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Editorial on the Research Topic
 Novel research on metabolites secreted by gram-positive bacteria




Bacteria play essential roles in nature and have a ubiquitous distribution. Their mutualistic, commensal, and parasitic associations with humans, animals, fungi, and plants have been extensively documented. Many of these synergistic interactions are mediated by biomolecules they secrete, which are of industrial and pharmaceutical interests. Bacteria are classified as Gram-positive or Gram-negative based primarily on their cell wall structure. Gram-positive bacteria secrete metabolites directly into culture media, facilitating rapid recovery for downstream applications. The papers presented in “Novel research on metabolites secreted by gram-positive bacteria” include original research, reviews, and in silico analyses of compounds with antimicrobial and bioactive properties produced by Gram-positive bacteria from different ecological niches.

In the first paper, In silico Prediction and Exploration of Potential Bacteriocin Gene Clusters Within the Bacterial Genus Geobacillus, Egan et al. utilized the BAGEL3 software to scan publicly available genomes that harbor putative bacteriocin gene clusters. They identified the endospore-forming genus Geobacillus as a potential source of novel bacteriocins that could have commercial and therapeutic value in treating antibiotic-resistant bacteria of clinical significance.

Recognized as probiotic bacteria, the ability of Lactococcus and Lactobacillus species to support immune balance and gut epithelial integrity is of crucial interest. Sokovic Bajic et al. showed that Lactobacillus brevis BGZLS10-17, a strain isolated from Zlatar cheese, can produce high levels of gamma amino butyric acid (GABA) and reduced adhesion of Salmonella enterica and Escherichia coli to colonocyte-like Caco-2 cells. Additionally, the monolayer of differentiated Caco-2 cells treated with GABA-containing supernatants alleviated an inflammatory response and increased the production of tight junction proteins. Their findings demonstrated the possibility of developing novel functional dairy products and beverages that can be useful in modulating and suppressing immunological responses that give rise to clinically significant inflammatory conditions in the digestive system.

One of the technical problems associated with acquiring sufficient bacteriocins for basic and applied studies is that they are synthesized in low amounts by the native producer strains. Within the Lactococcus group, Telke et al. reported that Lactococcus garvieae KS1546 produces a bacteriocin called Garvicin, that is active against clinically significant bacteria. By combining different strategies, including genetic engineering, and modifying culture media and conditions, they produced a KS1546 strain that exhibited a 2000-fold increase in Garvicin synthesis.

Optimizing the growth of beneficial microbes in natural niches using “helper” microbes is also of significant interest. Toward this end, Xu et al. showed that adding Lactobacillus plantarum and L. buchneri to corn silage favored the proliferation of native beneficial Lactobacillus species while suppressing the growth of other species. Interestingly, the study also showed that corn silage treated with L. plantarum and L. buchneri increased metabolite yields of antimicrobial and antioxidant activities and bioactive compounds that can reduce cholesterol and help control depression.

Another intriguing microbial group is represented by Bacillus spp., which produces metabolites of interest to the food, pharmaceutical, and veterinary industries. Taking this into account, Caulier et al. provide a timely review of antimicrobial metabolites produced by the Bacillus subtilis group and propose a classification system based on the biosynthetic pathways, i.e., ribosomal peptides (RPs), non-ribosomal peptides (NRPs), volatiles, polyketides (PKs), compounds, and hybrids between PKs and NRPs, and the chemical nature of these microbes.

In addition to antimicrobials, Bacillus and actinobacteria species synthesize compounds beneficial to plants, and their symbiotic interactions with plants result in the generation of biomolecules with broad applications. In their paper titled, Bioactive products from plant-endophytic gram-positive bacteria, Ek-Ramos et al. provide a comprehensive review of metabolites produced by Bacillus and actinobacteria endophytes. These metabolites include aromatic compounds, lipopeptides, plant hormones involved in promoting plant growth, polysaccharides, enzymes, and other compounds that potentially have applied use in agriculture and human and veterinary medicine.

Compared to hydrated biomes, relatively fewer studies have been conducted on microbial competition in arid soils. The study by Nasfi et al. found that the dominant species in arid rhizosphere soil were Bacillus sp. Interestingly, 93% of the isolates were active against Gram-positive and Gram-negative bacteria. Among these isolates was Bacillus sp. M2 that showed promising antimicrobial activities against Gram-negative bacteria. The inhibitory activity was attributed to the organic compound 1-acetyl-β-carboline, which also has antitumor, antiviral, and antiparasitic properties. Bacillus sp. M2 also produced fungicides such as bacillomycin, fengycin and surfactins, which could be helpful in controlling other organisms. Regarding the latter, Rodriguez et al. showed that Bacillus atrophaeus produces lipopeptides, including surfactins, fengycins, and bacillomycins that damage the cuticle membrane and decrease the foraging capability of Rhopalosiphum padi, an aphid that elicit significant economic losses to cereal crops.

Gram-positive bacteria can also be used as microbial cell factories to produce metabolic precursors of biomolecules that can treat human diseases such as cancer. Abdallah et al. successfully produced taxadiene, a precursor of taxol, through metabolic engineering of B. subtilis 168 by transforming this strain to produce taxadiene synthetase (TXS). TXS converts geranylgeranyl pyrophosphate (GGPP) to taxa-4,11-diene. Moreover, by further engineering the TXS-producing B. subtilis to express the ispA and crtE genes and a synthetic operon that increases the supply and flux of the GGPP precursor, they increased the production of taxadiene 81-fold. Finally, small molecules, such as pipecolic acid or L-PA, have gained importance in the pharmaceutical and chemical industries, as these compounds are important in synthesizing specific amino acids, neurotransmitters, and in plant immune defenses against bacterial pathogens. These metabolites can be synthesized in Corynebacterium glutamicum. Understanding L-PA's physiological function in microbial factories is essential to the commercial development of these microbial factories. Pérez-Garcia et al. showed that the external addition of L-AP to a culture medium or its de novo synthesis is advantageous for bacterial growth under hyper-osmotic stress conditions and that proline permease ProP and the mechanosensitive channel YggB are involved in the export and import of L-PA.


Conclusion

In conclusion, Gram-positive bacteria continue to be a resource for secreted biomolecules, including antimicrobial metabolites, lipopeptides, metabolites (GABA, 1-acetyl-β-carboline), and organic acids, which not only naturally influence the establishment and maintenance of diverse ecological niches, but also for multiple applications in human and animal health, plant crop protection, and the food industry. Current developments in genetic manipulations focused on engineering Gram-positive bacteria to be used as microbial factories to express proteins or metabolites with biotechnological applications are intriguing. Indeed, synthetic biology will prove to be indispensable in translational endeavors. Although this Research Topic highlighted, arguably, of the most significant resource species, i.e., Lactococcus, Lactobacillus, and Bacillus, it is clear that current and future exploration of less studied microbes, including Geobacillus, will undoubtedly identify novel metabolites secreted by a broad range of Gram-positive bacteria that can be exploited for applied purposes.



Author contributions

JB-C and DB wrote the editorial. All authors contributed to the article and approved the submitted version.




Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.












	
	ORIGINAL RESEARCH
published: 20 September 2018
doi: 10.3389/fmicb.2018.02116






[image: image2]

In silico Prediction and Exploration of Potential Bacteriocin Gene Clusters Within the Bacterial Genus Geobacillus


Kevin Egan1, Des Field1,2, R. Paul Ross1,2, Paul D. Cotter2,3 and Colin Hill1,2*


1School of Microbiology, University College, Cork, Ireland

2APC Microbiome Institute, Cork, Cork, Ireland

3Teagasc Food Research Centre, Moorepark, Fermoy, Co., Cork, Ireland

Edited by:
José E. Barboza-Corona, Universidad de Guanajuato, Mexico

Reviewed by:
Gustavo Hernandez Guzman, Universidad de Guanajuato, Mexico
 Jin Zhong, State Key Laboratory of Microbial Resources, Institute of Microbiology (CAS), China
 Agustino Martínez Antonio, Unidad Irapuato (CINVESTAV), Mexico

* Correspondence: Colin Hill, c.hill@ucc.ie

Specialty section: This article was submitted to Microbiotechnology, Ecotoxicology and Bioremediation, a section of the journal Frontiers in Microbiology

Received: 20 June 2018
 Accepted: 20 August 2018
 Published: 20 September 2018

Citation: Egan K, Field D, Ross RP, Cotter PD and Hill C (2018) In silico Prediction and Exploration of Potential Bacteriocin Gene Clusters Within the Bacterial Genus Geobacillus. Front. Microbiol. 9:2116. doi: 10.3389/fmicb.2018.02116



The thermophilic, endospore-forming genus of Geobacillus has historically been associated with spoilage of canned food. However, in recent years it has become the subject of much attention due its biotechnological potential in areas such as enzyme and biofuel applications. One aspect of this genus that has not been fully explored or realized is its use as a source of novel forms of the ribosomally synthesized antimicrobial peptides known as bacteriocins. To date only two bacteriocins have been fully characterized within this genus, i.e., Geobacillin I and II, with only a small number of others partially characterized. Here we bioinformatically investigate the potential of this genus as a source of novel bacteriocins through the use of the in silico screening software BAGEL3, which scans publically available genomes for potential bacteriocin gene clusters. In this study we examined the association of bacteriocin gene presence with niche and phylogenetic position within the genus. We also identified a number of candidates from multiple bacteriocin classes which may be promising antimicrobial candidates when investigated in vitro in future studies.

Keywords: bacteriocin, antimicrobial, bioinformatics, in silico screen, Geobacillus


INTRODUCTION

The genus Geobacillus is composed of thermophillic, rod shaped, spore-forming, aerobic or facultative anaerobic bacteria. Their defining feature is their ability to grow at elevated temperatures of up to 80°C, with most isolates having growth temperature optima between 45° and 70°C (Nazina et al., 2001; Zeigler, 2014). Their sporulating nature makes their presence particularly challenging in food as they may survive intensive thermal processing methods and germinate when optimum conditions exist at a later period (Egan et al., 2016). In recent years this genus has attracted ever greater attention due an increased appreciation of its biotechnological potential, e.g., as sources of thermostable enzymes, as well as the biofuel and bioremediation industries (Cripps et al., 2009; Hussein et al., 2015; Kananavičiūtė and Citavičius, 2015; Studholme, 2015). One application of Geobacillus which has not yet been fully explored relates to their usefulness as a source of novel and highly potent antimicrobial peptides called bacteriocins.

Bacteriocins are ribosomally synthesized, narrow or broad-spectrum, antimicrobial peptides produced by bacteria. They can be broadly classified into three classes: class I post translationally modified, class II unmodified and class III <10 kDa in size (Arnison et al., 2013; Cotter et al., 2013). In past decades bacteriocins have been isolated primarily from lactic acid bacteria (LAB) due to their generally recognized as safe (GRAS) status which allows them to be used in food (Cotter et al., 2005). With the widespread use of in silico screening (Marsh et al., 2010; Azevedo et al., 2015; Walsh et al., 2015; Collins et al., 2017) and large culture based screening projects (Rea et al., 2010), bacteriocin candidates have been identified from alternative bacterial genera isolated from environmental, food or clinical samples. However, relatively few Geobacillus-associated bacteriocins have been identified to date (Pokusaeva et al., 2009; Garg et al., 2012; Özdemir and Biyik, 2012; Alkhalili et al., 2016), with very little genetic or structural information available with respect to these peptides. Geobacillin I and II represent the only two well characterized lantibiotic (class I) bacteriocins from this genus, with a large amount of information available with regard to antimicrobial spectrum, physiochemical characteristics and genetic determinants (Garg et al., 2012).

In silico screening of bacterial genomes for novel bacteriocins has become a staple element of bacteriocin discovery and characterisation over the past decade. Its widespread use and popularity has been driven by its ability to reduce time and cost relative to culture based bacteriocin screening studies. First generation in silico screening of bacterial genomes required the use of “driver genes” to predict potential new bacteriocin genes within genomes (Begley et al., 2009; Marsh et al., 2010). However, in recent years the bacteriocin prediction software BAGEL3 (van Heel et al., 2013) has become the tool of choice for in silico bacteriocin discovery. BAGEL3 searches bacterial genomes in DNA FASTA format using two different approaches to discover new bacteriocins, i.e., (1) detection of bacteriocin structural genes and (2) detecting other genes commonly associated with bacteriocin production. Those bacteriocins which are identified using both approaches are compared and filtered to remove duplicate candidates. Furthermore this software can be supplemented with traditional “driver gene” in silico screening or even with other programs such as antismash 3.0, which can detect other classes of antimicrobial peptides such as Non-Ribosomal PolyKetide (NRPK) antimicrobials (Weber et al., 2015).

This study set out to use BAGEL3 (van Heel et al., 2013) to perform an in silico screen of publically available Geobacillus genomes in an attempt to identify bacteriocin candidates for future in vitro experiments. The specific objectives were to (1) identify potential structural peptides within Geobacillus genomes; (2) investigate the possibility of a relationship between genome phylogenetic position and gene presence; and (3) examine any homology between structural peptide-encoding and surrounding genes with previously characterized bacteriocin gene clusters.



MATERIALS AND METHODS


Bacteriocin Identification and Visualization

Using the in silico bacteriocin prediction tool BAGEL3 (van Heel et al., 2013), genome sequences belonging to the genus Geobacillus (Table 1) were aquired and analyzed. Amino acid sequences of all 16 class III bacteriocins were aquired from Bactibase (Hammami et al., 2007) and aligned against the genomes as driver sequences using blastP (Altschul et al., 1990). Where necessary NisP (NCBI protein ID: AAA25200.1) and NisT (NCBI protein ID: AAA25191.1) driver sequences were used to seek and identify LanT and LanP-determinants in genome sequences. Those bacteriocin genes predicted were further visualized using Artemis genome visualization tool (Rutherford et al., 2000). Blastn and blastP (Altschul et al., 1990) were used to determine the % identities between putative peptides/genes and those accurately curated. Structural peptides were aligned using the Multiple Sequence Alignment (MSA) tool MUSCLE (Edgar, 2004) and then visualized using Jalview (Waterhouse et al., 2009). The previously generated MUSCLE peptide alignments were then input into the MEGA 7 software package (Kumar et al., 2016) for phylogenetic analysis. Using a neighbor-joining method, an unrooted phylogenetic tree was generated using a Jukes–Cantor method (Dukes and Cantor, 1969) and bootstrap replication values of 1,000 similarly to that by Zhang et al. (2015). In alignments where specific sequences contained no common sites, these were deleted. The resulting nexus tree files were exported to the interactive tree of life (itol) (Letunic and Bork, 2016) for graphical adjustment.



Table 1. List of Geobacillus genomes examined in this in silico screen.
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Phylogenetic Analysis of Geobacillus Species

Where available, 16S sequences were acquired from genbank, however if no 16S sequence was available the in silico prediction tool RNAmmer (Lagesen et al., 2007) was used. The B. cereus ATCC14579 16S sequence was selected as a root for the final version of the tree. All 16S sequences were then collated and aligned as before using the MSA tool MUSCLE (Edgar, 2004). The resulting alignment output was then input into MEGA 7 (Kumar et al., 2016). Similar to Cihan et al. (2011), a neighbor-joining tree was generated using bootstrap values based on 1,000 replications and the resulting nexus tree file was then input into the itol software (Letunic and Bork, 2016) for final graphic adjustments. Where no common sites were found for specific peptides in the generation of the phylogenetic tree they were not included in the phylogenetic arrangement. The strains which had nether pre-determined or non-predictable 16S rRNA sequences were excluded from the overall study. The bacteriocin predictions by BAGEL3 were subsequently overlaid onto the phylogenetic tree using microsoft Powerpoint.




RESULTS


Bacteriocin Cluster Distribution Across the Genus of Geobacillus

This study sets out to use an in silico approach to determine both the prevalence and diversity of bacteriocin gene clusters within the genus Geobacillus. Utilizing the genome sequences available in the public databases, 67 genomes (Table 1) representing 12 Geobacillus species, including galactosidius, iciganius, jerrasicus, kaustophilus, liticanus, stearothermophilus, subterraneus, thermogalactosidius, thermoleovorans, thermocatenulatus, uziensis and vulcani were analyzed. This screen resulted in the prediction of 88 bacteriocin gene clusters, of which 2 matched the previously characterized Geobacillin I and II (Garg et al., 2012) discovered in Geobacillus thermodenitrificans NG80-2. The other 86 clusters represented potentially novel bacteriocin candidates belonging to class I (modified) and class II (unmodified) bacteriocin families. When characterized class III bacteriocins were used as “driver” sequences and blasted against the entire Geobacillus genome database, no homologies were found. Furthermore no class III bacteriocins were predicted by BAGEL3.

In order to reveal associations between bacteriocin cluster gene presence within genomes and their phylogenetic position within the overall Geobacillus genus, we superimposed the BAGEL3 bacteriocin predictions onto a Geobacillus neighbor-joining phylogentic tree constructed from 16S rRNA sequences. Where possible, 16S rRNA sequences previously determined before whole genome sequencing (WGS) were used to construct the tree. However where no sequence was available, the 16S rRNA genes were predicted using in silico prediction software RNAmmer (Lagesen et al., 2007). Here we can see that bacteriocin clusters are both diverse and common across those genomes examined in this study (Figure 1). While lantibiotics and circular bacteriocin clusters are spread across the whole genus, Linear Azole-containing Peptides (LAPs), are associated with those strains for which a species has been designated but cluster closely with the species G. galactosidius and G. thermodenitrificans. A higher frequency of sactibiotics can also been seen within the species G. stearothermophilus but these are also present in other species. Furthermore, there are a number of strains included whose genomes have not been fully sequenced and therefore it is not possible to state definitively that alternative bacteriocin clusters are absent from these genomes other than those predicted in this screen.


[image: image]

FIGURE 1. Phylogenetic arrangement of Geobacillus genomes investigated in this study. The BAGEL3 peptide predictions are overlaid in order to examine associations between bacteriocin gene presence and position within the Geobacillus phylogenetic arrangement.



Similarly to Walsh et al. (2015), the homology of predicted Potential Bacteriocin Gene Clusters (PBGCs) to existing genes and the arrangement of those genes was examined. Below we group PBGCs by bacteriocin class. These arrangements will display only those genes whose function is predicted to be involved in bacteriocin bioactivity and not those genes of unknown function that exist within these clusters.



Class I Bacteriocins

Lantibiotics

Twenty-nine putative lantibiotic gene clusters within 18 genomes were identified by BAGEL3 as part of this genome led bacteriocin screen (Figure 2). Lantibiotics belong to class I bacteriocins, which undergo significant post-translational modifications. These peptides are small and usually contain thioether internal bridges due to the interaction of dehydroalanine or dehydrobutyrine with intrapeptide cysteines, resulting in the formation of lanthionine or β-methyllanthionine residues. The structural gene (LanA) typically encodes a leader at the N-terminal of the prepeptide, which is transported across the cell membrane by LanT, then cleaved by LanP. The Post Translational Modification (PTM) enzyme LanB catalyzes the dehydration of amino acids, while LanC catalyzes thioether formation. The two component regulatory system genes, lanR and lanK, encode a response regulator and histidine kinase, respectively (Marsh et al., 2010; Draper et al., 2015; Field et al., 2015). While there are other PTM enzymes associated with lantibiotics they were not observed in this study so will not be described further, but they are discussed in greater detail elsewhere (McAuliffe et al., 2001).


[image: image]

FIGURE 2. Multiple Sequence Alignment (MSA) of those lantibiotic peptides predicted. In some genomes multiple peptides were predicted within a single bacteriocin cluster and were therefore included as part of this alignment.



The lantibiotics predicted in this study (Figure 2) were grouped according to their amino acid similarity. Grouping the predicted peptides in this way facilitates a comparison with characterized bacteriocins in Bactibase (Hammami et al., 2007). When aligned with the Bactibase bacteriocin peptide database the following highest homology hits was seen for each peptide group; Group 1: no hits; Group 2: 98% similarity to Geobacillin I; Group 3: no hits; Group 4: 12% similarity to LsbB; Group 5: 19% identity to nisin U; Group 6: 16% identity to nisin U; Group 7: 25% identity to nisin U; Group 8: 100% identity to Geobacillin I; Group 9: 5% identical to cinnamycin; Group 10: no hits. Furthermore, a phylogenetic analysis of those predicted peptides was carried out (Figure S1) resulting in the arrangement of 5 phylogroups. Phylogroups 1, 3, 4, and 5 were relatively homogenous showing little evolutionary distance between the group nodes. Phylogroup 2 however displayed a larger level of heterogenity with large evolutionary distances existing between the various nodes of the group.

The putative lantibiotics discovered consisted of 7 PBGCs (Figure 3) with some containing multiple peptide candidates per PBGC (Figure 2). These PBGCs were then typed according to their cluster structure so they could be easily compared with one another. The first cluster (lantibiotic cluster type 1) was contained within 9 genomes (Geobacillus sp. 1017, G. thermocatenulatus KTCT3921, G. thermodenitrificans KCTC3902, Geobacillus sp. PA-3, Geobacillus sp. Lemmy01, G. kaustophilus NBRC102445, G. thermoleovorans B23, G. thermodenitrificans DSM465, G. thermocatenulatus BGSC93A1). It consisted of genes predicted to encode a LanB, LanT, LanC, LanR and LanK consecutively and is similar to the Geobacillin I cluster with regard to its gene makeup. However, within this cluster structure, the predicted lantibiotic peptides were not completely homologous, showing differences in their amino acid composition (Figure 2). Additionally two adjacent lantibiotic peptides were predicted within this cluster type for the genomes: G. thermocatenulatus KTCT3921, G. thermocatenulatus BGSC 93A1 G. thermoleovorans B23 and G. kaustophilus NBRC102445. There were a number of exceptions to this general cluster structure: G. thermoleovorans CCB US3 UF5 and G. litanicus N3 lacked a LanK-determinant (lantibiotic cluster type 2), while Geobacillus sp. JS12 contained an extra LanC-encoding gene (lantibiotic cluster type 3). G. thermoleovorans CCB US3 UF5 encodes two peptides within this cluster type and they are located adjacent to each other. Geobacillus sp. 44C (Lantibiotic cluster type 4) encodes an identical peptide to G. galactosidius DSM18751 (lantibiotic type 5), but the PBGC of G. galactosidius DSM 18751 contains an additional ABC transporter after the LanC homolog. The genome for Geobacillus sp. G11MC16 is predicted to encode three LanA peptides. The first and second peptides are encoded within a distinct cluster from the third. These two peptides are within a cluster that also contains genes predicted to encode a PD2_2 homolog, sigma70, structural peptide, a LanM and LanT homolog (lantibiotic cluster type 6). The third putative peptide-encoding gene is not within an obvious PBGC, but is encoded 10kbs downstream of a region predicted to encode PTM enzymes SpaB-C, ABC transporter, LanC, LanR, and LanK. The peptide predicted to be encoded by Geobacillus sp. FW23 is within a cluster consisting of genes predicted to encode a LanB, LanT, LanC, structural peptide and response regulator (lantibiotic cluster type 7).
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FIGURE 3. Lantibiotic cluster types predicted by BAGEL3.



