. The dissimilarities between the samples (Orange and Mango) were evaluated from the beta diversity analysis using Principal Coordinate Analysis (PCoA). Thus, the main coordinate analysis of the Bray–Curtis and Jaccard dissimilarity was performed with the two replicas of Orange and Mango [24]. The Bray–Curtis index can be expressed as a proportion of similarity or dissimilarity in species abundance. The Jaccard index, on the other hand, indicates the proportion of species shared between two samples in relation to the total number of species [26]. The DESeq2 package was used to perform the differential analysis of genera between the samples. The sequencing reads were submitted to the European Nucleotide Archive under project accession PRJEB36395 and sample accessions ERS4265892 (Mango-1), ERS4265891 (Mango-2), ERS4265890 (Orange-1), ERS4265889 (Orange-2).





3. Results


3.1. Taxonomy Analysis


Two samples (Orange and Mango) with two replicates for each fruit were sequenced, resulting in four data sets (Orange-1, Orange-2, Mango-1 and Mango-2). The microbiota present in the data was normalized for comparative analysis based on the sample with the lowest number of reads.



The rarefaction curves reached the plateau, showing that the depth of the samples was satisfactory to assess the microbial diversity. The richness estimator (Chao1) showed a higher value for the Mango (23.5 ± 0.5) than the Orange (13.0) sample. It was observed that the richness of the samples in the present work was achieved since Chao1 was similar to the observed richness. Moreover, the Shannon diversity index showed a higher value for the Orange (1.61 ± 0.05) than the Mango (1.11 ± 0.07) sample. An analysis of variation (ANOVA test, p < 0.05) was performed with the Shannon index and the Chao1 index results, showing that there was a significant difference between the samples. Thus, the microbial diversity based on the Shannon index showed that Orange was higher when compared to Mango (Figure S1, Supplementary Materials).



The Principal Coordinate Analysis (PCoA) based on the Bray–Curtis and Jaccard index (Figure 1) allowed us to evaluate the similarities and differences in the composition of the microbiota between the samples and their replicates. The points from two replicates of each sample were grouped, indicating a high correlation between the replicates. The different samples were relatively ungrouped, indicating lower correlations between samples than the replicates.



A taxonomic analyses revealed that all the sequences were dominated by the Bacteria domain (100%). The five most representative families among the Orange and Mango samples (Figure 2) were: Enterobacteriaceae, Family XI, Moraxellaceae, Planococcaceae and Xanthomonadaceae. Enterobacteriaceae and Xanthomonadaceae are the families with the highest relative frequency in each of the samples, based on the classification of the representative sequences of the ASVs.



By analyzing the taxonomic composition at the genus level, the four most frequent genera were observed in the two enriched Orange samples: Stenotrophomonas (Orange-1 = 28.86% and Orange-2 = 39.18%), Klebsiella (Orange-1 = 29.2% and Orange-2 = 29.8%), Serratia (Orange-1 = 16.9% and Orange-2 = 6.6%) and Citrobacter (Orange-1 = 12.2% and Orange-2 = 10.3%). Regarding the enriched Mango samples, there was a greater predominance of Klebsiella (Mango-1 = 52.5% and Mango-2 = 59%), Stenotrophomonas (Mango-1 = 36.6% and Mango-2 = 32, 3%), Serratia (Mango-1 = 2.5% and Mango-2 = 1.62%) and Citrobacter (Mango-1 = 0.22% and Mango-2 = 0.17%).



The common microbial nucleus between the Orange and Mango sample fruits comprised mainly the genera Stenotrophomonas, Klebsiella, Serratia and Citrobacter, which form the common core of the microbiota present in the samples. The results of the DESeq2 showed that a total of nine ASVs were statistically different (Figure S2, Supplementary Materials), represented by the genera Lysinibacillus (ASV_13), Anaerosalibacter (ASV_16), Anaerocolumna (ASV_17), Klebsiella (ASV_24), Micrococcales (ASV_3), Lactococcus (ASV_15), Corynebacterium (ASV_2), Paenibacillus (ASV_12) and Stenotrophomonas (ASV_29) and are present in a greater abundance in Mango samples.




3.2. Functional Analysis


The functional prediction information of the 16S rRNA sequences was analyzed in STAMP and the functional profiles related to biosurfactant biosynthesis were evaluated. From the PCA analysis (Figure 3A), it can be observed that the pathways related to biosurfactant biosynthesis predicted in the Orange (Orange-1 and Orange-2) and Mango replicates (Mango-1 and Mango-2) were more associated with each other and were more heterogeneous between the groups, as observed in the taxonomic analysis. In the PCA graph (Figure 3A), the X and Y axes indicate that Principal 1 and 2 explain 99.7% and 0.2% of the total variation in the predicted functions, respectively.