There were two putative LanAs encoded within the genome of G. kaustophilus HTA426. The gene corresponding to the first peptide was located upstream of three ABC transporter-determinants, while the gene corresponding to the second peptide was downstream of these three genes. There was a putative LanC and a further ABC transporter encoded approximately 10 kbs downstream from these predicted structural peptides which appear to exist within a neighboring gene cluster. However, no corresponding LanA-encoding gene was detected. The genome for Geobacillus sp. ZGt1 was predicted to encode one LanA that is situated upstream of two ABC transporter-encoding genes. However, the nearest putative LanB, ABC transporter and LanC determinants are located 10 kbs upstream of these genes. Finally NisP driver sequences were aligned against all genomes containing lantibiotics, however there were no definitive results which indicted the presence of these determinants.

Sactipeptides

Sactibiotics, like lantibiotics, are post-translationally modified and thus are a subclass of class I bacteriocins. These post-translational modifications take place in the form of intramolecular bridges of cysteine sulfur to α-carbon linkages (Mathur et al., 2015). 20 sactibiotics peptides were predicted within 17 Geobacillus genomes as part of this in silico screen (Figure 4). No conservation of amino acid residues was observed when these peptides were aligned with known sactibiotic structural peptides. Furthermore when these predicted peptides were aligned against the Bactibase bacteriocin peptide database (Hammami et al., 2007), no strong homologies with existing sactibiotics were found. Furthermore when a phylogenetic analysis of the predicted peptides (Figure S2) was carried out 3 phylogroups were observed. Phylogroup 1 contained the Trnα peptide while phylogroup 3 contained all other previously characterized sactibiotic peptides. Phylogroup 2 however did not contain any of the previously characterized sactibiotics.
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FIGURE 4. MSA alignment of Sactibiotic peptides predicted by BAGEL3 with characterized sactibiotic peptides.



When the sactibiotic biosynthetic gene clusters were further investigated, it was seen that 8 different types of predicted sactibiotic gene clusters were encoded within the Geobacillus genomes (Figure 5). The putative G. stearothermophilus A1, Geobacillus sp. GS27, Geobacillus sp. 47-IIb, Geobacillus sp. Sah69, Geobacillus sp. 44C, G. stearothermophilus ATCC 12980, G. stearothermophilus P3 and Geobacillus sp. BC02 SacA-determinants were all located upstream of a putative PTM enzyme SacCD-encoding gene (sactibiotic cluster type 1). Geobacillus sp. Lemmy 01 contained putative SacCD, LanK, LanR and LanD-encoding genes (sactibiotic cluster type 2). G. jerrasicus 107829 contained putative SacCD and LanD-determinants (cluster type 3). Geobacillus sp. CAMR12793 and G. stearothermophilus B4114 genomes encoded putative SacCD and an ABC transporter-determinants (Sactibiotic cluster type 4). Geobacillus sp. PA-3 contains putative SacCD, two ABC transporters and a Radical SAM enzyme-determinants (sactibiotic cluster type 5). The genomes for Geobacillus sp. 12AMOR1 and G. kaustophilus et2/3 contain putative SacCD and a radical sam enzyme-determinants (sactibiotic cluster type 6). G. stearothermophilus D1 and G. stearotherophilus A1 are predicted to encode peptides located downstream of a SacCD enzyme-determinant (cluster type 7).
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FIGURE 5. Sactibiotic cluster types predicted by BAGEL3.



The G. stearothermophilus 10 genome encoded a predicted structural peptide, radical SAM and two ABC transporters. While the structural peptide was encoded on the positive strand of the genome the two secondary enzymes were encoded on the negative strand and therefore are not part of the same operon but could however be part of this PBGC. A second putative sactibiotic gene cluster, predicted to be encoded within the G. stearothermophilus D1 genome, contains a structural peptide and SacCD enzyme-determinant, which are separated by 13 genes. The genome of Geobacillus sp. GS27 was predicted to encode a second sactibiotic peptide other than that predicted previously, however the SacCD-determinant driving this prediction was located on the opposite strand so is not encoded within the same operon but could still be part of the PBGC.

Linear Azole Containing Peptides (LAPs)

Linear Azole containing Peptides (LAPs) are another subclass of class I bacteriocins that are distinguished by virtue of containing a variety of heterocyclic rings of thiazole and (methyl)oxazole. These are formed through an ATP-dependant cyclodehydration and further flavin mononucleotide-dependant dehydrogenation of the amino acid residues cysteine, serine and threonine. The most notable of the LAPs is streptolysin S, which is modified by the cyclodehydratase SagCD (Melby et al., 2011; Cox et al., 2015; Alvarez-Sieiro et al., 2016). Six putative LAPs were identified in six Geobacillus genomes (Figure 6), five of which were identified in those strains for which a species was not assigned. These peptides did not return any strong homologies to known LAPs or other bacteriocins when aligned against the bactibase bacteriocin database (Hammami et al., 2007). When a phylogenetic analysis of the predicted LAP peptides was performed (Figure S3), 3 phylogroups were observed, each consisting of two nodes.
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FIGURE 6. Linear Azole containing peptides predicted by BAGEL3.



Five out of six peptides (Figure 7) are contained within a gene cluster containing a structural peptide followed by a SagD-like and SagB-like determinants (LAP cluster type 1). For Geobacillus sp. B4113, the only gene which is predicted to be involved in the PTM of the associated peptide is a cyclodehydration enzyme-determinant upstream of the structural peptide (LAP cluster type 2). There is a LapBotD enzyme-derminant on the opposite strand which is close to the structural peptide, so while it is not part of the same operon it may still be part of this PBGC.
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FIGURE 7. Linear Azole containing peptides (LAPs) cluster types predicted by BAGEL3.





Class II Bacteriocins

Circular (a)

Circular bacteriocins belong to class IIc bacteriocins and are characterized primarily by the C to N terminal covalent linkage. They are known for their proteolytic, heat and pH resistance along with their size of 5.6–7.2 kDa, however to date only a handful have been characterized (Gabrielsen et al., 2014). Recently in silico software has been used to predict a new circular bacteriocin pumilarin (van Heel et al., 2017) and assisted in the characterisation of plantaricyclin from WGS data (Borrero et al., 2017).

Thirty-one circular peptides were predicted within 29 genomes in this screen (Figure 8). These peptides displayed a weak homology (~30–40%) to known circular peptides when aligned against the bacteriocin database bactibase (Hammami et al., 2007). Five phylogroups were observed when a phylogenetic analysis of the peptides was performed (Figure S4). Three peptides from the strains G. kaustophilus Et7/4, G. kaustophilus Et2/3 and G. stearothermophilus 10 were not included in the phylogenetic tree due to the absence of common sites. While circular peptides have been predicted recently within the genomes of Geobacillus (van Heel et al., 2017), they have not been examined in terms of those genes which surround their structural peptide. For those circular structural peptides predicted within the genus, there are 6 general gene cluster structures (Figure 9). The genomes of G. stearothermophilus B4114, G. stearothermophilus GS27, G. stearothermophilus B4109, G. stearothermophilus 10, G. stearothermophilus ATCC12980, G. stearothermophilus A1, G. stearothermophilus ATCC7953, G. stearothermophilus P3, Geobacillus sp. 4113, Geobacillus sp. T6, Geobacillus sp. Y4.MC52, G. thermocatenulatus KTCT3921, G. thermocatenulatus BGSC93A1, G. stearothermophilus DSM458, G. subterraneus PSS2 and Geobacillus sp. Y412MC61 contain a cluster predicted to encode a structural peptide, a modification gene and two ABC transporter-determinants (Circular cluster type 1). The genomes of Geobacillus sp. JS12, Geobacillus sp. C56-T3, Geobacillus sp. LC300, G. kaustophilus Gbly and G. thermoleovorans CCB US3 UF5 contain a structural peptide gene, a modification gene, two ABC transporter genes and an additional 3 genes further downstream, putative LanK and Sigma5 determinants (circular cluster type 2). While it is unclear what role these gene products could play in the activity of the structural peptide, we do know that these genes are homologs of lantibiotic regulation machinery. The Geobacillus sp. BCO2 genome is predicted to encode a structural peptide and three ABC transporter-determinants (circular cluster type 3). Geobacillus sp. CAMR12739 is predicted to encode a structural peptide, a modification protein and three ABC transporter-determinants (circular cluster type 4). G. kaustophilus Et7/4 encodes a structural peptide and an ABC transporter-determinants (circular cluster type 5). The genome of G. kaustophilus Et7/4 encodes a modification and an ABC transporter-determinant following the structural peptide (circular cluster type 6).
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FIGURE 8. MSA of circular peptides predicted by BAGEL3.
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FIGURE 9. Circular (a) cluster types predicted by BAGEL3.



Circular (b)

There were an additional 5 identical circular peptides predicted (Figure 10) that had distinctly different amino acid sequences to the group a circular peptides described above and therefore were designated as a separate group. When aligned against the bacteriocin database bactibase these circular peptides displayed low homology of 17% to lacticin 481. Four of these predicted peptides were encoded within the genomes of G. kaustophilus HTA426, G. thermoleovorans N7, G. kaustophilus Gblys, Geobacillus sp. CAMR12739, Geobacillus sp. LC300. These circular peptides (Figure 11) were predicted to be encoded within the previously described type 2 circular PBGC (Figure 9). These structural genes were the last genes encoded within the cluster after the putative modification, 2 ABC transporters, LanK and Sigma 5 determinants (circular (b) cluster stype 1). It is unclear if these genes have any functional role within this cluster due to a lack of any strong amino acid similarity to known bacteriocins such as to circularin (Kawai et al., 2004) and enterocin AS-48 (Grande Burgos et al., 2014), however they could represent a family of potentially novel bacteriocins which may merit further in vitro testing.
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FIGURE 10. Circular peptides (b) predicted by BAGEL.
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FIGURE 11. Circular (b) cluster types predicted by BAGEL.



The structural peptide predicted to be encoded by Geobacillus sp. CAMR 12793 is located approximately 10 kbs downstream of the previously described type 4 circular (a) cluster (b). It was accompanied by upstream putative histidine kinase and response regulator determinants (circular (b) cluster type 2) (Figure 11). As before it is unclear whether this peptide would be biologically active in this gene cluster so it may merit further in vitro experimentation.

Non Circular Class II Bacteriocins

There were a number of non-circular class II bacteriocins predicted by BAGEL3 (Figure 12), which are heterogenous with regard to both their predicted amino acid composition and those genes predicted to be involved in their bioactivity (Figure 13). When a phylogenetic analysis was performed, 3 phylogroups were observed for these predicted peptides (Figure S5). The predicted peptide encoded within the genome of Geobacillus sp. Y4MC1 structural peptide is 54% identical to Lacticin Z, however it is located on the opposite strand to its predicted ABC transporters so it is unclear whether they may have a role in its production (class II cluster type 3). The G. stearothermophilus D1 predicted cluster contained a circularisation enzyme and two ABC transporters, meanwhile the predicted structural peptide could be potentially novel as it displayed no homology to any known bacteriocins (class II cluster type 2). The Geobacillus sp. Lemmy 01 putative peptide did not display any homology to known bacteriocins and its prediction as a class II peptide was most likely based on the presence of a circularisation gene-determinant located 16 genes downstream of the structural peptide (class II cluster type 4). G. stearothermophilus 10 is predicted to produce a class II unmodified peptide (class II cluster type 1), which is encoded before the previously described circular (a) cluster type 1 (Figure 9). It is unclear if either or both peptides are bioactive. G. litanicus N3 is predicted to encode a bacteriocin which is two genes upstream of a circularisation gene-determinant, however it has no further transport or modification genes associated with it (class II cluster type 5). G. vulcani PSS1 encodes a class II peptide with no homology to existing bacteriocins and is situated on the opposite strand to four ABC transporter and modification gene-determinants (class II cluster type 6).
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FIGURE 12. MSA of Class II bacteriocins predicted by BAGEL3.
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FIGURE 13. Class II cluster types predicted by BAGEL3.






DISCUSSION

Bacteriocin prospecting has typically been a long and expensive process, based on trial and error in order to isolate bacteriocin producing bacteria and then optimize their growth conditions for bacteriocin production and protein purification. Further characterisation of these bacteriocins then typically required the use of trained personnel to carry out High Performance Liquid Chromatography (HPLC), mass spectrometry and other steps. Since the advent of in silico screening this process of bacteriocin discovery has been significantly reduced in terms of time and cost. Indeed this technology allows the bioinformatician to characterize to a high level putative bacteriocin candidates in terms of their amino acid content, physiochemical characteristics and surrounding genes which may be related to its function. Interestingly, it is these elements which had previously been the most laborious and expensive elements of bacteriocin discovery. This ability to identify candidates in silico ultimately removes a large portion of this trial and error process as so much is known about the bacteriocin once it is produced in vitro.

This in silico screen resulted in the identification of 7 lantibiotic, 7 sactibiotic, 2 LAPs, and 8 circular and 6 class II PBGCs which are potentially novel. The putative bacteriocins identified through this in silico screening approach will require further investigation through in vitro experimentation. However, it was possible to study the genes surrounding the structural peptide to more accurately predict that the bacteriocin cluster was indeed likely to be functional. Notably, in some cases those genes predicted by BAGEL3 were situated within annotated genes and could be determined to be pseudogenes. This study serves to therefore validate and critically assess BAGEL3 as a tool for bacteriocin discovery which could be advantageous for future improvements. When we consider the report that 30-99% of bacteria produce at least one bacteriocin Riley and Wertz (2002), it does seem likely that this may also be the case for Geobacillus, though a more complete picture will not become apparent until in vitro experiments are carried out to validate the findings of this study. Within the genomes examined here, only 23 of 67 were completely sequenced genomes. Where a genome only contains a partially sequenced bacteriocin cluster BAGEL3 will likely return a bacteriocin hit due to its dual detection method, distinguishing both structural peptides and associated bacteriocin genes. In order to fully explore the potential of Geobacillus as a reservoir of bacteriocin discovery, the generation of complete assembled genome sequences would be advantageous. A more conclusive picture of its potential will be revealed when the magnitude of genome sequences reaches that of Lactobacillus, which was examined recently in silico for its bacteriocinogenic potential (Collins et al., 2017). It could be expected that over the next number of years the amount of completely sequenced Geobacillus genomes will increase due to the wealth of data generated by way of the widespread use of metagenomic sequencing technologies and the ease/lower cost of WGS which is enabled by third generation sequencing technologies, such as PacBio (Rhoads and Au, 2015) and or Oxford Nanopore (Lu et al., 2016) instruments, that allow for de novo genome assembly. With this expected increase in genome sequence data, associations between niche and bacteriocin presence could be investigated in the future.

In the case of lantibiotic peptide predictions, LanT-determinants were not however identified always by BAGEL3 and in most cases LanT-determinant identification was made possible through the alignment of putative ABC transporter-determinants and NisT driver sequences, highlighting the importance of using a hybrid approach of BAGEL and driver sequence homology searching to peptide prediction. Furthermore, a LanK-determinant was absent from a number of lantibiotic gene clusters yet was found in circular PBGCs predicted in the same genomes. It is unclear what role (if any) these LanK-determinants play in these lantibiotic PBGCs. Another interesting observation which merits further investigation was the absence of LanP-determinants from the Geobacillus genomes as was seen in the study of the geobacillin I and II biosynthetic genes (Garg et al., 2012). This could be due to effects of incomplete genome sequencing or perhaps the absence of LanP-homologs for peptide leader cleavage as seen in geobacillin I and II. Issues surrounding absent bacteriocin gene-determinants have however been overcome in various studies through the use of heterologous expression systems and such technology will be important for future validation of the various in-silico screening studies that have taken place to date (Piper et al., 2011; van Heel et al., 2016; Mesa-Pereira et al., 2017).

A common method of bacteriocin molecular mass size determination involves the use of Native Sodium Dodecyl Polyacrylamide Gel Electrophoresis (SDS-PAGE), where the protein preparation is loaded onto an SDS gel and subjected to electrophoresis. It is then washed and overlaid with agar containing a sensitive indicator bacteria. A zone of inhibition surrounding a protein band provides an estimation of its molecular mass when compared to a molecular-weight size marker or ladder. While we have seen this method used to estimate the molecular mass of a bacteriocin produced by Geobacillus sp. ZGt-1 of 15–20 kDa, no such class III bacteriocin was predicted within this genome in our in silico screen (Alkhalili et al., 2016). This may indicate the presence of a potentially highly novel class III bacteriocin within Geobacillus sp. ZGt-1 given the lack of homology to any known class III peptide, the presence of an uncommon gene cluster not identified in this study or the presence of another type of peptide antimicrobial other than a bacteriocin. Toebicin 218 is produced by G. stearothermophilus DSM22 with a molecular mass of 5.5 kDa (Özdemir and Biyik, 2012) and it is interesting to note that no bacteriocin was detected within this genome in the current study. Pokusaeva et al. (2009) used this method to estimate the size of bacteriocins produced by various G. stearothermophilus at 6.8, 5.6, 7.1, and 7.2 kDa. However, the genomes of these strains have not been sequenced and therefore the identity of potential bacteriocin candidates cannot be determined through bioinformatics. This is also the case for G. toebii HBB-247, that has been shown to produce a bacteriocin with an estimated mass of 38 kDa (Başbülbül Özdemir and Biyik, 2012; Özdemir and Biyik, 2012). There are a number of other bacteriocins of undetermined mass which have been characterized within Geobacillus prior to modern sequencing or mass spectrometry methods (Shafia, 1966; Yule and Barridge, 1976; Sharp et al., 1979; Fikes et al., 1983). Indeed, it is notable that there is a significant lack of mass spectrometry data for all Geobacillus-associated bacteriocins other than the lantibiotics Geobacillin I and II discovered within G. thermodenitrificans NG80-2.

While Geobacillus appears to represent a potential reservoir for novel bacteriocin discovery, its route to commercial application in food or medicine remains unclear. The nature of Geobacillus when in the form of a thermally resistant spore makes it difficult to remove once introduced into an processing environment (Egan et al., 2016). Furthermore, the associated high temperature growth requirements would translate to high processing and energy costs. Typically its direct addition to food, albeit a GRAS bacterial genus, is not applicable due to its history as a bacterial spoilage agent. Despite this, Geobacillus do already have applications in the biotechnology industry in a number of ways (such as biofuel and chemical production), so perhaps it is within this niche where bacteriocins produced by Geobacillus could be of commercial relevance. Additionally, these bacteria could serve as a platform for research into protein thermostability and as a source of not only heat stable bacteriocins but also post translational modification enzymes. Finally, with the oncoming antimicrobial resistance (AMR) crisis, humankind is looking outside of the traditional antimicrobial candidate reservoirs and increased investment in other classes of antimicrobials such as defensins (Oppedijk et al., 2015) are visibly apparent. Given the abundance of potentially novel bacteriocins identified by this study, Geobacillus spp. could yet develop their full potential as a source of new peptide structures with enhanced functionality.
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Arid regions show relatively fewer species in comparison to better-watered biomes, but the competition for the few nutrients is very distinct. Here, in total 373 bacterial strains were isolated from rhizospheric soils obtained from three different sampling sites in Tunisia. Their potential for the production of antimicrobial compounds was evaluated. Bacterial strains, showing antibacterial activity against pathogenic bacteria, were isolated from all three sites, one strain from the Bou-Hedma national park, 15 strains from Chott-Djerid, and 13 strains from Matmata, respectively. The dominant genus was Bacillus, with 27 out of 29 strains. Most interestingly, 93% of the isolates showed activity against Gram-positive and Gram-negative test bacteria. Strain Bacillus sp. M21, harboring high inhibitory potential, even against clinical isolates of Gram-negative bacteria, was analyzed in detail to enable purification and identification of the bioactive compound responsible for its bioactivity. Subsequent HPLC-MS and NMR analyses resulted in the identification of 1-acetyl-β-carboline as active component. Furthermore, fungicides of the bacillomycin and fengycin group, which in addition show antibiotic effects, were identified. This work highlights the high potential of the arid-adapted strains for the biosynthesis of specialized metabolites and suggest further investigation of extreme environments, since they constitute a promising bioresource of biologically active compounds.
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INTRODUCTION

The discovery of antibiotics to treat infectious diseases has revolutionized the field of medicine in the mid-twentieth century (Wohlleben et al., 2016). However, due to the misuse of antibiotics or extensive use for clinical and veterinary purposes, many of the relevant pathogens became resistant to antibiotic therapy (Ventola, 2015). These pathogens have accumulated a large number of resistance elements by mutational adaptations, acquisition of genetic material, or alteration of gene expression. This resulted in (i) modification of the antimicrobial target, (ii) a decrease in drug-uptake, (iii) activation/increase of efflux mechanisms to extrude the harmful molecule, or (iv) global changes in important metabolic pathways via modulation of regulatory networks (Munita and Arias, 2016).

The genes encoding for the respective resistance mechanism can be found both, within the genome and on plasmids; thereby, greatly limiting the therapeutic options (Wright, 2012). The number of resistant bacterial isolates increases at an alarming rate (Frieri et al., 2017), threatening treatment options of modern medicine. Hence, there is an immense need for the discovery and development of novel antibiotics with resistance-breaking properties to effectively target the multi drug resistant (MDR) pathogen bacteria that cause life-threatening infections (Morens and Fauci, 2013).

Medicinal drugs based on natural products obtained from microorganisms are playing the most important role in the treatment of bacterial infections and appear to be still the most promising source of future antibiotics (Kumar and Kumar, 2016). This became clear, since the standard research approach performed in the recent decades, from gene via target using high-throughput screening to generate a lead, delivered no innovative antibiotics. Chemical compound libraries, optimized for oral bioavailability, have non-suitable physicochemical properties, especially for passing through Gram-negative cell membranes. On the other hand, natural products, optimized for bacterial activity, but not for human application can be associated with toxicity and low in vivo activity. A drawback in natural product research is that it seems like the low-hanging fruits are already harvested. Often, known compounds had been re-isolated. Combined with the fact that the economic value of a new antibiotic can be close to zero, thereby facing development costs of around 1.000 Mio€, since for innovative novel resistance breaking antibiotics, only small margins can be expected. An innovative novel antibiotic will receive the status of a reserve antibiotic, which will result in relatively low sales figures. Therefore, companies and research groups left the field: Today only 50 groups worldwide are active in antibiotic research with a total of ∼500 people (The Boston Consulting Group, 2017).

To increase the chance of success for bioprospecting projects, which aim to identify novel lead structures for antibiotic development, these must be based on a good rational. In nature, there will be still many different potential sources to discover such leads. Rhizospheric soil in general, with its enormous biological diversity, remains a most important target for screening projects; since there is a universal dissemination of antibiotics among rhizospheric microorganisms. The latter seem to shape the microbiome of the specific biological niche and using specialized metabolites of interest for communication and antagonism (Raaijmakers and Mazzola, 2012; Ghanmi et al., 2016). Many pharmaceutically important antibiotics have been identified in the past from this bioresource, e.g., vancomycin produced by Streptomyces orientalis isolated from a soil sample from Borneo (Griffith, 1981), kanamycin produced by a soil bacterium Streptomyces kanamyceticus (Umezawa et al., 1957), and erythromycin first isolated in 1952 from the soil bacterium Saccharopolyspora erythraea (Staunton and Wilkinson, 1997). Bacterial genera reported so far as a bioresource with a high chance to detect compounds of interest are Actinomycetes (Hotam et al., 2013; Tiwari and Gupta, 2013), Bacilli (Sumi et al., 2015), and Pseudomonads (Mukherjee et al., 2014; de Oliveira et al., 2016). In the present project so far unexplored arid sampling sites of Southern Tunisia were investigated, since the arid environment results in high competition between organisms. Several strains with antimicrobial properties were isolated and characterized. From one isolated Bacillus strain, an antimicrobial compound was isolated and further bioactive natural products were identified by LC/MS.



MATERIALS AND METHODS

Sampling Sites

Samples were collected from different arid areas located in South Tunisia (Figure 1). Three rhizospheric soil samples, of herbaceous vegetation, were collected aseptically from Matmata (33°54′86′′ N, 9°96′13′′ E), the national park of Bou-Hedma (34°47′45′′ N, 9°48′21′′ E) and an arid shallow aquifer in Chott-Djerid (33°94′16′′ N, 8°44′52′′ E). Matmata has an arid climate with hot, dry summers and a short, highly variable humid period in winter with mean annual precipitation < 150 mm (Dearing et al., 1996). Bou-Hedma national park has a low arid climate with an approximate mean annual rainfall of 180 mm, a mean annual temperature of 17.2°C, and minimum and maximum monthly mean temperatures of 3.8°C in December and 36.2°C in July, respectively (Le Houérou, 2001). The Chott-Djerid is a flat area, with a mean altitude of 15 m. The mean annual rainfall for the area is around 100 mm (Richards and Vita-Finzi, 1982). The texture of the three soil samples was sandy to sandy-loamy.
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FIGURE 1. Map of Tunisia showing the location of the sampling sites. Bou-Hedma national park (Sidibouzid), Chott-Djerid (Tozeur), and Matmata (Gabès).



Soil Sampling and Isolation of Bacterial Strains

Each soil collection was made from 10 to 15 cm depth below ground surface. Samples were placed in sterile flasks and transported immediately to the laboratory, where they were air-dried for 2 h at 45°C and sieved prior use. For isolation purpose 1 g of the dried samples was dissolved in 10 mL of sterile distilled water. Soil samples were shaken vigorously for 2 min and the suspensions were treated by heat for 10 min at 80°C, except the soil suspension of Chott-Djerid. A serial dilution in sterile physiological salt solution (0.9% NaCl) up to 10−4 was prepared and an aliquot of 0.1 mL was spread over Luria-Bertani (LB) medium agar plates. Plates were incubated at 37°C for 24 h. After incubation, colonies were isolated, recorded and subjected to antimicrobial activity screening. Purified strains that inhibited the growth of at least one of the test microorganisms, were selected, cryo-conserved in 20% v/v glycerol stocks, and stored at −20°C. The code used for the isolates is (B) for Bou-Hedma national park, (C) for Chott-Djerid, and (M) for Matmata.

Growth Conditions

The isolated bacterial strains were cultivated in LB broth, which contains 10 g peptone, 5 g yeast extract and 10 g NaCl per L. The pH was adjusted to 7 with 0.01M HCl and 0.01M NaOH. Incubation was performed at 37°C and agitation of 200 rpm. The cultures were inoculated into broth medium with 1% (v/v) inoculum.

Bacterial Strains

Gram-positive test bacteria used: The reference strain Staphylococcus aureus ATCC 29213, and three clinical isolates, i.e., S. aureus, S. epidermidis, and S. saprophyticus. The last three bacterial strains were kindly provided by the Tunisian Sahloul hospital at Sousse. Gram-negative test bacteria: Two clinical isolates of Salmonella typhimurium and six Escherichia coli strains (one clinical isolate E. coli MA, three reference strains E. coli ATCC 25922, ATCC 35218 and KL 16; two in vitro mutants E. coli KL 16.2a and E. coli KL 16.2b, derived from the reference strain E. coli KL 16 by selection at twofold MIC of ciprofloxacin. These strains carry point mutations in the gyrA and parC genes (Ser83Leu in GyrAand Ser80Ile in ParC, respectively). E. coli MA, carry three mutations, two in gyrA (Ser83Leu and Asp87Asn) and one in parC (Ser80Ile). The mutant strains were recovered from patients with urinary tract infection (Bachoual et al., 1998); and a clinical E. coli isolate from the strain collection of the Tunisian Sahloul hospital at Sousse.

Antimicrobial Activity

Primary Screening

The antibacterial activity of pure isolates was determined by spot assay on Mueller Hinton (MH) agar. In brief, the test bacteria, i.e., E. coli ATCC 25922 and S. aureus ATCC 29213 were plated on agar plates before isolated soil bacteria were spotted on top. Plates were incubated for 24 h at 37°C. After incubation, bacterial spots showing an inhibition zone were selected for a secondary screening, which was performed in triplicate by disk agar diffusion on MH agar plates against several test organisms. Cell free supernatant (50 μL) was used to saturate a sterilized Whatman filter paper disc (6 mm), allowed to dry at room temperature and placed onto agar plates inoculated with 107 CFU/mL of the test bacteria. Plates were incubated at 37°C for 24 h. Antimicrobial activity was evaluated by measuring the diameter of the inhibition zone around each paper disc. All tests were performed in triplicate. The average results are presented in Supplementary Table 1.

Screening of Large-Scale Extract

Strain Bacillus M21a was fermented as described at point 2.9. The organic phase of this fermentation was obtained by liquid/liquid extraction between fermentation broth and ethyl acetate. The resulting organic phase was subjected to FLASH chromatography (BUCHI Reveleris X2, column silica 40 g). The collected fractions were tested for their antibacterial activity on agar plates and on 96 well plates. For the 96 well plate assay, wells were loaded with respective amounts of 200, 100, and 50 μg of extract. The antibiotic ampicillin (final concentration of 20, 10, and 5 μg per well) and DMSO (10, 5, and 2.5 μL per well) were used as positive and negative control against the test bacteria, respectively. Volume per well was 200 μL. After loading the samples, the 96 well plate was measured at 600 nm to determine the absorbance (time T0). At T0, the OD600 was 0.1. After incubation at 30°C for 24 h, the absorbance was measured again (time T1). The growth inhibition of the test bacteria (in %) was calculated by using the formula: % inhibition = (ODT1 − ODT0)/[AV (− control)] ∗ 100. Wells with values ≤ 30% were considered to have an antibacterial effect.

Identification of the Producer Strains

The isolates were preliminary characterized based on colony morphology and cell characteristics. Subsequently, identification by 16S rDNA sequencing was performed. Therefore, the 16S rDNA of the isolates was amplified by PCR using universal primers pA (5′AGAGTTTGATCCTGGCTCAG 3′) and pH (5′AAGGAGGTGATCCAGCCCCA 3’). Amplification was done according to the following profile: an initial denaturation step at 94°C for 10 min, followed by 30 amplification cycles of 94°C for 45 s, 56°C for 45 s, and 72°C for 2 min, and a final extension step of 72°C for 4 min. The PCR product was subjected to agarose gel electrophoresis at 80V for 30 min. The DNA fragment in the agar was visualized by ultraviolet fluorescence after ethidium bromide staining, then excised and purified using a kit (Wizard® SV Gel and PCR Clean Up System, Promega).

The resulting fragments were cloned into pGEM-T vector (Promega, Madison, WI, United States), introduced into chemical competent E. coli XL-1 Blue cells by transformation. The plasmids were isolated using the PureYieldMiniprep kit (Promega, Madison, WI, United States) and the inserts were sequenced from both sides using T7and SP6 primers (GATC BioTech AG Company, Konstanz, Germany). Vector fragments in the sequencing result were removed using VecScreen-Blast and the full 16S rDNA were assembled. The 16S rDNA sequences were blasted with the available 16S rRNA gene sequences contained in the GenBank database1.

Gram Staining and Mobility Test of Bioactive Bacterial Isolates

A smear of bacterial isolate was applied onto a clean glass slide and heated gently over a flame. The fixed bacteria were covered with a thin film of crystal violet for 1 min and washed gently under slow running water. Gram’s iodine solution was flooded over the glass slide for 1 min and washed with water. Ethanol (80%) was used to decolorize the sample. Counter staining was performed with fuchsine for 2 min. Glass slides were washed, air dried, and analyzed.

For the bacterial mobility test, a small drop of bacterial culture was placed in the center of a clean microscope slide, covered with a cover glass, and then examined microscopically for the motility of the bacterial cells.

Phylogenetic Analysis

Sequences of each isolate were refined using BioEdit sequence Alignment Editor (Hall, 1999), in which the sequences obtained from both primers were assembled to obtain consensus sequences. To analyze the relationships of the isolates to known bacterial species, the 29 sequences from this study and sequences of type strains, which had the closest relationship, were initially aligned using the MUSCLE Multiple alignment (Edgar, 2004). Based on the homology of 16S rDNA sequences, the evolutionary distances were computed through MEGA (version 7.0) program (Kumar et al., 2016) with p-distance using neighbor-joining method (Saitou and Nei, 1987). Gaps were treated as missing data. Further, the bootstrap values were calculated from 1000 replications to represent the evolutionary history of the bacterial isolates (Felsenstein, 1985).

Isolation of 1-acetyl-β-carboline

Two Bacillus strains, i.e., M21 (Nasfi et al., 2018) and M21a, were identified positive for the production of 1-acetyl-β-carboline. For isolation, both strains were inoculated into LB broth and incubated at 30°C under shaking condition. However, strain M21 lost its viability and therefore all downstream steps were performed using strain M21a. In order to isolate the bioactive compound(s), a single colony of Bacillus sp. M21a was subcultured in LB broth and incubated at 30°C for 24 h. The resulting culture was used to inoculate forty 5 L flasks containing 1 L LB broth each. Flasks were incubated at 30°C for 48 h with agitation at 140 rpm in presence of 20 g/L autoclaved amberlite XAD-16, a polymeric resin often used as a first step in downstream processing to separate bioactive compounds from bacterial growth media. The resin was collected by filtration and washed sequentially with 5 L distilled water to remove impurities. Thereafter, the resin was resuspended in a mixture of MeOH-acetone and maintained at 26°C for 18 h with agitation followed by filtration. The resulting filtrate was concentrated by a rotary evaporator at 40°C under vacuum to yield the crude extract. This extract was partitioned using liquid-liquid separation between MeOH 60% in water and DCM. The organic phase was bioassayed for activity by disc diffusion method against E. coli and B. megaterium and was subsequently subjected to successive chromatographic purification. Medium pressure (“Flash”) chromatography was performed on a silica gel 40 column, using an elution gradient with A: Petroleum ether and B: acetone with A:B from 100–0 to 0–100% (Reveleris Silica 40 μm, 12 g; Flow rate 40 mL/min; 400 mg – 8 g sample). Purity of the active fraction(s) was further examined using HPLC with an RP column (Xterra RP 18–5 μm). At a concentration of 5 mg/mL, a 20 μL aliquot was applied onto the RP column. The mobile phase consisted of an isocratic gradient of 60% MeOH (solvent B) in Milli-Q water (solvent A). The flow rate of the mobile phase was set at 0.8 mL/min for 45 min. Elution was monitored at a wavelength of 210 nm and fractions were collected manually. Resulting fractions were dried using rotary evaporators. Resulting precipitates were dissolved in MeOH for antibacterial activity testing. Fractions from a given retention time that showed antibacterial activity were pooled from different HPLC runs and concentrated.

Structure Elucidation of the Purified Compound

High-resolution mass analysis of the bioactive compound was performed using a MicrOTOF-QII mass spectrometer instrument (Bruker Daltonics GmbH, Germany).

1H and 13C-NMR spectra were recorded on a Bruker 600 Ascend spectrometer. Purified and lyophilized bioactive compound was dissolved in MeOH-d4. NMR spectra were referenced to residual solvent signals of methanol at δH3.35 and δC49.0. Coupling constants (J) are given in Hz. 1H and 13C-NMR spectroscopic assignment analyses were performed using correlation spectroscopy (COSY) and heteronuclear multi-bond correlation (HMBC) spectroscopy.

LC-MS/MS Data Processing – Molecular Networking

Mass data were converted to mzXML format with Bruker’s Data Analysis software and uploaded to the Global Natural Product Social (GNPS) molecular networking tool2. In GNPS Wang et al. (2016), the data were subjected to molecular networking using the online workflow at GNPS. The data were clustered with MS-Cluster with a parent mass tolerance of 0.5 Da and a MS/MS fragment ion tolerance of 0.2 Da to create consensus spectra. A network was then created where edges parameters were cosine score above 0.2 and more than three matched peaks. The network was then searched against GNPS’s spectral libraries. The network analysis was exported from GNPS and analyzed in Cytoscape (Shannon et al., 2003).



RESULTS

Soil Bacteria Isolation and Antibacterial Activities

In total 373 bacterial strains were isolated from rhizosphere samples of pseudo-savannah vegetation from three different arid regions in Tunisia. Thereunder, 25 isolates from Bou-Hedma, 140 from Chott-Djerid and 208 from Matmata. All strains were fast growing organisms and produced single colonies after 24h incubation at 37°C. Of these strains 29 (7.8%) showed moderate to strong antibacterial activity in the first screenings against E. coli ATCC 25922 and S. aureus ATCC 29213. These active strains were analyzed for their morphology and all bacteria showed a rod shape appearance. Gram-staining revealed that except for isolate C6, all isolates were Gram-positive bacteria. Ten of the 29 appeared non-motile, while the majority showed motility by microscopic investigation. The morphological characteristics (shape, margin, color, cell shape, motility, and Gram-staining) and the motility of the 29 soil bacteria are summarized in Supplementary Table 2.

To evaluate if the initial screening results could be verified, all strains were re-tested against a panel of Gram-positive and Gram-negative test strains; thereby all strains retained their activity (Supplementary Table 1). The most active strains were derived from all three sampling sites. Most interestingly, 93% were active against Gram-negative bacteria. Against Gram-positive bacteria very prominent activities were observed. Only strain C2 showed no activity against Gram-negative strains. Indeed, strain C2 showed the narrowest spectrum of activity, inhibiting solely the Gram-positives S. aureus ATCC 29213 and S. epidermidis (Supplementary Table 1). Four strains, i.e., C5, C6, C7, and C11, all from one sampling site, showed the largest activity spectrum with inhibition zones against all tested bacteria, except the clinical E. coli isolate.

16S rDNA Sequence Analysis

To obtain an insight into the diversity and phylogeny of the isolated strains showing antibiotic activity, these isolates were identified by 16S rRNA gene sequence analysis. The sequences obtained for the strains were compared to sequences deposited in publicly accessible databases. This revealed that the strains belong to three different bacterial phyla, i.e., Firmicutes, Actinobacteria, and Proteobacteria. However, Bacillaceae represented by far the most prominent family (86%), followed by Brevibacteriaceae (2%) and Pseudomonadaceae (2%). In fact, out of the 28 soil isolates, 26 were members of the genus Bacillus, one was Brevibacterium halotolerans and one was Pseudomonas stutzeri (Figure 2 and Table 1). Hence, in this project, strains of the genus Bacillus were found to dominate the strain collection. It seemed that they represent the most isolated bacterium from rhizospheric soil samples, which is in accordance with published data, since it was reported that the genus Bacillus is very common in soil by Amin et al. (2015). However, it must be considered that their ability to form highly resistant endospores is on the one hand the key for their successful colonization of a wide variety of environmental habitats, especially dry arid biological niches. On the other hand, the isolation strategy applied clearly favors spore formers.
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FIGURE 2. Phylogenetic tree of the isolated bioactive bacteria. The two closest homologoues based on 16 rDNA analysis for each isolate are given. The isolates from this study are carrying their identifier (compare Table 1). The observed antibacterial activity against E. coli ATCC25922 (inner dots) and S. aureus ATCC 29213 (outer dots) is indicated by dark red (strong activity), red (good activity), orange (moderate activity) and yellow (weak activity) dots. Strain M21 lost its viability during the project; therefore, the values could not be determined.



TABLE 1. Closest relative of the 29 bioactive soil isolates based on 16S rDNA sequence.
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Isolation of 1-acetyl-β-carboline

Determination of the Fermentation Conditions

To get first insights into the metabolomic basis of the antibacterial activities observed, it was projected to isolate the underlying compound. First, a favorable culture medium was selected, to enable isolation of the antibacterial compound by high enough production yields. Therefore, strain M21a was cultured in 14 different media for 48 h at 30°C. Then the fermentation broth was tested by agar diffusion test against the test strains E. coli and B. megaterium. The composition of the culture media tested is given in Supplementary Table 3. All media selected promoted the growth of Bacillus sp. M21a, yielding visible biomass production. However, concerning the antibacterial activity, LB medium gave the best results against both, Gram-positive and Gram-negative test bacteria. In contrast, fermentation in M8 medium resulted in the lowest antibacterial activity observed. For all other 12 culture media, antibacterial activity was detected only against the Gram-positive test strain B. megaterium and not against the Gram-negative E. coli. Since we aimed to find the reason for the anti-Gram-negative activity, LB medium was chosen for the up-scaling.

Extraction, Purification and Structure Elucidation of 1-acetyl-β-carboline

For the isolation of the target compound, the producer strain Bacillus sp. M21a was fermented in 40 L LB medium. The organic phase of this fermentation broth was obtained by liquid-liquid extraction. The isolation of the compound was performed in a bioactivity-based manner. From the fermentation, 8 g dry weight were obtained and revealed a strong activity against E. coli (18 mm) and B. megaterium (30 mm) at a concentration of 5 mg/mL and 1 mg/mL, respectively. The bioactive crude extract was fractionated using Flash chromatography, which resulted in seven fractions. Subsequent bioactivity assay revealed the loss of activity against E. coli. However, one fraction, i.e., fraction 1, maintained activity against B. megaterium. For further fractionation, fraction 1 was separated by an analytical HPLC run. Three fractions had been collected and a 96 well plate assay was performed against the Gram-positive Arthrobacter crystallopoietes. We found that 200 μg of Fr1.1 showed a good antibacterial activity, whereby the other fractions showed no inhibition.

To finally purify the active compound, fraction Fr1.1 was purified by an additional HPLC separation. A peak with an adsorption maximum of 210 nm was observed at 12 min. This peak was manually collected and we obtained 1.8 mg of the bioactive compound.

By high-resolution LC-MS analysis, the mass was determined to be m/z 211.0907 [M + H]+ (Supplementary Figure 1). This mass fitted to a compound with the molecular formula C13H10N2O (calculated m/z for [M + H]+: 211.0871). To identify the bioactive compound unambiguously, NMR analyses were performed. The 1H-NMR spectrum revealed signals for six aromatic protons (δH7.32; 7.61; 7.71; 8.23; 8.47; and 8.32), two ortho-coupled doublets at δH7.71 and 8.23 (J = 7.9 Hz) and four multiplet protons of which two were triplets at δH7.32 and 7.61 (J = 7.9 Hz) (Supplementary Table 4 and Supplementary Figure 2). These data indicated the presence of a 1,2-disubstituted aromatic ring. In the aliphatic region, the 1H-NMR spectrum showed the presence of an aromatic bounded methyl group singlet at δH2.83. The 13C-NMR spectrum showed signals for 13 carbon atoms (Supplementary Figure 3). Among these, six aromatic methine C-atoms (δC129.8; 130.2; 113.4; 122.5; 138.54; and 120.1) and five sp2 quaternary carbons (δC143.3; 121.5; 132.3; 130.7; and 137.1) (Tab. S4). The remaining two carbons were considered as an acetyl group attached to C-9, indicated by the HMBC correlation between H-13 and C-9. The COSY (Supplementary Figure 4) and HMBC data (Supplementary Figure 5) led to reveal the structure of 1-acetyl-β-carboline (Figure 3) that was confirmed by the comparison with literature data (Lee et al., 2013).


[image: image]

FIGURE 3. Structure of 1-acetyl-beta-carboline.
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FIGURE 4. Molecular networks of Bacillus sp. M21a extracts. (A) Surfactin A homologs ([M + H]+; orange), the m/z differences of 14.01, 28.03, and 42.04 indicate molecules with different lengths of fatty acid chains within this cluster. (B) Fengycin B cluster from double charged precursor ions m/z ([M + 2H]2+; green). Nodes represent the precursor ion and bridges indicate the mass difference between individuals nodes. Labels at the nodes name the respective dereplicated molecule. Srf, surfactin; Feng, fengycin, the number indicates the length of the lipid tail.



Identification of Bioactive Lipopeptides

In addition to the here isolated carboline, derivatives of the known fungicides bacillomycin and fengycin were identified by mass-based analyses (Figure 4). These bioactive lipopeptides from the methanolic extract of a solid cultivation of Bacillus sp. M21a were detected using LC/MS in positive ion mode. In the MS spectra, three clusters of molecular mass ions belonging to the iturin, surfactin and fengycin lipopeptide families were found. These included four bacillomycins, members of the iturin family, having fatty acyl chain lengths of C13–C16, three fengycins A (from C14 to C16 and three fengycins B (C15–C17), and six surfactins (C12–C17).