Among the predicted genes (Table S1, Supplementary Materials), some were found that were related to fatty acid metabolism (fabB, fabH, fabG, fabI, fabV, fadB, fadL, alkM, echA and fadJ), rhamnolipids biosynthesis (rmlB, rmlC, rmlD, rmlA, rfbF), hydrocarbon metabolism (adh, ldh and hpaD), trehalolipids biosynthesis (otsA), lipopolysaccharide biosynthesis (lpxK, waaA, waaS, rfbN and lpxK), lipopeptide biosynthesis (sfp), lichenysin biosynthesis (licA3) and surfactin production (srfATE and srfAD).



In order to predict the functional profile of the samples from the 16S rRNA marker gene, the genes of interest that were related both directly and indirectly to the production of biosurfactants previously described in the literature were grouped into metabolic classes. In both fruit samples, the prediction of the functional profile related to biosurfactant production showed the highest abundance in fatty acid metabolism, followed by rhamnolipid, lipopolysaccharide and lichenysin biosynthesis (Table 1).



The genes involved in surfactin biosynthesis were the least abundant in the samples and were found only in the microbiota present in the Mango samples. Lipopeptide and lipopolysaccharide biosynthesis metabolisms were significantly more abundant in the Orange samples, whereas lichenysin biosynthesis was significantly more abundant in the Mango samples (Figure 3B). In general, the specific metabolisms of KEGG Orthology were found to be related to the production of different types of biosurfactants.



The functional genes predicted in the samples were taxonomically assigned. Among the 10 most abundant genera in the samples, Stenotrophomonas was the common genus between Orange and Mango that was related to most metabolisms and was the only genus related to rhamnolipid biosynthesis in all the samples. In the Mango samples, the genus Klebsiella was related to most metabolisms (six metabolisms of interest), while in the Orange samples, the genus Enterobacter was related to eight metabolisms of interest (Figure 4).





4. Discussion


The results of the Alpha diversity analysis showed that the bacterial diversity was significantly higher in the Mango samples than in the Orange samples (p < 0.05). The Chao1 richness estimator showed that the Mango samples had a higher species richness when compared to the Orange samples, indicating a higher total amount of species in the Mango. In addition, the results of the beta diversity analysis showed that the bacterial composition between the Mango and Orange samples was more homogeneous among themselves, which means that there were more species in common between the samples of the same fruit, indicating that the replicates were satisfactory.



According to Shannon’s index, which considers species richness and its uniformity, the Orange samples showed significantly greater richness and, therefore, greater evenness. That is, the species were more homogeneously distributed within the samples. The enrichment of the samples with glycerol may have influenced the diversity, explaining the low values obtained in the Shannon index and especially in the Orange samples. This enrichment may have further restricted the diversity of the microbiota, since the orange fruit already contains inhibitory compounds, such as limonene, which promotes the natural selectivity of microorganisms. On the other hand, enrichment favored the growth of similar taxonomic groups that were shared in both fruit samples.



Our alpha and beta diversity analysis results were used to better understand the microbial composition of the fruit samples. The taxonomic analysis showed that Oranges and Mangoes shared the same most abundant families (Enterobacteriaceae and Xanthomonadaceae), which represent almost all the bacterial diversity observed based on the classification of the representative sequences of the ASVs. The Enterobacteriaceae and Xanthomonadaceae families were mentioned in several studies on the production of biosurfactants from hydrocarbons [27,28,29].



At the genus level, we observed the predominance of Klebsiella (Enterobacteriaceae), Stenotrophomonas (Xanthomonadaceae), Serratia (Enterobacteriaceae) and Citrobacter (Enterobacteriaceae) in all the samples. Several works describe these genera as having great biosurfactant potential. A strain identified as Stenotrophomonas maltophilia was isolated from water contaminated with hydrocarbons and characterized as a biosurfactant producer with emulsifying activity levels above 70% [28].



The Serratia genus has been highlighted in biotechnological studies, as the biosurfactants produced by this genus are shown to be a promising source of antimicrobial, anti-fouling and antitumor compounds that have emulsification and surface activity [30]. Araújo et al. (2019) obtained a biosurfactant by Serratia marcescens with a CMC (critical micellar concentration) of 1.5% and a surface tension of 25.92 mN/m [31].



Another genus that is present in both samples and that has biosurfactant potential is Citrobacter. A strain of Citrobacter isolated from capable engine oil-contaminated soil was able to produce biosurfactants, which are of interest in many environmental and industrial applications, such as bioremediation processes and improved oil recovery [32]. Furthermore, Anaukwu et al. (2021) [33] observed that the capacity of Citrobacter murliniae to produce biosurfactants using Olive Oil as a carbon source obtained an emulsification index (E24) of 66.67% and an oil displacement diameter of 1.8 cm.



The genus Acinetobacter of the Moraxellacea family was also frequent in the Orange samples. Acinetobacter has several industrial applications, such as the bioremediation of wastewater and effluents, degradation of petrochemical products, production of biopolymers and biosurfactants [34]. Ohadi et al. (2017), who optimized the production of biosurfactants by an Acinetobacter junii, found a surface tension reduction to 45 mN/m after 48 h of incubation and 51% emulsification [35].