Bacillomycin Identification

The protonated molecular mass ions [M + H]+ at m/z 1017.51, 1031.52, 1045.53, and 1059.55 (Supplementary Figure 3A) were assigned as putative homologs of bacillomycin D, a variant of the iturin molecule group, with C13, C14, C15, and C16 β-amino fatty acids, respectively (Cao et al., 2012). On the basis of NORINE’s database, which contains the most common non-ribosomal peptides, these compounds were identified as C13-bamD (C47H72N10O15), C14-bamD (C48H74N10O15), C15-bamD (C49H76N10O15), and C16-bamD (C50H78N10O15). The sequence of the compound C14-Bam D with an m/z of 1,031.5 was determined from series of N-terminal and proline-directed fragments (Supplementary Figure 4A). The peptide ring of this compound was cleaved both at the peptide bond between its amino fatty acid residue (β-NH2-FA) and threonine at position 7 (Thr7) as well as at the N-terminal of proline 4 (Pro4). In the first case, fragment ions at m/z 340.2, 504.2, and 617.3 were detected and corresponded to [M + H-Tyr-Asn-Pro-Glu-Ser-Thr]+, [M + H-Asn-Pro-Glu-Ser-Thr]+, and [M + H-Pro-Glu-Ser-Thr]+, respectively. In the second case, fragment ions at m/z 227.1, 314.1, 441.3, 617.3, 754.4, and 917.4 were observed and corresponded to [M + H-Ser-Thr-FA-Asn-Tyr-Asn]+, [M + H-Thr-FA-Asn-Tyr-Asn]+, [M + H-FA-Asn-Tyr-Asn]+, [M + H-Asn-Tyr-Asn]+, [M + H-Asn-Tyr]+, and [M + H-Asn]+, respectively. The MS/MS spectrum of [M + H] + ion at m/z 1045.5 presented fragments with m/z at 517.3, 618.3, 654.4, 732.4, 768.4, 829.4, 931.5, and 958.5. The corresponding amino acid sequence is given in Supplementary Figure 4B. In lower intensity Bacillus sp. M21a produced C16-Bam D and its fragmentation pattern is given in Supplementary Figure 4C.

Fengycin Identification

The LC-MS data and the molecular networking analysis showed that the ions corresponding to fengycins were [M + 2H]+ (m/z 718.392) for C14-fenA (C70H106N12O20), [M + 2H] +(m/z 725.397) for C15-fenA (C71H108N12O20), [M + 2H] + (m/z 732.407) for C16-fenA (C72H110N12O19), [M + 2H] + (m/z 739.413) for C15-fenB (C72H110N12O20), [M + 2H] + (m/z 746.42) for C16-fenB (C74H114N12O20), and [M + 2H] + (m/z 753.427) for C17-fenB (C75H116N12O20) (Supplementary Figure 3B). The fragmentation patterns of C15-FenA, C16-FenA, C15-FenB and C17-FenB are given in Supplementary Figure 5.

Surfactin Identification

The isolate M21a was also able to produce surfactins. Ion peaks at m/z 994.64, 1008.65, 1022.67, 1036.68, 1050.69, and 1064.71 were obtained and correspond to C12 to C17-srf, respectively (Supplementary Figure 3C). The MS/MS spectra of surfactin isoforms showed common fragments [M + H]+ at m/z 685.45, 671.43, and 699.46 (Supplementary Figure 6). These ions are from characteristic amino acid sequences, previously reported as Val/Leu/Asp/Val/Leu/Leu, Leu/Leu/Asp/Val/ Leu/Leu, Leu/Leu/Asp-OMe/Val/Leu/Leu and Leu/Leu/Asp/Leu/Leu/Leu, respectively (Bonmatin et al., 1995; Tang et al., 2010; Biniarz and Lukaszewicz, 2017). The MS/MS spectrum of [M + H]+ ion at m/z 1036.6869 presented fragments corresponding to losses of amino acids Leu/Leu/Asp/Val/Leu/Leu, with m/z 923.6029, 810.5212, 695.4953, 596.4275, 483.3442, and 370.2595, respectively (Supplementary Figure 4). The m/z 370.2595 corresponded to glutamic acid residue with aliphatic fatty acid chains containing 15 carbons, indicating similarities between the proposed surfactin A (C15) produced by Bacillus sp. M21a and the known surfactin (Liao et al., 2016). Additional fragment ions [M + H]+ confirmed the presence of amino acids sequence as m/z 227.1766 [Leu + Leu + H] +, m/z 328.1873 [Leu + Asp + Val + H] +, m/z 441.2721 [Leu + Asp + Val + Leu + H]+, and m/z 554.3560 [Leu + Asp + Val + Leu + Leu + H] + (Supplementary Figure 5). The molecular networking analysis showed compounds with m/z differences of 14.01, 28.03, and 42.04, suggesting molecules with different lengths of fatty acid chains within the same isoform family (Figure 4). Surfactin isoforms [M + H]+ are displayed in Table 2.

TABLE 2. Lipopeptide identified in Bacillus sp. M21a.
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DISCUSSION

The development of effective medicinal drugs has been revolutionizing the treatment of many human diseases. Lead structures for these drugs were detected by natural product research, since it seems that nature represents a most important resource for biologically active compounds. However, concerning antibiotics, which can be regarded as option of choice to combat bacterial infections, most of the drugs in application were already discovered several decades ago (Pidot et al., 2014). The increase of highly resistant pathogenic bacteria could put us back into a situation comparable to the pre-antibiotic era. Thus, there is an urgent need for a new age of antibiotic discovery (Khan and Khan, 2016). Ninety percent of all antibiotics, which are in clinical use today, are derived from microorganisms (Katz and Baltz, 2016) and the majority of the modern classes of antibiotics was discovered by antimicrobial activity-based screening approaches of microorganisms isolated and cultured predominantly from soil (Rolain et al., 2016). In other words, bacteria have so far been and can be also expected to remain the most promising resource for antibiotics in the future, since the majority of drugs has been developed from lead structures on the basis of bacterial natural products (Elbandary et al., 2018). Proven proliferative antibiotic-producing bacterial species include Actinomycetes, predominantly the genus Streptomyces (Hug et al., 2018), myxobacteria (Mulwa et al., 2018), cyanobacteria (Senhorinho et al., 2015), Bacilli (Sumi et al., 2015), and Pseudomonads (Gross and Loper, 2009). Even though many compounds have been already isolated from the before mentioned bacteria, it must be considered that uncultured bacteria sum up to over 99% of all species in external environments (Ling et al., 2015). Hence, there could still be a multitude of metabolites awaiting discovery, and even for well-studied producer organisms it was shown that they harbor many more biosynthetic gene clusters (BGC) for the production of specialized metabolites than natural products described from them (Pidot et al., 2014).

Only a few reported surveys exist on the bacterial diversity in arid areas, where bacterial species should be able to deal with relatively high temperatures, salt concentrations, and radiation. Hence, arid and desert habitats represent special ecosystems, and it can be expected that the chance to isolate uncommon bacteria with new metabolic capabilities is high (Trabelsi et al., 2016). In the present study, bacteria were isolated from Tunisian underexplored arid areas. Thereunder, 28 rhizospheric bacteria showed the ability to produce natural products effective against both Gram-positive and Gram-negative bacteria. The majority, 26 isolates, belonged to the Firmicutes phylum (genus Bacillus); one isolate belonged to the Actinobacteria phylum (genus Brevibacterium) and one to the Proteobacteria phylum (genus Pseudomonas). This is in accordance to the fact that Bacillus species are dominant soil bacteria. Their abilities of endospore-formation and antibiotics production have to be regarded as an advantage for the colonization of environments (Moshafi et al., 2011; Amin et al., 2015). Antimicrobial peptides of Bacilli were regarded as a promising starting point in the search for new antibacterial drugs (Sumi et al., 2015), and several known antibacterial compounds had been isolated, e.g., subtilin (Kim et al., 2012), surfactin (Jacques, 2011), and macrolactin A (Lu et al., 2008). Even though in this screening only one actinobacterial strain was isolated, they have been shown to be a resource with an unprecedented diversity of biosynthetic pathways, awaiting to be exploited for the identification of novel scaffolds. The latter could then contribute to the filling of the antibiotics development pipeline. Brevibacterium halotolerans SA87, a close homolog to the here isolated strain, has been shown to produce a variety of specialized metabolites with distinct bioactivities. It was shown that B. halotolerans SA87inhibits the growth of both Gram-positive and Gram-negative pathogens (Ahmed et al., 2015). Concerning Pseudomonas species, many specialized metabolites are reported and reviewed (Gross and Loper, 2009). This group of bacteria adapts to different stress environments and produces a wide range of bioactive metabolites with antimicrobial activity and various Pseudomonas species are able to biosynthesize compounds with a broad biological activity (Robles-Huízar et al., 2017). Pseudomonas stutzeri CMG1030, the closest homolog to strain C6, was reported to biosynthesize zafrin, an antibacterial compound, which showed strong antibacterial activity against Gram-positive as well as against Gram-negative bacteria (Uzair et al., 2008).

The strain Bacillus sp. M21a showed strong antimicrobial activity against Gram-positive and Gram-negative test strains and was chosen for further investigation and isolation of the bioactive compound. However, after fractionation the activity against E. coli was lost. This might be due degradation of the active compound(s), or to synergistic effects between different compounds, which were separated by the fractionation. The Gram-positive active compound was identified as 1-acetyl-β-carboline. The structure of this compound was unambiguously proven by NMR experiments and the data obtained were in good agreement with reported literature values (Huang et al., 2011; Lee et al., 2013). This compound was previously isolated from several types of organisms. Thereunder plants like Ailanthus malabarica and Hypodematiumsquamuloso-pilosum (Joshi et al., 1977; Zhou et al., 1998), a fungus Neosartorya pseudofischeri (Lan et al., 2016), a sponge Tedaniaignis (Dillman and Cardellina, 1991), as well as several bacteria, e.g., Steptomyces and Pseudomonas spp. (Proksa et al., 1990; Shin et al., 2010; Huang et al., 2011; Chen et al., 2013; Lee et al., 2013; Broberg et al., 2017). The β-carboline alkaloid displays various biological activities, e.g., antitumor, antimicrobial, antiviral, and antiparasitic (Cao et al., 2007; Lee et al., 2013). 1-acetyl-β-carboline showed antibacterial activity against both, MSSA and MRSA strains. The reported activities have to be considered as moderate, however, the MRSA strain tested was inhibited more efficiently by 1-acetyl-β-carboline (MICs in the range of 32–128 μg/mL) than by the β-lactams tested (ampicillin, penicillin and oxacillin, MICs in the range of 64–512 μg/mL). Further, 1-acetyl-β-carboline was described to possess synergistic effects with ampicillin and penicillin. Shin et al. (2010) found that the fractional inhibitory concentration (FIC) indices of 1-acetyl-β-carboline in combination with ampicillin and of 1-acetyl-β-carboline in combination with penicillin were in the range of 0.156–0.313 and of 0.188–0.375 in combination with 32 and 64 μg/mL of 1-acetyl-β-carboline against the MRSA strains tested. Thereby, a synergistic effect was observed. However, it did not exhibit a synergistic antibacterial effect against most of the MRSA strains tested, if combined with oxacillin. The same difference in synergistic effects has been also observed in combinations of dieckol and β-lactams (Lee et al., 2008), as well as epigallocatechin gallatein combination with β-lactams (Zhao et al., 2001). The mechanism of the observed synergism between 1-acetyl-β-carboline and β-lactams is unknown. It was speculated that a possible reason for the synergistic effect can be attributed to the fact that both molecules attack the same target of the cell wall, but on different sites due to their different structures (Shin et al., 2010). Another study also reported that 1-acetyl-β-carboline in contrast to β-lactams was active against both MRSA and MSSA (Lee et al., 2013). In light of these findings, it seems reasonable that the antibacterial activity of 1-acetyl-β-carboline is not related to PBP2, the main target site of β-lactams in the MSSA cell wall, since it was also active against MRSA cells, which have PBP2a in the cell wall. The latter has a low affinity toward β-lactams. The biosynthesis of 1-acetyl-β-carboline was described for Marinactinospora thermotolerans. In this bacterium, a BGC, consisting of the three genes mcbA, mcbB and mcbC, was identified to be responsible for the generation of the β-carboline scaffold. This scaffold is generated by a Pictet-Spengler (PS) reaction, using tryptophan (or tryptamine) and an aldehyde as substrates. The PS reaction is an important reaction for the synthesis of natural products especially in those bearing indole and isoquinoline alkaloids as scaffolds in their complex structures (Heravi et al., 2018). The novel enzyme McbB encoded in this BGC was characterized to catalyze the PS cyclization/decarboxylation/oxidation process. By heterologous expression experiments in Streptomyces lividans TK64 and Escherichia coli BL21, it was found that mcbB was sufficient in E. coli for the production of 1-acetyl-3-carboxy-β-carboline, which represents the major product. Furthermore, two minor products, i.e., 1-acetyl-β-carboline and 1-acetyl-3-hydroxy-β-carboline, are generated (Chen et al., 2013). By in vivo gene inactivation and bioinformatic tools, Chen et al. (2013) assigned the other proteins encoded in the BGC as a CoA ligase (McbA) and a decarboxylase (McbC).

It was reported before that 1-acetyl-β-carboline produced by Streptomyces sp. 04DH52 exhibits only a moderate antibacterial activity against Gram-negative bacteria with MICs ranging from 64 to 256 μg/mL (Shin et al., 2010). Also Lee et al. (2013) reported that 1-acetyl-β-carboline, isolated from Pseudomonas sp. UJ-6, showed antibacterial activity against Gram-negative bacteria with MICs ranging from 32 to 128 μg/mL. However, all the reported activities are in the moderate to low range. In our hands, Bacillus sp. M21a extracts lost E. coli activity after fractionation by Flash chromatography. This can be explained by a number of possible reasons. When we tested the organic phase of Bacillus sp. M21, many compounds were present in this mixture and might be interacting with one another to result in the inhibition observed. When the compounds were separated by using Flash chromatography, these could not interact anymore, which resulted in the loss of E. coli inhibition. It can be speculated that the compound 1-acetyl-beta-carboline was likely working with an unkown compound to yield the inhibitory effect against E. coli. Separation of the compounds abolished the synergistic effects they had in combination. Another reason why this occurred might be the instability of the active component during the Flash fractionation and dryness process, due to light or high temperature sensitivity leading to changes in the conformation of the active molecule, before testing the activity again. Another factor could have accounted for such a loss of activity; it might be a question of concentration that means that after fractionation we lost an amount of the active compound and its concentration, in one of the collected fractions, wasn’t sufficient to inhibit the test E. coli strain.

In addition to the antibacterial compound, further fungicides were identified. These natural products are involved in the plant growth promoting effects described for various Bacilli. Fengycins, composed of 10 amino acids linked to a fatty acid chain with 14–19 carbon atoms, exhibit a strong antifungal activity due to their interaction with the cell membrane, which results in an increased cell permeability, finally leading to an ultrastructural destruction of pathogenic fungi (Yang et al., 2015). Fengycins were described to possess an antibacterial activity against the Gram-positive S. epidermidis and the Gram negative E. coli (Huang et al., 2006; Roy et al., 2013). Huang et al. (2006) reported also that fengycins showed an antiviral activity against Newcastle disease virus and bursal disease virus. An antitumoral activity has also been attributed to this decalipopeptide (Sivapathasekaran et al., 2010; Yin et al., 2013; Ditmer, 2014). The inhibition of plant fungal pathogens by bacillomycin D and fengycins, was shown to be based on the induction of ROS production (Tang et al., 2014; Han et al., 2015; Gu et al., 2017). The bacillomycin D analogs have been mostly assayed for their antifungal activities (Tabbene et al., 2016), especially against phytopathogenic fungi (Moyne et al., 2001; Tanaka et al., 2014; Kim et al., 2016). Recently, bacillomycin D has showed antitumoral activities (Hajare et al., 2013; Gong et al., 2014; Qian et al., 2015; Sun et al., 2018). Surfactin possesses a number of biological activities. It is known for its antiviral, antibacterial and antitumoral properties (Meena and Kanwar, 2015; Moro et al., 2018).



CONCLUSION

It was shown that the strain collection of rhizospheric bacteria from Tunisian arid areas has a potential for the discovery of compounds with antibacterial and antifungal activities. Bacillomycin D, fengycin A and B, and surfactin were identified based on LC-MS data and molecular networking analysis. In addition, 1-acetyl-β-carboline was isolated as pure compound, which is known to have synergistic effects with other antibiotics. Overall, the strain collection is dominated by the Gram-positive genus Bacillus, which seems to play an important role in shaping the microbiome by the production of bioactive compounds.
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The biosurfactants produced by Bacillus atrophaeus L193 was examined by their use in the control of the aphid Rhopalosiphum padi in order to suggest a friendly alternative to chemical pesticides. A screening of different culture media demonstrated the highest biosurfactant production by L193 in TSB supplemented with colloidal chitin. Surfactants, which are produced in large quantities (2.04 g/L), reduce surface tension to 33 mN/m. Electrospray Q-TOFS MS analysis demonstrated that lipopeptides, such as surfactins, fengycins, bacillomycins and iturins, are the predominant metabolites present in biosurfactants produced by strain L193. Treatment with L193 surfactants led to an aphid mortality rate of 59.8% within 24 h. Microscopy analysis showed that these compounds caused insect death by affecting cuticle membranes. An evaluation of aphid feeding activity also demonstrated that aphid feeding capacity is affected by treatment with surfactants. Moreover, microbial cultures of strain L193 and their supernatants also showed high levels of activity against R. padi, which is probably due to the presence of surfactants and hydrolytic enzymes such as proteases and glucanases. This study demonstrates that B. atrophaeus L193 is an effective treatment for plants affected by aphids.
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INTRODUCTION

Aphid species Rhopalosiphum padi affects several cereal crops, resulting in severe economic losses in agriculture. These hemiptera insects are considered to be some of the most abundant and economically important aphids affecting both winter and spring wheat crops. R. padi leads to plant decline and transmits different phytopathogenic viruses including the barley yellow dwarf virus (BYDV) which causes chlorosis, stunting and yield loss (Biurrun et al., 2010; Liu et al., 2014). It also promotes the growth of fungi, such as Cladosporium sp. and Alternaria sp. on leaf surfaces through the excretion of sugars, and decreases the rate of plant photosynthesis (Dhami et al., 2013).

Currently, this pest is managed through the application of chemical insecticides. However, this can lead to resistance and pollute subterranean water due to soil lixiviation. In recent years, many predatory insects, though highly inefficient in open fields, have been used to control this pest in greenhouse crops. The use of microorganisms as biocontrol agents, which are typically members of the genus Bacillus, is a safe and environmentally friendly alternative to chemical pesticides (Copping, 2004).

Various studies have analysed the efficiency of Bacillus thuringiensis in the control of chewing insects such as Lepidoptera, Diptera, and Coleoptera (Bravo et al., 2007; Sanahuja et al., 2011). Nevertheless, few published studies have examined the insecticidal activity of the genus Bacillus against sucking insects such as aphids. Thus, studying the potential of these microorganisms as biocontrol agents against aphids could be worthwhile and contribute to the development of environmentally friendly approaches in agriculture.

The objective of this study is to analyse the biopesticidal activity of Bacillus atrophaeus L193 against the aphid R. padi. Thus, the production and physicochemical characteristics of L193 biosurfactants, as well as their anti-aphid insecticidal activity under controlled conditions were studied. The effect of B. atrophaeus L193 surfactant treatment on the aphid membrane was evaluated using microscopy analysis and by studying aphid feeding. These tests were also carried out on B. atrophaeus cultures and cell-free supernatants. To the best of our knowledge, this is the first study to evaluate the anti-aphid insecticidal activity of B. atrophaeus.



MATERIALS AND METHODS

Microorganism Isolation and Identification

The strain used in this study was isolated from the Malahá salt works (Granada, Spain, 37°06′11.9”N 3°43′14.6”W) after 200 bacteria isolated from several hypersaline environments were screened in order to find the best producers of biosurfactants with insecticidal potential. The methodology used in this screening was the drop collapsing test described by Youssef et al. (2004). The 16S rRNA gene of strain L193 was amplified by PCR and sequenced using universal bacterial primers (Lane, 1991) 16F_B27 (5′AGAGTTTGATCMTGGCTCAG-3′) and 16R_B1488 (5′-CGGTTACCTTGTTAGGACTTCACC-3′). 16S rRNA fragments obtained by PCR were cloned into the pGEM-T vector (Promega®) and later transformed into Escherichia coli DH5α. Vector plasmids were purified with the aid of an Illustra GFX DNA kit (GE Healthcare®) according to the manufacturer’s instructions. Sequencing was carried out in an Illumina NextSeqTM 500 system. The resulting sequences were analysed with the DNAstar Lasergene Seqman programme (Madison, WI, United States). The sequences were identified using the GenBank and EMBL databases (Altschul et al., 1990) and the EzTaxon-e programme (Yoon et al., 2017).

Biosurfactant Production

Biosurfactant production of L193 strain was tested in the following media: Luria Bertani (LB), LB supplemented with 1% (w/v) colloidal chitin, tryptic soy broth (TSB), TSB supplemented with 1% (w/v) colloidal chitin, Cooper supplemented with 1% (w/v) colloidal chitin, Cooper supplemented with 4% (w/v) glucose and Cooper supplemented with 1% (w/v) colloidal chitin and 4% (w/v) glucose (Cooper et al., 1981). Colloidal chitin was obtained as described by Wu et al. (2009).

To determine biosurfactant production (Song et al., 2013), strain L193 was cultured in 100 mL of each medium as described above at 28°C for 7 days and 130 rpm rotary shaking. The cultures were centrifuged at 13,000 rpm for 20 min, and the cell pellets were freeze-dried. The supernatants were subjected to acid extraction in order to obtain the lipopeptides within it. The supernatant lipopeptides were then freeze-dried, and the difference in yield between cell biomass and biosurfactant was calculated.

Biosurfactant Detection in L193 Culture on TSB Chitin Medium

In order to detect biosurfactant production on strain L193, the evolution of surface tension in the strain culture was evaluated during 24 h. Additionally, the surfactant activity of the strain L193 culture was studied using the drop-collapsing test, the oil spreading test and the emulsification index. All tests were carried out in triplicate using 1% (v/v) Triton X-100 and sterile water as positive and negative controls, respectively.