The taxonomic analysis showed that the enriched samples of Orange and Mango share the most abundant families and genera in common, which shows the similarity in the microbiota of the fruits. Moreover, the microbiota described in the present study was reported previously in the literature as associated with biosurfactant production. Thus, we can consider these enriched fruit residues as promising sources for the isolation of microorganisms.



In general, the specific metabolisms of the KEGG Orthology were found to be related to the production of different types of biosurfactants. Ten genes related to fatty acid metabolism were predicted that participate in one of the metabolic pathways involved in the synthesis of precursors for the production of biosurfactants, which is a precursor for the synthesis of lipids. The enzyme Enoyl-CoA hydratase is essential for fatty acid metabolism, in beta oxidationto produce both acetyl-CoA and energy in the form of ATP. Some prokaryotes are able to incorporate fatty acid directly in order to produce a biosurfactant [36,37].



Rhamnolipid biosynthesis was the second most common metabolism among the samples in this study, and Stenotrophomonas was the only genus assigned to this group of genes (Figure 4). Ryan et al. (2009) highlight that the Stenotrophomonas species have genes rmlB, rmlA, rmlC and rmlD, which encode the enzymes involved in lipopolysaccharide and exopolysaccharide biosynthesis, and which are bacteria with the potential to be bioremediation agents [38].



Three genes related to hydrocarbon metabolism (adh, ldh and hpaD) were predicted to be more associated with Klebsiella (Mango) and Enterobacter (Orange). Alcohol Dehydrogenase (adh), Lactate Dehydrogenase (ldh) and 2,3-dioxygenase (hpaD) are enzymes that play an important role in the biodegradation of hydrocarbons. Another gene that was predicted in our study was the Sfp (Phoshopantetheinyl transferase), which is fundamental for the biosynthesis of the lipopeptide biosurfactant [39]. In addition, we found licA3, a more specific gene related to the production of a type of biosurfactant lipopeptide (lichenysin). Coronel et al. (2017) [40] showed that lichenysins produced by Bacillus licheniformis are anionic lipopeptide biosurfactants with cytotoxic, antimicrobial and hemolytic activities that have enormous potential for chemical and biological applications [37,38,39,40,41].



In addition, the functional genes for trehalolipid biosynthesis were also predicted in smaller proportions, but they are present in several genera of the samples. Trehalolipids are excellent emulsifying compounds with applications in microbial oil recovery and oil spill treatment and are mainly produced by strains of the genus Rhodococcus [42,43]. In our study, we found genes for the biosynthesis of trehalolipids in five genera present in the samples: Stenotrophomonas, Serratia, Klebsiella, Enterobacter and Acinetobacter.




5. Conclusions


The taxonomic analysis and functional prediction provided in our samples were described in several studies that isolated biosurfactant-producing bacteria in already known environments, showing the potential of the bacteria isolated from fruits for biotechnological use. In addition, several specific genes for the biosynthesis of biosurfactants were predicted, showing the potential of the genera found in the enriched Mango and enriched Orange samples. The microbiota associated with the genes predicted in this work are known and described in the literature as good producers of biosurfactants, emphasizing that this study on the microbial diversity of enriched orange and mango residues is essential for future research that seeks to isolate bacteria with biosurfactant potential.
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Figure 1. Principal Coordinate Analysis (PCoA) of beta diversity using a Bray–Curtis and Jaccard distance from microbial communities of fruits (Mango and Orange) and their technical replicates, represented in a non-metric multidimensional scaling (NMDS). The blue and green dots refer to the Mangoes and their replicates. The pink and purple triangles refer to the Oranges and their replicates. 
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Figure 2. Taxonomic profile of the microbiota present in the enriched Mango and Orange samples analyzed by 16S rRNA gene sequencing by relative abundance (%): (A) family level and (B) genus level. Data were normalized from the sample with the lowest number of reads. 
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Figure 3. Graphics generated using STAMP software. (A) Principal Component Analysis (PCA) between Orange and Mango predicted functional profiles and (B) General pathways related to biosurfactant biosynthesis predicted in the microbiota present in enriched Mango and Orange samples. 
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Figure 4. Metabolic activities from specific pathways related to the production of biosurfactants associated with the 10 most abundant genera. 
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Table 1. Abundance (%) of predicted gene clusters in enriched fruit samples related to the production of biosurfactants.
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	Biosurfactant Relation Metabolism
	Mango Abundance (%)
	Orange Abundance (%)





	Fatty acid metabolism
	51.94
	53.64



	Rhamnolipids biosynthesis
	11.85
	12.92



	Lipopolysaccharide biosynthesis
	7.17
	7.37



	Lichenysin Biosynthesis
	6.92
	4.29



	Hydrocarbon metabolism
	4.96
	3.34



	Iturin family biosynthesis
	4.46
	4.63



	Lipid metabolism
	3.65
	3.65



	Trehalolipids biosynthesis
	3.53
	3.63



	Biosynthesis of secondary metabolites
	3.50
	3.50



	Lipopeptide biosynthesis
	2.00
	3.00



	Surfactin production
	0.02
	0.00
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