Surface tension was measured at 25°C during 24 h using the Wilhelmy plate method (Biswas et al., 2001) with the aid of a Kruss K11 tensiometer. Samples were taken every hour during 24 h from a culture of strain L193 in TSB supplemented with 1% (w/v) colloidal chitin. They were then centrifuged to obtain cell-free supernatants. Three replicates were measured per each sample.

The drop-collapsing test (Youssef et al., 2004) was performed in 96-well micro-titter plates by adding 2 μL mineral oil to each well. After 1 h at room temperature to allow the stabilisation of the oil drops, 5 μL of L193 supernatant were deposited on the mineral oil drop, and the shape of the drop was analysed by visual inspection after 1 min. The reduction in surface tension caused by the presence of biosurfactant in the supernatant produced a flattened oil drop, while a round oil drop was produced in the absence of the biosurfactant.

For the oil-spreading test (Morikawa et al., 2000), 15 μL crude oil were deposited on the surface of a 150-mm diameter Petri dish containing 40 mL destilled water. 10 μL of the biosurfactant were then carefully deposited in the centre of the dish, and the radius of the clearly formed circle was measured in order to calculate the area of oil displacement.

The emulsification index (Cooper and Goldenberg, 1987) of the culture supernatants and the purified biosurfactant were determined in haemolysis tubes by mixing 4 mL of diferent hydrocarbons (such as almond oil, isopropyl mirystate and mineral oil) with an equal volume of cell-free supernatant or biosurfactant. After vortexing at maximum speed for 5 min, the mixtures were left to stabilise at room temperature for 24 h. The emulsification index (E24) (%) was expressed as the height of the emulsified fraction in relation to the total height of the mixture.

Determination of Hydrolytic Enzyme Production

In order to quantify hydrolytic activity, strain L193 was cultured in 100 mL TSB medium supplemented with 1% (w/v) colloidal chitin at 28°C for 5 days in a shaking incubator at 130 rpm. To obtain cell-free supernatants, the cultures were centrifuged at 13,000 rpm for 20 min. Protease, chitinase and amylase activities of the supernatants were tested in 6-mm-diameter wells done in TSB media in Petri dishes containing 50% (v/v) skimmed milk, 1% (w/v) colloidal chitin and 1% (w/v) anhydrous starch, respectively (Barrow and Feltham, 1993). Each activity was tested using 100 μL of the pure supernatant (100% concentration) and the supernatant diluted in water at concentrations of 50% and 25%. For the protease and chitinase determination, plates were incubated at 28°C for 10 days. The radius of the transparent halos around the wells was measured after 5 and 10 days of incubation. Amylase activity was measured after 5 days using a Lugol’s solution (Barrow and Feltham, 1993). A transparent halo arround the wells indicated a positive result for amylase activity, while if the medium remained dark blue/black meant that starch was not hydrolysed, therefore reacting with iodine of the Lugol’s solution and dyeing the medium.

Genetic Identification of Biosurfactant

Non-ribosomal peptide synthetase (NRPS) genes coding for biosurfactant production were detected by PCR using specific degenerated primers described in Table 1. PCR amplifications were achieved in 50 μL mixtures containing PCR buffer, 2 mM MgCl2, 4 mM of each primer, 5U Taq polymerase, 0.2 mM of each dNTP and 80–100 ng of genomic DNA. Amplification conditions were as follows: 95°C for 5 min, 40 cycles at 94°C for 1 min, annealing temperature for 1 min, extension at 72°C for 1 min and a final extension at 72°C for 10 min. Annealing temperatures were 45°C, 43°C, 50°C, and 53°C for Af2/Tf1, As1//Ts2, BmyBF/BmyBR and ItuDF/ItuDR, respectively (Chung et al., 2008; Tapi et al., 2010; Mora et al., 2011). The amplification products were analysed by electrophoresis in a 2% (w/v) agarose gel after staining with RedSafeTM (Intron).

TABLE 1. PCR primers of lipopeptide biosynthesis genes in Bacillus atrophaeus L193.
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Physicochemical Characterisation of Biosurfactant

The L193 purified biosurfactant was characterised as explained above using the oil-spreading test (Morikawa et al., 2000), the emulsification index (Cooper and Goldenberg, 1987) and by measuring surface tension reduction and critical micelle concentration (CMC) (Phale et al., 1995). Finally, the chemical composition of the surfactant was determined by ultra performance liquid chromatography time-of-flight mass spectrometry (UPLC-TOF MS).

To determine the CMC, the reduction in surface tension in a 0.2% (w/v) surfactant solution and its serial dilutions were measured at 25°C using a Kruss K11 tensiometer. The CMC of the L193 biosurfactant corresponded to the highest dilution of the surfactant that produced the maximum reduction in surface tension.

The chemical composition of the biosurfactant was analysed by UPLC-TOF MS using an Acquity UPLC® BEH300 C4 column (1.7 μm, 2.1 × 50 mm). The mobile phase used was a mixture of acetonitrile and water buffered with a solution containing 0.1% (v/v) formic acid in water. Analysis conditions were as follows: 10 μL of sample at 40°C and an analysis time of 12 min.

Mass spectrometry analysis was carried out by positive electrospray ionisation (ESI+) using a MS Waters Synapt-G2 device. The analysis was done under the following conditions: capillary 3 Kv, source temperature 100°C, desolvation temperature 500°C, cone gas flow 40 L/h, desolvation gas flow 800 L/h, mass interval of detection from 100 to 2,400 Da and survey scan time 0.1 s. The data obtained were processed with the aid of MassLynxTM software (Waters).

Insecticidal Activity Bioassay

In order to determine the insecticidal potential of strain L193, the bacterial culture, supernatant and purified biosurfactant were tested in vivo against R. padi aphids (Agrobio S.L.).

To obtain the different treatments, strain L193 was cultured in TSB medium supplemented with 1% (w/v) colloidal chitin at 28°C in a shaking incubator at 130 rpm for 5 days. The supernatant was obtained by centrifugation at 13,000 rpm for 20 min and was then filtred through a 0.22-μm pore filtre. The biosurfactant was extracted from the 250 mL culture supernatant as described above and was dissolved in 250 mL of sterile water.

Imidacloprid (50 μg/mL) was used as positive control. As negative controls, sterile cell-free TSB medium with 1% (w/v) colloidal chitin was used for comparison with the whole culture and the supernatant treatments, while sterile water was used for comparison with the biosurfactant treatment.

The experimental model consisted of sixty individually grown barley (Hordeum vulgare) seedlings per treatment and control. Plants were grown in 0.2 pots filled with artificial soil at 23°C. Three-day barley seedlings (plant height: 6–7 cm) were initially infested with three 3rd-instar R. padi aphids and grown for 7 days in a growth chamber at 25°C, 60% humidity and for a 16 h light/8 h dark photoperiod. To avoid aphid dispersion, each plant was covered with transparent plastic film.

The insecticidal experiment lasted 5 days after the 7 days of plant growth. The treatments and controls were sprayed (0.5 mL per plant) on day 1 and 3 of the assay while ensuring that the whole aphid population and plant surface were covered with the spray solution. The dead and living aphids of each plant were counted daily.

Aphid mortality was calculated using Abbot’s formula (Abbott, 1925), which compares living aphids in each treatment (At) with living aphids in each control (Ac):

[image: image]

Determination of Aphid Feeding

To test whether the treatments affected aphid feeding capacity, ten barley seedlings infested each with three 3rd-instar aphids were used for each treatment and control. The experiment conditions were the same as described above, but in this case 90-mm diameter filtre paper discs were placed at the base of each plant stem to collect honeydew drops from the aphids (Kim and Jander, 2007).

In order to avoid contamination of the filtre paper disc by the soil, a Petri dish (with an opening for the stem) was placed between the filtre and the soil. Likewise, when the treatments and controls were sprayed on the seedlings, the filtre and dish were removed to avoid their contamination. Discs containing honeydew from the aphids were collected after 96 h and were immersed in a 0.1% (w/v) ninhydrin solution in acetone. Discs were oven-dried at 65°C for 30 min and cut into strips. The purple/pink spots were extracted with 4 mL of 90% (v/v) methanol by vortexing for 1 h at maximum speed. The tubes were then centrifuged at 5,000 rpm for 10 min, and supernatant absorbance was measured at 500 nm using 90% (v/v) methanol as blank (Nisbet et al., 1994).

Microscopy Analysis

After the in vivo assay described above, dead aphids from plants treated with the bacterial culture or the biosurfactant, as well as water-control aphids, were collected in order to analyse the effect of treatments using optical, scanning electron and transmission electron microscopy. The samples were prepared as described by Kim et al. (2011). Briefly, for scanning electron microscopy analysis, aphid samples were fixed with 2% (v/v) glutaraldehyde and 2% (v/v) paraformaldehyde in 50 mM cacodylate buffer at pH 7.4 for 48 h at room temperature. After fixing, the samples were washed three times in the cacodylate buffer and dehydrated through 50, 70, 90, and 100% ethanol for 5 min in each stage. The samples were dried and examined with a scanning electron microscope. For transmission electron microscopy analyses, aphid samples were immersed in 2.5% (v/v) glutaraldehyde in 0.1 M PBS buffer at pH 7.4 for 48 h at 4°C. Following washing with the PBS buffer, the samples were immersed in a mixture of 2% osmium tetroxide and 3%(v/v) ferrocyanide (1:1, v/v) in the same buffer for 1 h at 4°C. After a washing with the PBS buffer, the samples were dehydrated in a series of ethanol solutions and embedded in Epon 812. Ultrathin sections were mounted on Formvar-coated nickel grids (200 mesh) and stained with aqueous uranyl acetate and alkaline lead citrate for 5 min. The samples were then examined with a transmission electron microscope.

Statistical Analyses

Data normality was checked using the Shapiro-Wilk test. Since the data did not follow a normal distribution pattern, even after natural logarithmic and Box-Cox transformation, Kruskal-Wallis and Mood’s median tests were used to determine whether the five treatments differed significantly (p ≤ 0.05) in terms of aphid mortality. The Mann-Whitney U test with the Bonferroni correction was then used for pairwise comparisons of the treatments.



RESULTS

Microorganism Isolation and Identification

The strain used in this study was isolated from a soil sample taken from the Malahá salt works (Granada) in the south-east of Spain. The 16S rRNA gene sequence (1,355 bp) indicated that the strain belongs to the genus Bacillus. It showed 16S rRNA gene-sequence similarity of 99.5% to its closest relative B. atrophaeus. The isolate was named B. atrophaeus L193.

Biosurfactant Production

Different culture media were screened in order to determine in which of these media the biosurfactant production was higher (Table 2). TSB supplemented with colloidal chitin, in which strain L193 produced 2.04 g/L of biosurfactants, was selected and used as the culture medium to perform the subsequent experiments.

TABLE 2. Surfactant production by B. atrophaeus L193 in different culture media.
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Biosurfactant Detection in L193 Culture on TSB Chitin Medium

The cell-free supernatant of strain L193 grown in TSB medium supplemented with 1% (w/v) colloidal chitin produced a clear halo zone of 24.95 cm2 in the oil displacement test, while the drop-collapsing test was also positive (data not shown). The emulsification index (E24) for cell-free supernatant activity against mineral oil, almond oil and isopropyl myristate was 8.08% (±1.24), 42.63% (±2.63), and 3.73% (±1.31), respectively. The reduction in surface tension reached a maximum (33.0 mN/m) after 4.5 h of incubation (Figure 1).
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FIGURE 1. Time-course cell density ([image: image]) and surface tension ([image: image]) values for Bacillus atrophaeus L193. Data represent mean ± standard deviation of the triplicates.



Determination of Hydrolytic Enzyme Production

In this study, we analysed the production of glucosidase enzymes (amylase and chitinase) and proteases (caseinase) by strain L193 in order to determine its potential insecticidal capacity. The undiluted L193 culture supernatants on 1% (w/v) TSB chitin-containing media displayed enhanced amylase, chitinase and caseinase production (Table 3).

TABLE 3. Amylase, chitinase and caseinase activities of B. atrophaeus L193 supernatants on TSB medium supplemented with 1% (w/v) colloidal chitin.
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Genetic Characterisation of Biosurfactant

Genomic analysis indicates that B. atrophaeus L193 contains non-ribosomal lipopeptide synthetase gene clusters, which include genes involved in producing fengycin, surfactin, bacillomycin and iturin, such as fenC, srfA-A, bmyB and ituD (Supplementary Figure S1).

Physicochemical Characterisation of Biosurfactant

In order to analyse the efficiency of biosurfactants extracted from strain L193, critical micelle concentration (CMC) as well as emulsification and oil spreading (displacement) activity were measured. The value obtained for CMC was 9.38 mg/L. The oil spreading test showed a displacement halo area of 33.87 cm2 for L193 relative to 55.42 cm2 for the positive control Triton X-100 (Supplementary Figure S2). The emulsification index (E24) for L193 biosurfactant activity against mineral oil, almond oil and isopropyl myristate was 51.53% (±1.39), 46.87% (±1.46), and 38.05% (±11.21), respectively (Supplementary Table S1). These emulsification indices for the surfactant produced by L193 were slightly lower than those for the positive control Triton X-100. Except with regard to almond oil, all the values for the biosurfactant were higher than those for the supernatant of L193 cultures. The emulsification index of water (negative control) for these compounds was 0% (Supplementary Figure S3).

Ultra-performance liquid chromatography time-of-flight mass spectrometry (UPLC-TOFS MS) was used to identify metabolites produced by the isolate tested. Figure 2 illustrates the total ion chromatogram (TIC) spectrum of the B. atrophaeus L193 culture extract.
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FIGURE 2. TIC spectrum obtained from the surfactant of B. atrophaeus L193 cultured in TSB medium supplemented with 1% (w/v) colloidal chitin.



The analyses show that strain L193 can produce various types of lipopeptides. Four known surfactins, with an acyl chain ranging from C12 to C15, as well as two known types of bacillomycin F (C15 and C16) were detected. Iturin A and fengycin B peaks were also observed (Table 4). UPLC-TOF MS detected two predominant compounds: an [M+H] peak at m/z 1,057.5736 for iturin A with molecular formula C49H76N12O14 and an [M+H] peak at m/z 1,036.6947 for surfactin with molecular formula C53H93N7O13 (Figures 3A,D, respectively). Also an [M+H] peak at m/z 1,085.6064, for bacillomycin F with a molecular formula C51H80N12O14 and an [M+H] peak at m/z 1,477.8317 for fengycin B, with a molecular formula C73H112N12O20 (Figures 3B,C, respectively) were detected. No mass signals were assigned to other lipopeptides. This agrees with the results obtained by the PCR analysis (Supplementary Figure S1).

TABLE 4. Lipopeptide production by B. atrophaeus L193 as detected by Q-TOF MS.
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FIGURE 3. Q-TOF MS spectra obtained from the surfactant produced by B. atrophaeus L193: protonated linear derivatives of the [M+H] of iturin A (A), bacillomycin F (B), fengycin B (C), and surfactin (D).



Insecticidal Activity Bioassay

In order to evaluate the aphicidal activity of B. atrophaeus L193, in vivo studies were conducted in barley plants infested with three 3rd-instar R. padi aphids, and treated or untreated with strain L193 culture, cell-free supernatant or purified extract. The results show high levels of activity against R. padi for all of the treatments. The differences between the treatments and control were, in all cases, highly significant (p ≤ 0.05). The highest mortality rate of aphids was obtained 24 h after the first treatment (Figure 4). Imidacloprid, a neonicotinoid commonly employed for aphid control, with 100% mortality after 24 h, was used as positive control (data not shown in Figure 4).
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FIGURE 4. Box plot representing aphid mortality with the five treatments tested. The centre line of the box depicts the median, the edges of the box reflect the 25th and 75th percentiles (interquartile range), and the whiskers depict the 10th and 90th percentiles. Different letters above the whiskers indicate significant differences (p ≤ 0.05) between treatments according to the Mann-Whitney U test.



Given the corrected mortality based on Abbot’s formula, an enhanced insecticidal activity was observed in the biosurfactant (59.8%) as compared to the culture (50.6%) and the cell-free supernatant (47.7%) of B. atrophaeus L193 (Supplementary Table S2).

Determination of Aphid Feeding

Aphid feeding capacity was evaluated by measuring the amount of honeydew excreted by the whole aphid population after 96 h. The samples corresponding to the L193 culture and cell-free supernatant treatments showed a reduction of 38.5 and 42.9% in the honeydew excreted, respectively, as compared to controls. L193 surfactant treatment samples showed a reduction of 28.7% as compared to controls.

Microscopy Analysis

The signs of R. padi infection caused by topic treatment with B. atrophaeus L193 were observed by optical microscopy and are shown in Figure 5. Aphids exposed to L193 ceased to move, their bodies were dehydrated and their green colour darkened.
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FIGURE 5. Signs of infection in Rhopalosiphum padi caused by B. atrophaeus L193 observed by stereo microscopy. (A) Treatment with water (control). (B) Treatment with L193 surfactant.



Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM) data on aphids treated with TSB medium and the L193 culture or the biosurfactant produced by L193 are shown in Figure 6. SEM analysis of aphids treated with TSB medium alone showed an intact cuticle (Figure 6A), while clear evidence of damaged cuticle was detected in aphids treated with L193 culture and the biosurfactant (Figures 6B,C, respectively). TEM and optical microscopy confirmed that treatment with strain L193 affects the cuticular membrane of the aphids, with a 36.23% reduction in thickness in the case of the bacterial culture treatment (Figure 6E) and a 58.35% reduction with the L193 surfactant treatment (Figure 6F). With regard to treatment with the biosurfactant, a clear change in cuticle structure was also observed.
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FIGURE 6. Micrographs of aphid thoraxes produced by scanning electron microscopy (A–C), transmission electron microscopy (D–F) and optical microscopy (G–I) of aphids treated only with TSB medium (A, D, and G), the L193 culture (B, E, and H) and the biosurfactant produced by L193 (C, F, and I). Arrows indicate aphid membranes.



With regard to treatment with the L193 culture, TEM micrographs also highlighted the presence of a bacterial cell monolayer firmly attached to the cuticle surface of aphids (Figure 6E), with bacterial cells sometimes appearing to cause the development of a pseudopod-like structure in the aphid cuticle (Supplementary Figure S4A). SEM micrographs showed cuticle concavity in the aphids (Supplementary Figure S4B).



DISCUSSION

The strain used in this study showed 16S rRNA gene-sequence similarity of 99.5% to its closest relative B. atrophaeus. The isolate was named B. atrophaeus L193.

Several studies have previously highlighted the potential of different Bacillus strains to act as biocontrol agents against insect pests. The effect of these bacteria has been tested in relation to a wide range of agronomically important pests including aphids (Dutton et al., 2003; Palma et al., 2014; Rashid et al., 2017). As explained elsewhere, these insects are considered to be the most destructive agents affecting several crops and the agricultural economy (Leroy et al., 2011).

Most studies have analysed the biopesticidal activity of the genus Bacillus against the green peach aphid Myzus persicae, one of the most destructive pests, which causes huge crop loss (Torres-Quintero et al., 2015). The most common Bacillus species tested against M. persicae is the entomopathogenic bacterium Bacillus thuringiensis (Torres-Quintero et al., 2015). This bacterium produces crystalline inclusions composed of insecticidal crystal proteins (ICP) and endotoxins. Although these ICPs and toxins are highly active against several orders of insects, various studies have shown low to moderate toxicity to aphids (Porcar et al., 2009). It would therefore be interesting to study the potential of other Bacillus species to act as biocontrol agents against these insects. To the best of our knowledge, this is the first study to analyse the anti-aphid insecticidal activity of B. atrophaeus, which we tested against Rhopalosiphum padi (L.) (Homoptera: Aphididae), one of the most abundant and economically important aphids in both winter and spring wheat crops.

Biosurfactant production by L193 was tested in different culture media. The data showed that the culture medium used in the growth of the microorganism can decisively influence biosurfactant production. TSB supplemented with colloidal chitin was selected for the experiments.

The use of biosurfactants from microorganisms is a potentially effective pest management strategy. In order to detect biosurfactant production by L193, the oil displacement test, drop-collapsing test and the emulsification index of the cell-free supernatant of strain L193 grown in TSB medium supplemented with colloidal chitin were used. The pattern observed was also found with respect to other biosurfactants produced by microorganisms (Lee et al., 2008).

The efficiency of biosurfactants extracted from strain L193 was evaluated by measuring the critical micelle concentration (CMC) as well as emulsification and oil spreading (displacement) activity. CMC values for the different biosurfactants tested range from 9 mg/L (Sivapathasekaran et al., 2009) to 140 mg/L (Mukherjee and Das, 2005). The low CMC value (9.38 mg/L) for L193 indicates that this biosurfactant is more efficient than other biological surfactants (Sriram et al., 2011).

The oil spreading test and the emulsification indices used for the surfactant produced by L193 showed results very similar to those for positive controls such as Triton X-100. These properties of L193 lipopeptides, together with their CMC, highlight their potential biotechnological, biomedical and environmental applications due to their ability to reduce interfacial tension between aqueous and oleous mixtures.

In this study, we also analysed the production of glucosidase enzymes (amylase and chitinase) and proteases (caseinase) by strain L193 in order to determine its potential insecticidal capacity, as the insect cuticle is composed mainly of chitin nano-fibres embedded in a matrix of proteins, polyphenols and water with small amounts of lipid. Chitin is also a common constituent of insect exoskeletons which support the epidermal cuticles and the peritrophic matrices lining the gut epithelium (Merzendorfer and Zimoch, 2003).

The role of such lytic enzymes in the insecticidal activity of this strain has previously been observed in the genus Bacillus (Driss et al., 2011). The undiluted L193 culture supernatants on 1% (w/v) chitin-containing media displayed enhanced chitinase, amylase and caseinase production. Driss et al. (2011) have highlighted the important role played by the chitinase enzyme in B. thuringiensis whose integration into ICPs enhanced their insecticidal activity. The synergistic effect of proteases and chitinases on the cuticle degradation mechanism has also been demonstrated (Leger et al., 1986). Moreover, our study demonstrates that L193 produces glucosidases and proteases, thus confirming the insecticidal potential of these enzymes.

Different Bacillus sp., which produce lipopeptides with surfactant properties, have been described (Raaijmakers et al., 2010). These metabolites are regarded as the most common class of compounds produced by Bacillus sp. (Stachelhaus and Marahiel, 2002). The antifungal activity of lipopeptides isolated from B. atrophaeus has also been described (Huang et al., 2015). Genomic analysis carried out in our study indicates that B. atrophaeus L193 contains non-ribosomal lipopeptide synthetase gene clusters, which include genes involved in producing fengycin, surfactin, bacillomycin and iturin genes.

Aleti et al. (2016) have reported that the lipopeptides fengycins, iturins and surfactins produced by B. atrophaeus 176s display antifungal activity and can protect different crops against Rhizoctonia solani infection. However, very few of these compounds produced by Bacillus spp. have been reported to be involved in aphid control, and their insecticidal activity against this insect has not been studied to any significant extent.

The metabolites produced by L193 were identified using electrospray quadrupole time-of-flight mass spectrometry (Q-TOFS MS), which show that strain L193 can produce four types of lipopeptides: surfactins, bacillomycin F, iturin A, and fengycin B. All these lipopeptides have been previously observed by PCR. Although some studies have described the control of plant pathogens by surfactins (Chen et al., 2013), little research has been carried out on the aphicidal activity of these molecules produced by the genus Bacillus. To our knowledge, only two studies have analysed the role of surfactins produced by different Bacillus sp. acting as aphicidal metabolites (Yun et al., 2013; Yang et al., 2017), while the aphicidal role played by other lipopeptides, such as iturin, bacillomycin and fengycin, remains unclear.

In vivo studies of barley plants infested with three 3rd-instar R. padi aphids and treated with B. atrophaeus L193. The results show high levels of activity against R. padi for all of the treatments tested, L193 culture, cell-free supernatant and biosurfactant.

The highest mortality rate was observed after 24 h of incubation. As indicated above, the predominant metabolites present in the biosurfactant produced by strain L193 were lipopeptides, whose insecticidal activity against R. padi was also demonstrated. The mechanisms involved in the anti-aphid activity of lipopeptides produced by the genus Bacillus sp. remain unclear. Yun et al. (2013) identified a surfactin acting as an aphicidal metabolite produced by B. amyloliquefaciens G1. More recently, Yang et al. (2017) showed that B. subtilis Y9 produces biosurfactants which act as insecticidal metabolites against this aphid species. Both studies investigated aphid mortality rates using a topic assay method similar to that used in our study. However, most studies report that the anti-aphid insecticidal activity of the genus B. thuringiensis involves ingestion (Bravo et al., 2007).

Aphid feeding was evaluated by measuring the amount of honeydew excreted by the whole aphid population. The samples of L193 culture, cell-free supernatant and surfactant treatments showed a reduction in the honeydew excreted as compared to controls. These results indicate that L193 topic treatments not only affected cuticle integrity but also aphid feeding capacity. Similar results were found in a study of Bacillus velezensis YC7010 as an inductor of systemic anti-aphid resistance by plants (Rashid et al., 2017), although, in this case, the treatment was by ingestion.

Microscopy data on aphids treated with the L193 culture or the biosurfactant produced by L193 are given in this study. Scanning electron microscopy (SEM) analysis shows clear evidence of damage to the cuticle in aphids treated with L193 culture and the biosurfactant. Transmission electron microscopy (TEM) and optical microscopy confirmed that treatment with L193 affects the cuticular membrane. With regard to treatment with the biosurfactant, a clear change in cuticle structure was also observed. Lipopeptides appear to induce aphid cuticle dehydration due to interaction with cuticle molecules such as phospholipids and fatty acids (Puterka et al., 2003; Jang et al., 2013). We hypothesise that the biosurfactant produced by L193 affects cuticle lipids and leads to membrane perturbation. This mechanism is corroborated by microscopy observations which showed that the treatment tested in this study causes clear changes in the endocuticle layer of aphids. Similar results have been reported for other biosurfactants, such as rhamnolipids, produced by different species of Pseudomonas sp. (Kim et al., 2011; Jang et al., 2013).

Bacillus atrophaeus L193 produces a biosurfactant with enhanced physicochemical properties as compared to other biological surfactants described to date. In addition, genomic analysis indicated that L193 contains gene clusters for the biosynthesis of non-ribosomal lipopeptide synthetases. This was confirmed by Q-TOF MS, which detected the presence of different types of lipopeptides in the biosurfactant. The in vivo studies carried out suggest that the biosurfactants produced by B. atrophaeus L193 may be useful for controlling aphids. To the best of our knowledge, this is the first study to confirm the insecticidal activity of B. atrophaeus against R. padi, one of the most abundant and economically important aphids affecting both winter and spring wheat crops.
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The present study investigated the species level based microbial community and metabolome in corn silage inoculated with or without homofermentative Lactobacillus plantarum and heterofermentative Lactobacillus buchneri using the PacBio SMRT Sequencing and time-of-flight mass spectrometry (GC-TOF/MS). Chopped whole crop corn was treated with (1) deionized water (control), (2) Lactobacillus plantarum, or (3) Lactobacillus buchneri. The chopped whole crop corn was ensiled in vacuum-sealed polyethylene bags containing 300 g of fresh forge for 90 days, with three replicates for each treatment. The results showed that a total of 979 substances were detected, and 316 different metabolites were identified. Some metabolites with antimicrobial activity were detected in whole crop corn silage, such as catechol, 3-phenyllactic acid, 4-hydroxybenzoic acid, azelaic acid, 3,4-dihydroxybenzoic acid and 4-hydroxycinnamic acid. Catechol, pyrogallol and ferulic acid with antioxidant property, 4-hydroxybutyrate with nervine activity, and linoleic acid with cholesterol lowering effects, were detected in present study. In addition, a flavoring agent of myristic acid and a depression mitigation substance of phenylethylamine were also found in this study. Samples treated with inoculants presented more biofunctional metabolites of organic acids, amino acids and phenolic acids than untreated samples. The Lactobacillus species covered over 98% after ensiling, and were mainly comprised by the L. acetotolerans, L. silagei, L. parafarraginis, L. buchneri and L. odoratitofui. As compared to the control silage, inoculation of L. plantarum increased the relative abundances of L. acetotolerans, L. buchneri and L. parafarraginis, and a considerable decline in the proportion of L. silagei was observed; whereas an obvious decrease in L. acetotolerans and increases in L. odoratitofui and L. farciminis were observed in the L. buchneri inoculated silage. Therefore, inoculation of L. plantarum and L. buchneri regulated the microbial composition and metabolome of the corn silage with different behaviors. The present results indicated that profiling of silage microbiome and metabolome might improve our current understanding of the biological process underlying silage formation.
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INTRODUCTION

Ensiling is a conventional and global practice method for preserving green forage crops under anaerobic conditions. The goal of making silage is to obtain a high-quality feed for livestock. The high-quality silage should be avoided of undesirable compounds that could negatively affect animal performance, the environment, or net farm income (Kung et al., 2018). The epiphytic microbial communities of fresh forages play a critical role in the start and whole process of forage fermentation. Microbial fermentation in the silo produces an array of metabolites and can change many nutritive aspects of forage (Kung et al., 2018). However, the process of fermentation is exceedingly complex and involves many types of microorganisms, resulting in a variety of metabolites. Therefore, improved understanding of the metabolome and bacterial community in ensiled forages may provide an important scientific basis for making high-quality silages.

In the past decade, molecular tools such as denaturing gradient gel electrophoresis (DGGE), real-time PCR, terminal restriction fragment length polymorphism (TRFLP), ribosomal intergenic spacer analysis (RISA), and next generation sequencing (NGS) have been used to uncover the epiphytic microbiota in fresh forages and microbiota in ensiled forages (Stevenson et al., 2006; Brusetti et al., 2011; Li and Nishino, 2011a; Pang et al., 2011; Ni et al., 2017). However, these techniques only reflected a few of the most abundant operational taxonomic units (OTUs) present and did not reveal detailed information regarding the composition of the complete microbial community (Guo et al., 2018). Even though NGS technologies have high-throughputs and can facilitate the discovery of higher microbiota diversity as well as the detection of organisms that are presented in low numbers, partial sequence of the 16S rRNA gene analysis only provides microbiota profiles that are restricted to genus precision (Bokulich and Mills, 2012; Mayo et al., 2014). A vital metagenomic approach, the PacBio single molecule in conjunction with real-time sequencing technology (SMRT), can almost cover the full read length of the DNA fragment multiple times, resulting in a reduced error rate and increased ability to depict the bacterial profile to species level precision (Schloss et al., 2016). Hence, the SMRT sequencing platform should be considered suitable for precisely assessing the microbial community at the species level in ensiled forages with a low microbial biodiversity (Bao et al., 2016; Guo et al., 2018).

The fermentation of forage is very complex and involves many types of microorganisms mainly comprised by lactic acid bacteria (LAB), resulting in a variety of different metabolites during ensiling. Common fermentation end products of silages, such as lactic acid, acetic acid, propionic acid, butyric acid, 1,2-propanediol and ethanol, are conventionally detected to evaluate the fermentation quality of ensiled forages. Among them, acetic acid, 1,2-propanediol and propionic acid are good for improving silage aerobic stability after aerobic exposure. Some other metabolites with antifungal ability, such as 3-hydroxydecanoic acid, 3-(R)-hydroxytetradecanoic acid, 4-hydroxybenzoic acid, vanillic acid, 2,3-butanedione, acetaldehyde, and bacteriocins were also reported to be produced by LAB strains or liquid cultures of grass silage (Cleveland et al., 2001; Sjögren et al., 2003; Broberg et al., 2007; Arasu et al., 2013). In addition, LAB can produce a large number of metabolites during fermentation, such as oligosaccharides, amino acids, fatty acids, vitamins, and aromatic compounds (Sun et al., 2012). These results indicate that many other metabolites in ensiled forage might have not been identified.

To produce high quality silage, the LAB inoculants are usually used to promote fermentation process. Based on the fermentation pattern, inoculants are divided into homofermentative and heterofermentative cultures. These two types of inoculants use different approaches for directing fermentation during ensiling. Homofermentative LAB is often used to dominate the fermentation by rapid production of lactic acid and the consequent decrease in pH, which prevents growth of mold, yeast and other undesirable microbes, and helps to preserve the forage mass (Hu et al., 2009). The most common homofermentative inoculant is Lactobacillus plantarum (Koc et al., 2017). In order to improve aerobic stability, heterofermentative LAB such as Lactobacillus buchneri was developed as a silage inoculant. Lactobacillus buchneri improves aerobic stability by fermenting lactic acid to acetic acid and 1,2-propanediol (Elferink et al., 2001). However, how the homofermentative or heterofermentative LAB affect the bacterial community and metabolites in whole crop corn silage is unclear. Therefore, modulation of bacterial community and metabolome in corn silage, by inoculating Lactobacillus plantarum and Lactobacillus buchneri, were profiled in the present study.



MATERIALS AND METHODS

Silage Making

The whole crop corn (Zea mays L.) was mowed with a precision chop harvester at a 234.6 g DM kg-1 of fresh forage. The pH of raw corn was 5.08. The epiphytic LAB, mold and yeast in the fresh corn were 7.08, 5.66, and 6.56 log10 cfu g-1, respectively. Vacuumed silos of whole crop corn (vacuum-sealing polyethylene plastic bags packed with approximately 300 g of fresh forage) were individually prepared for each of the following treatments: (a) untreated (control), (b) L. plantarum, and (c) L. buchneri. The application rate of each inoculant into the fresh forage was 1 × 106 cfu g-1 FM, and an equal volume of distilled water was sprayed onto the fresh corn for the control group. The silos were then stored at ambient temperature (22–25°C) in dark conditions and sampled at 90 days of fermentation.

Characteristics of Fresh Forage and Silage

A 20 g fresh sample was put in a juice exactor and squeezed with 180 mL distilled water for 30 s at a high speed, then filtered via medical gauze with four layers. The filtrate pH was measured with a glass electrode pH meter immediately. A portion of the filtrate of each sample was acidulated with H2SO4 (7.14 mol L-1) and filtered with a 0.45-μm dialyzer. Lactic acid, acetic acid, propionic acid, and butyric acid were analyzed by High Performance Liquid Chromatography (HPLC), (KC-811 column, Shodex; Shimadzu: Japan; oven temperature 50°C; flow rate 1 mL min-1; SPD 210 nm). Enumeration of LAB, yeast and mold in fresh corn were detected according to the methods described by Reich and Kung (2010). Briefly, samples (10 g) were homogenized in 100 mL of sterile Ringer’s solution (Oxide BR52) for 1 min and serially diluted (10-fold). The number of LAB was detected on spread plates using Rogosa agar (Oxoid CM627, Oxoid, Basingstoke, United Kingdom) and incubated at 37°C for 48–72 h. Yeast and mold were determined by pour plating serial 10-fold dilutions of water extracts on malt extract agar (Oxoid CM0059) that had been acidified with lactic acid (concentration of 850 g kg-1 added at 50 g kg-1, vol/vol). Plates were incubated at 32°C for 48–72 h. Colonies were counted from plates where appropriate dilutions yielded 30–300 colonies.

SMRT Analysis of Bacteria Composition

Fresh and ensiled corn silages of each treatment were sampled for total bacteria DNA extraction. Total DNA was extracted using a DNA isolation kit (Tiangen, DP302-02, Tiangen, China) according to the manufacturer’s specification. The quality of extracted DNA samples was evaluated by 1% agarose gel electrophoresis and spectrophotometry. All extracted DNA samples were stored at -20°C for further analysis. The PCR amplification of the full-length 16S rRNA gene for SMRT sequencing was carried out with the forward primer 27F (5′-GAGAGTTTGATCCTGGCTCAG-3′) and reverse primer 1492R (5′-TACCTTGTTACGACTT-3′). The two primers contained a set of 16-nucleotide barcodes. The PCR program was as follows: 95°C for 3 min, 25 cycles of 98°C for 20 s, 57°C for 30 s and 72°C for 90 s, with a final extension of 72°C for 2 min.

The 16S rRNA library was built with a Pacific Biosciences Template Prep Kit. Sequencing of the amplicons was performed on a PacBio Sequel instrument (Pacific Biosciences, Menlo Park, CA, United States). The quality control for PCR amplifications and sequences pre-processing were performed as described by Mosher et al. (2013). Raw data was extracted and filtered with the Circular Consensus Sequencing (CCS) software of the SMRT Link (minfullpass = 3, polish minPredictedAccuacy = 0.8, minLength = 500) to obtain the Raw CCS Reads. The barcode reads of every sample were recognited with Lima1 to acquire Raw CCS. Whereafter the CCS (accuracy above 99%) of each sample was tested and chimeric reads were removed with UCHIME2 to acquire the optimized sequence. Subsequently, representative sequence was compared using the Mothur3 software with the Silva (Release 1284) database (classified at a bootstrap threshold of 0.9) to gain classified information (Quast et al., 2013). The Shannon-Wiener, Simpson’s diversity, Chao1 and rarefaction estimators were calculated to evaluate the alpha diversity.

Metabolite Profiling Analysis

Samples of fresh and ensiled forages (5 g ± 1 mg) were extracted with 20 mL extraction liquid (VMethanol:VE.A = 1:1) in EP tubes. Then 666 μL of adonitol (0.5 mg mL-1 stock in dH2O) as internal standard was added and vortex mixing for 30 s. The mixture was oscillated for 1 h, and then filtered with membrane (0.22 μm). The supernatant (0.6 mL) was dried with a vacuum concentrator without heating in a GC/MS glass vial, and then 80 μL of methoxyamine hydrochloride (20 mg mL-1 in pyridine) was added into each dried metabolite and incubated for 30 min at 80°C. The quality control (QC) samples consisted of partial extract (75 μL) from each sample. For derivatization, 100 μL of the BSTFA regent (containing 1% TMCS, vol/vol) was added into each sample, incubated for 1.5 h at 70°C. Finally, 10 μL of FAMEs (standard mixture of fatty acid methyl esters, C8-C16:1 mg mL-1; C18-C24:0.5 mg mL-1 in chloroform) was added into the QC sample after cooling to the room temperature. All samples were analyzed by a Agilent 7890 gas chromatograph system coupled with a Pegasus 4D time-of-flight mass spectrometer (GC-TOF-MS).

The GC-TOF-MS system used a DB-5MS capillary column coated with 5% diphenyl and cross-linked with 95% dimethylpolysiloxane (30 m × 250 μm inner diameter, 0.25 μm film thickness; J&W Scientific, Folsom, CA, United States). Samples (1 μL) were injected in split mode (split ratio 20:1), with helium used as the carrier gas at a flow rate of 1.0 mL min-1. The oven temperature ramp was as follows: initial temperature was 80°C for 1 min, then raised to 290°C at a rate of 10°C min-1, and finally kept at 290°C for 13 min. The injection, transfer line, and ion source temperatures were 280, 295, and 220°C, respectively. The energy was -70 eV in electron impact mode. The mass spectrometry data was acquired in full-scan mode with an m z-1 range of 50–600 at a rate of 10 spectra per second, after a solvent delay of 7.9 min.

Chroma TOF 4.3X software of LECO Corporation and the LECO-Fiehn Rtx5 database were used for raw peak exaction, data baseline filtration and calibration of the baseline, as well as peak alignment, deconvolution analysis, peak identification and integration of the peak area (Kind et al., 2009). Both the mass spectrum match and retention index match were considered in metabolites identification. Peaks with poor repeatability (<50% of QC samples or RSD >30%) in QC samples were removed (Dunn et al., 2011). The NIST5 and KEGG6 commercial databases were used to search for metabolites. The followed method was used to calculate the relative concentration of each detected metabolite. Briefly, with the fixed volume of sample injected into equipment, a peak area of each metabolite as its relative concentration in the sample was obtained. The relative concentrations of metabolites were calculated as the peak area rate of each metabolite and internal standard substance (adonitol).

Statistical Analysis

All metabolite data was normalized using SIMCA software (version 14, Umetrics AB, Umea, Sweden) before hierarchical cluster analysis and principal component analysis (PCA). PCA and projections to latent structure-discriminant analysis (PLS-DA) models were tested for all samples. The OPLS-DA model was employed with first principal-component of VIP (variable importance in the projection) values (VIP > 1) combined with Student’s T-test (P < 0.05) to find differentially expressed metabolites.



RESULTS

Fermentation Quality of Whole Crop Corn Silage

The fermentation characteristics of whole crop corn silage ensiled for 90 days are shown in Table 1. Corn silage inoculated with L. buchneri had a higher pH, and greater acetic acid but less lactic acid compared with L. plantarum-treated and control groups (P < 0.05). Silage treated with L. buchneri had higher aerobic stability than samples treated with L. plantarum, but there was no significant difference with control group.

TABLE 1. Fermentation characteristics of whole crop corn silage for 90 days.
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Metabolomic Profiles of Whole Crop Corn Silage

Based on the GC-TOF-MS of 12 samples, a total of 979 substances were detected, and 316 different metabolites were identified with their relative concentrations (Supplementary Table S1). According to PCA (Figure 1), the metabolites in L. plantarum, L. buchneri and control group samples were clearly separated by PC1, which represented 79.4% of variations among samples with different treatments. The altered metabolites in samples with or without inoculants were found from the first component of the PCA model, and the metabolites in L. buchneri-treated samples were separated by the second component of the PCA model. The contribution of metabolites to PC1 was dominated by lyxose, serine, oxoproline, proline, palmitic acid, succinic acid, and iminodiacetic acid (Supplementary Table S2). However, the application of multivariate analysis PLS-DA could be more useful for distinguishing control samples from L. buchneri and L. plantarum-treated samples (Figure 2).
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FIGURE 1. Principal component analysis (PCA) of metabolic profiles in whole crop corn silage inoculated without (green circle) or with L. plantarum (red triangle) or L. buchneri (blue square) (n = 3). Input data were the total mass of the signal integration area of each sample, and the signal integration area was normalized with method of internal standard normalization for each sample.
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FIGURE 2. Partial least squares-discriminate analysis (PLS-DA) of metabolic profiles in whole crop corn silage inoculated without (green circle) or with L. plantarum (red triangle) or L. buchneri (blue square) (n = 3). Input data were the total mass of the signal integration area of each sample, and the signal integration area was normalized with method of internal standard normalization for each sample.



The relative concentration and fold-changes of differentially expressed metabolites in whole crop corn silage with or without inoculants treatments are shown in Table 2. After 90 days of ensiling, samples treated with inoculants presented more amino acids, such as phenylalanine, lysine, tyrosine and glycine, than untreated samples. Compared to the control silage, up-accumulations of the phenolic acids of 4-hydroxycinnamic acid and 3,4-dihydroxycinnamic acid, the flavoring agent of gluconic lactone, and the organic acids of lauric acid, 3-hydroxypropionic acid, pentadecanoic acid, oxamic acid and isocitric acid were also observed in the inoculants treated silages. Inoculation of L. buchneri dramatically increased the relative concentrations of 2-hydroxybutanoic acid, saccharic acid, mannose, saccharic acid, 2-keto-L-gulonic acid, conduritol-β-epoxide, cholesterol and alpha-D-glucosamine-1-phosphate (a substance beneficial to health), in whole crop corn silage as compared to the L. plantarum-treated and control groups. Additionally, inoculation of L. plantarum remarkably increased the relative concentrations of cytosine, pyrogallol and tetrahydrocorticosterone in silages as compared to the control and samples inoculated with L. buchneri.

TABLE 2. Relative concentration and fold-changes in differential metabolites in whole crop corn silage with inoculation of L. buchneri or L. plantarum after 90 days of ensiling.
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Among the identified metabolites, some substances with biological functions in the whole crop corn silage were also detected (Table 3). Inoculants significantly decreased the relative concentration of phenylethylamine (PEA) as compared to the control silage. Some other metabolites with bacteriostatic activity, such as catechol, azelaic acid, ferulic acid, 3-phenyllactic acid, 3,4-dihydroxybenzoic acid, 4-hydroxybenzoic acid and glycolic acid, were found in the present whole crop corn silage although there were no significant differences in these metabolites among different treatments. Among those metabolites, catechol and ferulic acid have antioxidant properties, and 4-hydroxybutyrate has nervine activity. Linoleic acid with cholesterol lowering effects was detected at a higher relative concentration in the control silage compared to silages given inoculants. Myristic acid, a kind of flavoring agent, was also detected but no differences were found among treatments. The L. plantarum-treated samples contained less 4-aminobutyric acid than the control and samples treated with L. buchneri.

TABLE 3. Relative concentration and fold-changes in metabolites with biological functions in whole crop corn silage with inoculation of L. buchneri or L. plantarum after 90 days of ensiling.
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Bacterial Microbiota of Whole Crop Corn Silage

Based on SMRT sequencing of the full-length 16S rRNA gene in silage bacteria, an average of 22,240 CCS sequences were obtained from each sample. The Good’s coverage of samples showed that the sequence depth was adequate in the present study (Table 4). The α-diversity (Shannon index, Simpson index, Chao1 index), and alpha diversity index curves (Supplementary Figure S1) indicated high bacterial biodiversity in the present fermentation systems of whole crop corn silage.

TABLE 4. Sequence and bacterial diversity estimation of fresh forage and experimental treatment groups.
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At the genus level, the epiphytic microflora of fresh corn was mainly comprised by Agrobacterium, Microbacterium, Sphingobacterium, Chryseobacterium, Candidatus Phytoplasma, unclassified Enterobacterales, unclassified Gammaproteobacteria, Leuconostoc (2.69%), Klebsiella, Stenotrophomonas, Lactobacillus (2.44%), Frigoribacterium, unclassified Bacteroidetes and others (Figure 3). After 90 days of ensiling, the dominated microflora was the genus Lactobacillus (>98%), regardless of treatments. At the species level (Figure 4), fresh corn exhibited the greatest species richness and was harbored by many undesirable bacteria such as unclassified Chryseobacterium (4.6%), Sphingobacterium siyangense (3.5%), unclassified Enterobacterales (3.5%), Microbacterium testaceum (3.5%), unclassified Sphingomonas (2.6%), and so on. Meanwhile, the epiphytic LAB on the fresh corn mainly consisted of Lactococcus lactis (1.58%), Leuconostoc pseudomesenteroides (1.13%), Lactobacillus paralimentarius (1.06%), Lactobacillus plantarum (0.37%) and Lactobacillus farciminis (0.03%). After fermentation for 90 days, Lactobacillus species such as L. acetotolerans, L. silagei, L. parafarraginis, L. buchneri, and L. odoratitofui dominated the bacterial community. Compared to control group, samples inoculated with L. plantarum increased the relative abundances of L. acetotolerans, L. parafarraginis, L. buchneri, and decreased the relative abundance of L. silagei. Meanwhile, inoculation of L. buchneri increased the relative abundances of L. silagei, L. odoratitofui, L. parafarraginis, L. farciminis, and diminished the relative abundance of L. acetotolerans.


[image: image]

FIGURE 3. Relative abundances of the corn silage bacterial community before and after fermentation with different treatments for different ensiled times at genus level. FM, fresh material; C, control group; B, samples treated with L. buchneri; P, samples treated with L. plantarum.
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FIGURE 4. Relative abundances of the corn silage bacterial community before and after fermentation with different treatments for different ensiled times at species level. FM, fresh material; C, control group; B, samples treated with L. buchneri; P, samples treated with L. plantarum.



Correlations Between the Relative Abundance of Bacteria and Metabolites of Ensiled Whole Crop Corn

Spearman correlations between the dominated bacteria and the metabolites that were differentially presented in ensiled samples within three treatments were calculated. This indicated perfect negative to perfect positive correlations (ranges from -1 to 1; P-values are shown as ∗0.01 < P ≤ 0.05, ∗∗P ≤ 0.01) for the 90-day fermented corn silages (Figure 5). Many of metabolites were positively correlated with LAB species, and were negatively correlated with undesirable bacteria presented during ensiling. Mannose was positively correlated with L. farciminis, L. parafarraginis, L. odoratitofui, L. panis, L. futasaii and unclassified Lactobacillus, but it was negatively correlated with unclassified Sphingomonas and unclassified Chryseobacterium. Generally, some end products of fermentation were positively correlated with some species of LAB but were negatively correlated with the other LAB species. For instance, 2-keto-L-gulonic acid and the health beneficial substance (alpha-D-glucosamine-1-phosphate) were positively correlated with L. farciminis and L. panis, whereas they were negatively correlated with L. buchneri, L. kefiri and undesirable bacteria.
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FIGURE 5. Spearman correlations between main bacteria species and differnentially presented metabolites. The differnentially presented metabolites during fermentation were screened by OPLS-DA; P-values are shown as ∗0.01 < P ≤ 0.05, ∗∗P ≤ 0.01.



The correlations between the dominant bacterial species and other metabolites with biological functions, which were not screened out as differential metabolites among treatments by using OPLS-DA analysis, were also analyzed by Spearman correlation analysis (Figure 6). The results exhibited that the L. acetotolerans positively correlated with 4-hydroxybutyrate, 3-phenyllactic acid and azelaic acid. Lauric acid positively correlated with L. brevis. In addition, most of metabolites with biological function were negatively correlated with LAB species. It is interesting that the correlation between metabolites and L. acetotolerans was diametrically opposite with the correlation between corresponding metabolites and L. silagei.
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FIGURE 6. Spearman correlations between metabolites with biofunctional activity and main bacteria species. The differnentially presented metabolites during fermentation were screened by OPLS-DA; P-values are shown as ∗0.01 < P ≤ 0.05, ∗∗P ≤ 0.01.





DISCUSSION

Ensiling is a complex process dominated by the epiphytic microbial community of LAB. Metabolomic and bacterial community analysis of silage fermentation system is proposed to have contributed important information on screening targeted LAB for modulating silage fermentation in order to make high-quality silage, and even for broadening silage function from nutritive value with perspective to being beneficial to animal health and welfare. This study, combining metabolomic and bacterial community analysis, for the first time revealed the characteristics of metabolome and bacterial community in whole crop corn silage inoculated by homofermentative L. plantarum and heterofermentative L. buchneri. Moreover, the present study also revealed that homofermentative and heterofermentative inoculants directed the fermentation process of whole crop corn silage with different manners.

Effects of Inoculants on Fermentation Characteristics in Whole Crop Corn Silage

Lactic acid bacteria are often inoculated into forage crops at ensiling for improving silage fermentation. Theoretical homofermentative LAB can rapidly reduce the pH of silage and help to preserve more forage mass, while heterofermentative LAB can produce much more acetic acid to improve aerobic stability. Fermentation parameters in the present study verified the theory. Compared with L. plantarum-inoculated samples, L. buchneri-treated samples had a higher pH and concentration of acetic acid, better aerobic stability and a lower concentration of lactic acid. There was no significance between the L. plantarum-inoculated and untreated group on parameters of fermentation characteristics. This study showed a similar effect of inoculation of L. plantarum and L. buchneri on forage fermentation quality to previous research (Ranjit and Kung, 2000; Weinberg et al., 2002).

Effects of Inoculants on Metabolomic Profiles in Whole Crop Corn Silage

Metabolome profiles of the present whole crop corn silage indicated that inoculation of the homofermentative L. plantarum or heterofermentative L. buchneri differently modulated the metabolite composition pattern during the ensiling. Over the past two decades, researches on metabolites in ensiled forages were mainly focused on the organic acids and 1, 2-propanediol in order to evaluate fermentation quality and aerobic stability of silages. Our results showed that samples treated with inoculants resulted in an up-accumulation of some free amino acids, which agrees with the results of previous studies on alfalfa silage (Guo et al., 2018). However, there was a big difference in metabolite types and compositions between the present whole crop corn silage and alfalfa silage previously studied (Guo et al., 2018). It might be due to there being a different microbial community present or due to the different fermentation that occurred in the various ensiled forage species. Some metabolites with antimicrobial activity were detected in the present study, such as 4-hydroxycinnamic acid, 3,4-dihydroxycinnamic acid, catechol, azelaic acid, 3-phenyllactic acid, 3,4-dihydroxybenzoic acid, 4-hydroxybenzoic acid, ferulic acid and glycolic acid. Among these metabolites, catechol, azelaic acid, 3-phenyllactic acid, 4-hydroxybenzoic acid and ferulic acid had also been detected in grass silage, and higher catechol, azelaic acid, 3-phenyllactic acid and ferulic acid levels were observed in grass silages inoculated with LAB strains compared to the control silage (Broberg et al., 2007). In the present study, except for 4-hydroxycinnamic acid, 3,4-dihydroxycinnamic acid and 3-phenyllactic acid, no difference was observed in the other antimicrobial compounds between the control silage and inoculants treated silages. It might be because these metabolites with antimicrobial activity are produced by different bacteria, or because the interaction or competition with different microbes affected the end accumulation of these metabolites.

Some substances with other biological functions were detected in the ensiled whole crop corn silages after 90 days of fermentation. Catechol, pyrogallol and ferulic acid with antioxidant property, 4-hydroxybutyrate with nervine activity, and linoleic acid with cholesterol lowering effects, were discovered in the present study. In addition, a flavoring agent of myristic acid and a depression mitigation substance of PEA were also found in the whole crop corn silage. Previously, these metabolites had not been paid close attention to, nor their biofunctional activity in silages for animal health and welfare. As a non-protein amino acid in animals, 4-aminobutyric acid is a major inhibitory neurotransmitter and can decrease blood pressure (Pouliot-Mathieu et al., 2013). Our previous study showed that L. buchneri up-accumulated 4-aminobutyric acid in ensiled alfalfa (Guo et al., 2018), but the results from the present study indicated that L. plantarum resulted in a down-accumulation of 4-aminobutyric acid, and there was no difference in 4-aminobutyric acid between the control and L. buchneri-treated silages. These results suggested that inoculants had different modulation manners in different forages with various epiphytic microorganisms at ensiling. However, numerous functional ingredients and flavoring agents were detected in the whole crop corn silages in the present study, which suggested that metabolomic analysis is an effective way to comprehensively evaluate the fermentative, nutritive, and functional profiles of ensiled forages. As for the detection method, however, we did not optimize the oven temperature ramp for metabolite analysis through the GC-TOF-MS system. Thus, it is necessary to explore an optimal temperature program suitable for analyzing metabolites in the fermentative system of silage.

Effects of Inoculants on Bacterial Microbiota in Whole Crop Corn Silage

It is well established that natural fermentation of forges depends on epiphytic microbial community especially LAB in anaerobic environment (Jones, 1991). In addition, various microbial community and succession were found in different pro- and after-ensiled forages (Parvin et al., 2010). Therefore, microbial community composition plays a crucial role in fermentation of ensiled forages, and it is necessary to know the community composition to understand the complex process of ensiling. In the present study, Agrobacterium, Microbacterium, Sphingobacterium, Chryseobacterium, Candidatus Phytoplasma, unclassified Enterobacterales, unclassified Gammaproteobacteria and a small proportion of LAB (2.69% Leuconostoc and 2.44% Lactobacillus) dominated the microbial composition in fresh whole crop corn before ensiling. While, the results of a previous report indicated that Leuconostocaceae, Acetobacteraceae, Enterobacteriaceae, Moraxellaceae, and Lactobacillaceae were the dominant bacteria in fresh whole crop corn before ensiling (Gharechahi et al., 2017). The differences between studies suggest that colonization of plant surfaces by bacteria depends on many factors including plant species, climate, period of duration, geographical location, solar radiation intensity and the type of fertilizer used (Cai et al., 1999a; Pang et al., 2011; Mcgarvey et al., 2013). After fermentation, most of the undesirable microorganisms were inhibited at anaerobic condition, which was confirmed well in the present study because Lactobacillus occupied over 98% in silages stored for 90 days. Furthermore, organic acids and metabolites with antimicrobial activity produced by LAB inhibited the undesirable microbes during ensiling. The present study indicated that L. acetotolerans, L. silagei, L. buchneri, L. odoratitofui, L. farciminis and L. parafarraginis were the dominant microbial flora in the whole crop corn silage after 90 days of fermentation. Based on the previous studies, L. acetotolerans was detected in traditional pot fermentation of rice vinegar (Entani et al., 1986; Haruta et al., 2006); L. farciminis was isolated from fermenting mushroom, which exhibited potential for a bacteriocin and antibiotic assay (Halami et al., 2000), or was isolated from ensiled corn stover with feruloyl esterase (FAE) activities (Xu et al., 2017a); L. Paralimentarius was isolated from sourdough (Cai et al., 1999b); L. odoratitofui and L. silagei were isolated from orchardgrass silage or stinky tofu brine (Chao et al., 2010; Tohno et al., 2013); and L. parafarraginis was isolated from sudan-grass silage or corn stover silage (Liu et al., 2014; Xu et al., 2017b). However, these dominated LAB species had not been previously reported in the whole crop corn silage. It has been verified that L. acetotolerans is a homofermentative species resistant to high concentrations of acetic acid, while some physiological properties differ from other homofermentative species of the genus Lactobacillus (Entani et al., 1986). In the present study, the L. buchneri-treated group had a much greater abundance of L. parafarraginis. Lactobacillus parafarraginis has been reported to improve the aerobic stability of silages (Liu et al., 2014), which provided further evidence that inoculation of L. buchneri can improve aerobic stability of silage.

As for modulation of the bacterial community in the whole crop corn silage by inoculants, different microbial communities were observed in the control silage and silages treated with the two inoculants after 90 days of fermentation. In the control silage, L. acetotolerans and L. silagei were the most dominant LAB species, as they accounted for 93.2% of the total bacterial community: the relative abundances of L. acetotolerans and L. silagei were 48.9% and 45.3%, respectively. The microbial community in the L. plantarum treated silage was mainly comprised of L. acetotolerans (56.6%), L. parafarraginis (14.7%), L. silagei (14.2%), L. buchneri (6.4%), L. kefiri (1.3%), and L. odoratitofui (0.7%). In the L. buchneri inoculated silage, the microbial community mainly consisted of L. silagei (43.4%), L. acetotolerans (30.7%), L. odoratitofui (9.3%), L. parafarraginis (9.1%), L. buchneri (1.4%), and L. farciminis (0.97%). These results indicated that inoculation of L. plantarum markedly increased the relative abundances of L. acetotolerans, L. buchneri, and L. parafarraginis, but resulted in a considerable decline in the proportion of L. silagei; whereas an obvious decrease in L. acetotolerans and increases in L. odoratitofui and L. farciminis were observed in the L. buchneri inoculated silage. According to a previous study, L. buchneri inoculation did not alter the indigenous bacterial community in whole crop corn silage, and the L. buchneri was detected only as additions with DGGE (Li and Nishino, 2011b). Parvin et al. (2010) also studied the bacterial communities in whole crop maize silage inoculated with L. buchneri and L. plantarum by DGGE The results indicated that the bands of L. lactic, Weissella paramesenteroides and Pediococcus pentosaceus became faint after treatment with L. plantarum, and the band of L. lactic was extensive in L. buchneri-treated silage. Inoculation of L. plantarum promoted the growth of L. buchneri in the present whole crop corn silage, however, lower L. buchneri was observed in L. buchneri inoculated silage, which supports our previous results on alfalfa silage (Guo et al., 2018). Therefore, heterofermentative L. buchneri and homofermentative L. plantarum both modulated silage fermentation in different ways as shown by the various microbial communities and metabolite composition in ensiled forage.

Correlations Between Main Bacterial Species and Metabolites of Whole Crop Corn Silage

To explore the correlations between main bacteria and the main metabolites, Spearman correlation analysis was performed. The results showed that metabolites were positively correlated with LAB species and were negatively correlated with undesirable bacteria presented during ensiling. These results suggested that LAB were more competitive than the undesirable bacteria in the airtight environment of silos. However, some end products of fermentation were positively correlated with some of LAB species but were negatively correlated with the other LAB species. This indicated that competition and synergy were concurrent between different species of bacteria during ensiling. Additionally, crop characteristics of dry matter content, sugar content, and sugar composition in combination with lactic acid bacterial properties, such as acid and osmotolerance, and substrate utilization, will decisively influence the competitiveness of the lactic acid bacterial flora during silage fermentation (Jones, 1991). After fermentation for 90 days, abundances of L. acetotolerans and L. silagei in total reached 70%. However, correlations between the two dominant species and those differentially presented metabolites were not significant, with the exception of the negative correlation between the two strains and the metabolites of pyrogallol and lysine. It suggested that the differences of metabolites between treatments probably did not result from the dominant species. However, there was a considerable difference in the abundance of L. buchneri and L. odoratitofui among the treatments, and a positive correlation between these two LAB species and some metabolites was also observed. Based on the positive correlation between L. buchneri and phenylalanine and the up-accumulation of phenylalanine in L. plantarum-treated samples, it can be inferred that L. buchneri could improve phenylalanine in ensiled forage. In addition, the up-accumulations of phenylalanine, lysine and tyrosine were also detected in the present whole crop corn silage inoculated with L. buchneri. All these results indicated that L. buchneri could produce some amino acids during fermentation of ensiled forages as it was suggested by our previous research on alfalfa silage (Guo et al., 2018). Higher abundance of L. odoratitofui in L. buchneri-treated samples was detected, which was positively correlated with mannose, gluconic lactone and 4-methyl-5-thiazoleethanol and was negatively correlated with 2-methylglutaric acid, melibiose, pyrogallol and N-acetyl-D-galactosamine. The results indicated that mannose, gluconic lactone and 4-methyl-5-thiazoleethanol were contributed by L. odoratitofui. Although a small proportion of L. farciminis was observed in L. buchneri-treated samples, the positive correlation between this species and metabolites showed that 2-hydroxybutanoic acid, mannose, 2-keto-L-gulonic acid and the health beneficial substance of alpha-D-glucosamine-1-phosphate were contributed by L. farciminis. Moreover, positive correlations between some observed metabolites and the minimal proportions of L. brevis, L. paralimentarius, L. koreensis, L. panis, L. pentosus, L. kefiri and L. futsaii indicated that these LAB species also played considerable roles in accumulation of those metabolites, in spite of their minute amounts. No significant correlation was observed between L. plantarum and all the detected metabolites because only a small proportion of L. plantarum was observed in L. buchneri-treated samples after 90 days of fermentation.

As for the correlations between bacterial species and metabolites with biofunctions, the result indicated that the correlation between the metabolites (4-hydroxybenzoic acid, 3-phenyllactic acid, azelaic acid) and L. acetotolerans was diametrically opposite with the correlation between the corresponding metabolites and L. silagei. The L. plantarum-inoculated samples presented a higher abundance of L. acetotolerans and a lower abundance of L. silagei, however, contrary results were observed in L. buchneri-treated samples. Correspondingly, L. plantarum-treated samples showed higher relative concentrations of 3-phenyllactic acid, 4-hydroxybutyrate and azelaic acid compared to the L. buchneri-treated samples. These results suggested that the antimicrobial compounds of 4-hydroxybenzoic acid, 3-phenyllactic acid and azelaic acid were probably produced by L. acetotolerans. Metabolites with biofunctions negatively correlated with LAB species, which might be a result of the concentrations in extracts of samples being too low to be detected accurately, yet still high enough to affect other microorganisms and animal health and welfare. However, correlation is not causation (Geer, 2011), it is based on statistics and correlates parameters to obtain a result that represents nothing more than speculation. It should also be noted that lack of a significant correlation between some bacterial taxa and metabolites in the correlation analysis does not necessarily mean those bacterial taxa or metabolites are not related. Furthermore, the functional features of a small number of species can also have a large impact on community structure and ecosystem functioning (Kruger Ben Shabat et al., 2016). Even so, the correlations between LAB and the metabolites with biological functions in the ensiled whole crop corn silage provided important information on screening targeted LAB for modulating silage fermentation in order to make high quality silage, and even for extending silage function from nutritive value with perspective to being beneficial to animal health and welfare. Therefore, the screening and application of inoculants for silage with secretion of biological substances, such as amino acids, small peptides, flavor agents, bacteriocin and other antibacterial agents (vitamins, polysaccharides, etc.), will be another prosperous research field on silage for future study.



CONCLUSION

Inoculation of L. plantarum and L. buchneri altered the microbial composition and fermentative metabolites in ensiled whole crop corn silage in very different ways. Heterofermentative L. buchneri resulted in an up-accumulation of 2-hydroxybutanoic acid, saccharic acid, mannose, saccharic acid, 2-keto-L-gulonic acid and alpha-D-glucosamine-1-phosphate (a substance beneficial to health), and increased the abundances of the L. silagei, L. odoratitofui, L. parafarraginis, L. farciminis but diminished the abundance of L. acetotolerans. Homofermentative L. plantarum markedly increased the relative concentrations of pyrogallol and tetrahydrocorticosterone and increased the abundances of L. acetotolerans, L. parafarraginis, L. buchneri, but decreased the abundance of L. silagei. The correlations of metabolites and bacterial species revealed that dominant species L. acetotolerans and L. silagei did not result in the differences of metabolites. The LAB species which were markedly modulated by the two types of inoculants were closely correlated to some of metabolites. Thus, correlations between metabolites and bacterial species can provide important scientific information on screening targeted LAB for modulation of silage fermentation. Some new metabolites such as substances with bacteriostatic activity, antioxidant properties, nervine activities, cholesterol lowering effects or other flavoring agents were detected in the present whole crop corn silage. Some LAB species such as L. acetotolerans, L. farciminis, L. Paralimentarius, L. odoratitofui and L. silagei were discovered in the present whole crop corn silage. Therefore, profiling of silage microbiome and metabolome can improve our current understanding of the biological process underlying silage formation, and will be helpful to re-evaluate silage, with respect to nutritive value and fermentation quality but also to animal health and welfare.
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Terpenoids are natural products known for their medicinal and commercial applications. Metabolic engineering of microbial hosts for the production of valuable compounds, such as artemisinin and Taxol, has gained vast interest in the last few decades. The Generally Regarded As Safe (GRAS) Bacillus subtilis 168 with its broad metabolic potential is considered one of these interesting microbial hosts. In the effort toward engineering B. subtilis as a cell factory for the production of the chemotherapeutic Taxol, we expressed the plant-derived taxadiene synthase (TXS) enzyme. TXS is responsible for the conversion of the precursor geranylgeranyl pyrophosphate (GGPP) to taxa-4,11-diene, which is the first committed intermediate in Taxol biosynthesis. Furthermore, overexpression of eight enzymes in the biosynthesis pathway was performed to increase the flux of the GGPP precursor. This was achieved by creating a synthetic operon harboring the B. subtilis genes encoding the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway (dxs, ispD, ispF, ispH, ispC, ispE, ispG) together with ispA (encoding geranyl and farnesyl pyrophosphate synthases) responsible for providing farnesyl pyrophosphate (FPP). In addition, a vector harboring the crtE gene (encoding geranylgeranyl pyrophosphate synthase, GGPPS, of Pantoea ananatis) to increase the supply of GGPP was introduced. The overexpression of the MEP pathway enzymes along with IspA and GGPPS caused an 83-fold increase in the amount of taxadiene produced compared to the strain only expressing TXS and relying on the innate pathway of B. subtilis. The total amount of taxadiene produced by that strain was 17.8 mg/l. This is the first account of the successful expression of taxadiene synthase in B. subtilis. We determined that the expression of GGPPS through the crtE gene is essential for the formation of sufficient precursor, GGPP, in B. subtilis as its innate metabolism is not efficient in producing it. Finally, the extracellular localization of taxadiene production by overexpressing the complete MEP pathway along with IspA and GGPPS presents the prospect for further engineering aiming for semisynthesis of Taxol.

Keywords: Bacillus subtilis, metabolite, MEP, GGPPS, taxadiene, Taxol


INTRODUCTION

Terpenoids represent the largest, structurally and functionally most varied group of natural products. This diversity is based on a structural complexity that cannot be simply reproduced using chemical synthetic processes. Nowadays, there are over 50,000 known terpenoids, a lot of which are biosynthesized by plants. Numerous terpenoids have attracted commercial interest for their medicinal value or use as flavors and fragrances. Among the most famous medicinally important terpenoids are the antimalarial artemisinin from the plant Artemisia annua and the anticancer paclitaxel (Taxol®) from the yew trees (Taxus brevifolia or Taxus baccata). The majority of terpenoids are naturally produced in low amounts and their extraction is usually labor intensive, and it entails considerable consumption of natural resources. For instance, the production of enough Taxol® to treat one cancer patient would approximately require six 100-year-old Pacific yew trees, and similarly, there are reports of enormous shortfalls in artemisinin production due to seed shortage. In addition, chemical synthesis and modification of most terpenoids is tremendously difficult and problematic because of the complexity and chirality of their chemical structures. Hence, researchers in the last few decades focused on metabolic engineering of the terpenoid biosynthetic pathways in host microorganisms as an alternate method of production (Connolly and Hill, 1991; Wagner et al., 2000; Koehn and Carter, 2005; Julsing et al., 2006; Klein-Marcuschamer et al., 2007).

The backbone of all terpenoids originates from 2 five-carbon precursors, isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP), which can be produced via the mevalonate (MVA) pathway or the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway. The consecutive condensation of IPP and DMAPP catalyzed by a group of prenyl pyrophosphate synthase enzymes produces the starting precursors of the different classes of terpenoids. These are (1) geranyl pyrophosphate (GPP; C10) produced by geranyl pyrophosphate synthase (GPPS) for the synthesis of monoterpenoids, (2) farnesyl pyrophosphate (FPP; C15) produced by farnesyl pyrophosphate synthase (FPPS) for the construction of sesquiterpenoids and triterpenoids, and (3) geranylgeranyl pyrophosphate (GGPP; C20) synthesized by geranylgeranyl pyrophosphate synthase (GGPPS) for the production of diterpenoids and tetraterpenoids. Finally, these starting precursors are cyclized and/or rearranged by terpene synthase enzymes to yield the different terpenoids (Withers and Keasling, 2007; Muntendam et al., 2009; Abdallah and Quax, 2017).

Paclitaxel (Taxol®) is a diterpenoid known for its chemotherapeutic effect and is found in the bark and needles of different Taxus trees. Similar to all terpenoids, the extraction from the natural source is problematic, thus various Taxus species are now endangered due to high demand. Total synthesis of paclitaxel has been established, but the complexity of its chemical structure made the process commercially inapplicable (Nicolaou et al., 1994). Hence, nowadays paclitaxel is synthesized semisynthetically from 10-deacetylbaccatin III that is more easily extracted from Taxus needles. Also, docetaxel, which has been gaining more attention recently due to its higher water solubility leading to improved pharmacokinetic properties and better potency, can be synthesized from this precursor. However, this means that production still relies on the yew trees (Wuts, 1998; Baloglu and Kingston, 1999; Dewick, 2001). The first step in the production of paclitaxel is the production of the compound taxa-4,11-diene (Figure 1A). Taxadiene is produced from the cyclization of the diterpenoid precursor GGPP via the enzyme taxadiene synthase. The GGPP precursor can be synthesized via the MVA and/or the MEP pathway as previously explained. Taxadiene is converted to the final product, paclitaxel, through approximately 19 enzymatic steps involving hydroxylation and other oxygenation reactions of the taxadiene skeleton (Hezari and Croteau, 1997; Julsing et al., 2006; Abdallah and Quax, 2017).
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FIGURE 1. (A) Biosynthesis of taxa-4,11-diene via the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway in Bacillus subtilis. Intermediates in the metabolic pathway: 1-deoxy-D-xylulose 5-phosphate (DXP), 2-C-methyl-D-erythritol 4-phosphate (MEP), 4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol (CDP-ME), 2-phospho-4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol (CDP-MEP), 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (MEC), (E)-4-hydroxy-3-methylbut-2-en-1-yl diphosphate (HMBPP), isopentenyl diphosphate (IPP), dimethylallyl diphosphate (DMAPP), geranyl pyrophosphate (GPP), farnesyl pyrophosphate (FPP), and geranylgeranyl pyrophosphate (GGPP). Enzymes in the biosynthesis pathway: 1-deoxy-D-xylulose-5-phosphate synthase (Dxs), 1-deoxy-D-xylulose-5-phosphate reductoisomerase, or 2-C-methyl-D-erythritol 4-phosphate synthase (Dxr, IspC), 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (IspD), 4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol kinase (IspE), 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (IspF), (E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase (IspG), 4-hydroxy-3-methylbut-2-enyl diphosphate reductase (IspH), isopentenyldiphosphate delta-isomerase (Idi), IspA which act as geranyl pyrophosphate synthase (GPPS) and farnesyl pyrophosphate synthase (FPPS), geranylgeranyl pyrophosphate synthase (GGPPS), and taxadiene synthase (TXS). (B) Plasmid constructs used for engineering B. subtilis. pDR_txs contains txs gene (red), preceded with B. subtilis mntA ribosomal binding site (dark red), to be inserted into the genome of B. subtilis between the amyE front flanking region and amyE back flanking region (purple), IPTG inducible hyperspank promoter (pink), and ampicillin and spectinomycin resistance cassettes (green). pBS0E_crtE contains crtE gene (yellow) encoding for GGPPS and preceded with B. subtilis mntA ribosomal binding site (dark red), xylose inducible promoter (orange), and ampicillin and erythromycin resistance cassettes (green). p04_SDFHCEGA contains seven genes of the MEP pathway, dxs, ispD, ispF, ispH, ispC, ispE, and ispG, along with the gene ispA (blue), each preceded with B. subtilis mntA ribosomal binding site (dark red), in a synthetic operon controlled by xylose inducible promoter (orange) and ampicillin and chloramphenicol resistance cassettes (green).
 

The first committed intermediate in biosynthesis of paclitaxel, taxadiene, has been produced via metabolic engineering in Escherichia coli (Huang et al., 2001; Ajikumar et al., 2010), Saccharomyces cerevisiae (DeJong et al., 2006; Engels et al., 2008), and the transgenic plant Arabidopsis thaliana (Besumbes et al., 2004). Based on the success of taxadiene production in these hosts, Bacillus subtilis represents an interesting microbial host for the production of taxadiene where it has higher growth rate compared to S. cerevisiae and is mostly considered as GRAS (Generally Regarded As Safe) by the Food and Drug Administration unlike E. coli (Zhou et al., 2013). Also, B. subtilis possesses an innate MEP pathway that can be manipulated to increase the flux of precursors. An optimally regulated synthetic operon encompassing MEP pathway genes has been reported to lead to a high production of C30 carotenoids in B. subtilis (Xue et al., 2015). Also, the sesquiterpenoid amorphadiene, which is the first precursor for the production of artemisinin, has been successfully produced in B. subtilis (Zhou et al., 2013). In the current study, we aim at the metabolic engineering of B. subtilis for the biosynthesis of taxadiene as a first step in the semisynthetic production of paclitaxel. For the first time, we describe the successful expression of the enzyme taxadiene synthase essential for the synthesis of taxadiene in B. subtilis. Moreover, the production levels of taxadiene were increased by overexpression of the MEP pathway, IspA, and GGPPS enzymes. The reported B. subtilis strain with the highest level of production of taxadiene can strive to exceed yeast and E. coli, besides having the additional advantages provided from the use of B. subtilis. This study can serve as a stepping stone for further fine tuning of the biosynthetic pathway of paclitaxel in B. subtilis targeted at a sustainable and efficient production process.



MATERIALS AND METHODS


Bacterial Strains, Vectors, and Growth Conditions

Bacterial strains and expression vectors used in this research are listed in Table 1. E. coli DH5α strains were cultured in Luria-Bertani broth (LB), while B. subtilis 168 strains were grown in 2xYT medium. When necessary, growth media were supplemented with antibiotics in the following concentrations: 100 μg/ml ampicillin or 100 μg/ml erythromycin for E. coli DH5α and 5 μg/ml chloramphenicol, 10 μg/ml erythromycin, or 10 μg/ml spectinomycin for B. subtilis 168.



TABLE 1. Bacterial strains and vectors used in this research.
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Construction of Different Strains of B. subtilis 168

Three different constructs were utilized to produce different B. subtilis strains expressing taxadiene synthase (TXS). The first construct consists of txs gene from the plant Taxus baccata in pDR111 plasmid. The txs gene was truncated by deleting the first 60 amino acids to remove the signal peptide targeting the plastid in order to improve expression and solubility of the protein (Williams et al., 2000). Circular polymerase extension cloning (CPEC) (Quan and Tian, 2011) was used to create the pDR_txs construct (Figure 1B) where B. subtilis mntA ribosomal binding site (RBS) plus spacer (AAGAGGAGGAGAAAT) were introduced before the txs gene along with a N-terminal 6× His-tag. Ampicillin and spectinomycin resistance cassettes are available for selection in E. coli and B. subtilis, respectively. The expression of TXS is controlled by IPTG inducible hyperspank promoter. The second construct consists of the crtE gene, encoding the GGPPS of Pantoea ananatis, together with the mntA RBS preceding the coding region. The gene was cloned into pBS0E plasmid containing xylose inducible promoter using CPEC method resulting in the construct pBS0E_crtE (Figure 1B). Finally, a construct expressing MEP pathway genes in pHCMC04G plasmid was used. The construct p04_SDFHCEGA (Figure 1B) expresses all the seven genes of the MEP pathway, dxs, ispD, ispF, ispH, ispC, ispE, and ispG, along with the gene ispA, each with its own engineered RBS, in one synthetic operon controlled by a xylose inducible promoter. p04_SDFHCEGA (16.4 Kb) was cloned using previously available constructs, p04_SDFH and p04_CEGA, by applying circular polymerase extension cloning (CPEC) (Quan and Tian, 2011; Xue et al., 2015). All these cloning steps were performed in E. coli DH5α, and the sequences of all the generated recombinant plasmids were confirmed by sequencing (Macrogen, Europe). The constructed plasmids were used to transform competent B. subtilis 168 cells following previously published protocol (Kunst and Rapoport, 1995). Three different strains of B. subtilis 168 were produced by transforming different combinations of the constructs.



Expression of Taxadiene Synthase in B. subtilis 168

Overnight culture of the B. subtilis strain containing pDR_txs construct was grown in 2xYT medium containing spectinomycin antibiotic. The next day, the overnight culture was diluted to an OD600 of 0.07–0.1 in 10 ml 2xYT medium with spectinomycin in 100-ml Erlenmeyer flask. The culture was incubated for 3 h at 37°C and 220 rpm till OD600 of 0.7–0.9. Then, IPTG was added to a final concentration of 1 mM to start induction. The culture was divided into 1 ml cultures in 15 ml round bottom tubes and then grown overnight at 37, 30, or 20°C and 220 rpm. The following day, certain volumes of the cultures normalized to the OD600 = 1 were pelleted by centrifugation for 10 min at 11,000 rpm, 4°C and then resuspended in Birnboim lysis buffer (25 mM Tris-HCl, pH 8.0, 50 mM glucose, cOmplete™ Protease Inhibitor Cocktail tablet from Sigma, and 25 mg/ml lysozyme) using an amount of 5 ml buffer per 1 g pellet and incubated at 37°C for 30 min. The soluble protein fractions were obtained by centrifugation for 15 min at 11,000 rpm. The total protein concentration in each soluble protein fraction was estimated using NanoDrop® spectrophotometer. The samples from the expression experiment at different temperatures were loaded with the same total protein concentration on NuPAGE® gels (Invitrogen) for separation by SDS-PAGE and then analyzed by Western blotting where mouse peroxidase-conjugated anti-His antibody (catalog no. A7058; Sigma) was used followed by visualization using Amersham ECL Prime Western blotting detection reagent (catalog no. RPN2232; GE Healthcare).



Production and Extraction of Taxadiene in B. subtilis 168

All strains of B. subtilis 168 were grown with the suitable antibiotics using the abovementioned protocol for expression. In addition to IPTG, xylose was added at OD600 of 0.7–0.9 to a final concentration of 1% to start induction of pBS0E and pHCMC04G constructs in txs + crtE and txs + crtE + SDFHCEGA B. subtilis strains. After which the cultures were divided into 1 ml cultures in 15 ml round bottom tubes and overlaid with 100 μl dodecane containing 10 μl of 700 μM β-caryophyllene as internal standard and then grown overnight (24 h) at 37, 30, or 20°C with 220 rpm shaking. The dodecane layer was added to trap the taxadiene released by the cells. The 24-h time point was chosen to ensure maximum production of taxadiene (Zhou et al., 2013). The following day OD600 of all 1 ml cultures was measured. A comparison between taxadiene production at the different incubation temperatures along with the difference between direct extraction of taxadiene from the culture and extraction of taxadiene from cell lysate was performed. First, extraction without lysis was performed by adding 200 μl hexane to the 1 ml cultures overlaid with dodecane (1:3 dilution of dodecane), and then the cultures were centrifuged for 10 min at 11,000 rpm to separate the aqueous and organic phases. The dodecane-hexane layer was extracted for GC-MS analysis. Secondly, lysis followed by extraction was performed by addition of 100 μl lysis buffer (50 mM Tris-HCl, pH 8.0, 70 mM NaCl, 10 mM MgCl2, 25 mg/ml lysozyme, and 0.1 mg/ml Dnase) to the 1 ml cultures overlaid with dodecane and incubation at 37°C for 30 min. Then, 200 μl 12% SDS (sodium dodecyl sulfate) was added. Finally, 200 μl hexane was mixed (1:3 dilution of dodecane), and the cultures were centrifuged for 10 min at 11,000 rpm. The dodecane-hexane layer was extracted for GC-MS analysis and comparison to the extract without lysis. All cultures and extractions were performed in triplicates.



Quantification of the Sampled Taxadiene

The dodecane-hexane samples were analyzed on an HP-5MS (5% Phenyl)-methylpolysiloxane column (Agilent J&W 0.25 mm inner diameter, 0.25 μm thickness, 30 m length) in a Shimadzu GCMS-QP5000 system equipped with a 17A gas chromatograph (GC) and AOC-20i autoinjector. The samples (2 μl) were injected splitless onto the GC column, and helium was used as the carrier gas. The injector temperature was 250°C, and the oven initial temperature was 100°C with an increase of 15°C per minute up to 130°C and then 5°C per minute till 210°C. After 210°C was reached, the temperature was raised to 280°C with an increase of 35°C per minute and held for 2 min. The solvent cutoff was 8 min. The MS instrument was set to selected ion mode (SIM) for acquisition, monitoring m/z ion 122 for taxadiene and β-caryophyllene. The chromatographic peak areas for taxadiene and β-caryophyllene were determined using the integration tools in GCMSsolution 1.20 software (Shimadzu, Den Bosch, The Netherlands). A calibration curve of standard β-caryophyllene with concentration range of 0.5–28 mg/L was created based on chromatographic peak areas in SIM mode (m/z ion 122). For quantification of taxadiene, the peak area for each sample was corrected by using the peak corresponding to the internal standard β-caryophyllene (i.e., by multiplication of the taxadiene peak area for the sample by the peak area of reference β-caryophyllene, then division by the β-caryophyllene peak area of the sample). This correction is to avoid errors due to injection or loss during extraction. The taxadiene concentration in the diluted dodecane sample was calculated by applying the linear regression equation resulting from the calibration curve to each adjusted taxadiene peak area. Finally, the dilution factor was applied to calculate the concentration of taxadiene in the neat dodecane phase, and then this value was divided by 10 to determine the amount of taxadiene produced per liter of culture as the dodecane layer constitutes a second phase (10%) in the culture. The taxadiene concentration obtained for each sample was divided by the OD600 of the corresponding culture to calculate the specific taxadiene production value (mg/L/OD600) β-caryophyllene equivalent (Rodriguez et al., 2014).



Analysis of Segregational Stability of the Constructs in txs + crtE + SDFHCEGA B. subtilis Strain

Segregational stability was measured by evaluating the growth of B. subtilis 168 strain harboring the pDR_txs, pBS0E_crtE, and p04_SDFHCEGA constructs in 2xYT medium without antibiotics for 30 generations involving several subcultures by adapting a previously reported protocol (Shao et al., 2015). The cells of B. subtilis 168 were first grown in 2 ml 2xYT broth containing 10 μg/ml spectinomycin, 10 μg/ml erythromycin, and 5 μg/ml chloramphenicol to select the different constructs, respectively. The overnight cultures were inoculated into 2 ml fresh 2xYT broth without antibiotics and incubated at 37°C for 24 h, attaining full growth. The cultures were diluted 1:1,000 by fresh 2xYT broth without antibiotics and further incubated for 24 h where they were grown for the first 3 h at 37°C and then the temperature was reduced to 20°C to resemble the best conditions used for expression and production of taxadiene (growth of 1:1,000 dilution accounts for about 10 generations of cultivation, 210 = 1,024). These cultures were diluted 106 fold and plated onto 2xYT agar plates without antibiotics. Next day, 100 colonies were picked and transferred onto four different 2xYT agar plates supplemented with 10 μg/ml spectinomycin, 10 μg/ml erythromycin, 5 μg/ml chloramphenicol, or a combination of the three antibiotics. This treatment was successively repeated three times to obtain 30 generations of cultivation. The presence of the constructs was confirmed by the growth of the colonies on the antibiotic plates corresponding to the antibiotic resistance gene in each plasmid, thus indicating that the plasmid hosted by the colonies is segregationally stable. The whole experiment from beginning to end was performed in duplicate. The segregational stability of each construct was represented as the average of the % of colonies retaining the plasmid construct, which is equal to [colonies on 2xYT plate with antibiotic/colonies on 2xYT plate without antibiotic * 100%].



Nucleotide Sequence Accession Number

The nucleotide sequence of the taxadiene synthase gene from the plant T. baccata was previously reported with the accession number: AY424738. The nucleotide sequence of the complete genome of P. ananatis was previously reported with the accession number: FUXY01000004. The crtE gene encoding the GGPPS enzyme was amplified from genomic DNA of P. ananatis, and the protein was assigned the accession number: SKA77365. The nucleotide sequence of the complete genome of B. subtilis 168 was previously reported with the following accession numbers: AL009126 and NC000964. The MEP pathway genes used in this study were amplified from the genomic DNA of B. subtilis 168.




RESULTS


Construction of Different Strains of B. subtilis 168 Expressing Taxadiene Synthase

The first construct to be cloned was pDR_txs where the taxadiene synthase gene was cloned into pDR111 plasmid and then transformed into B. subtilis. This construct is designed to integrate the plant txs gene from T. baccata into the genome of B. subtilis where it is inserted into the amyE locus between the amyE front flanking region and amyE back flanking region (Overkamp et al., 2013). The txs gene expresses the enzyme taxadiene synthase, which is responsible for converting GGPP into taxa-4,11-diene. The expression of TXS from this construct is controlled by an engineered B. subtilis mntA ribosomal binding site and the strong IPTG inducible hyperspank promoter. The second construct produced was pBS0E_crtE, which is resulting from cloning the crtE gene from P. ananatis that encodes the GGPPS enzyme into pBS0E replicative plasmid. The GGPPS enzyme is responsible for the production of GGPP, which is the precursor of taxadiene. The pBS0E_crtE construct was transformed into B. subtilis strain containing pDR111_txs generating the txs + crtE strain. Finally, the construct overexpressing all genes of the MEP pathway along with ispA in one operon controlled by a xylose inducible promoter (p04_SDFHCEGA) was transformed into the txs + crtE strain generating the txs + crtE + SDFHCEGA B. subtilis strain. The aim was to increase the production of the precursors leading to the formation of taxadiene. All produced strains are listed in Table 2. The successful transformation of the constructs into the different B. subtilis strains was confirmed by colony PCR.



TABLE 2. Bacillus subtilis 168 strains generated in this study.
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Expression of Taxadiene Synthase in B. subtilis 168

The taxadiene gene used is the natural gene from the plant T. baccata and was combined with the B. subtilis mntA RBS and a N-terminal 6× His-tag. pDR111 plasmid was chosen to integrate the txs gene into the genome of B. subtilis. The cell culture was lysed, and in the soluble protein fraction, the expression of TXS (approximately 89 kDa) has been clearly detected on Western blot by using specific antibodies against the His-tag as shown in Figure 2. Different growth temperatures (37, 30 and 20°C) were tried to determine the best temperature for the expression of TXS using the pDR_txs construct following induction by IPTG. Since the samples from expression at different temperatures were loaded with the same total protein concentration on SDS-PAGE gel, a comparison of the TXS band can determine the temperature resulting in the best expression. A clear band representing TXS was seen on Western blot (Figure 2) following expression at 20°C, while a very faint band was the result of expression at 30°C and no TXS band was visible after expression at 37°C. Hence, the temperature that showed best TXS expression upon induction was 20°C. This will later be corroborated by the level of taxadiene production after incubation at the different temperatures.
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FIGURE 2. Western blot of the soluble protein fraction showing taxadiene synthase expressed in Bacillus subtilis 168 after integration into the chromosome using pDR111 plasmid. The lanes show TXS bands (~89 kDa) resulting from expression at different temperatures as follows: 20, 30, and 37°C. The enzyme was visualized by using specific antibodies against the His-tag.
 



Level of Production of Taxadiene in Different Strains of B. subtilis 168

The OD600 of the B. subtilis strains ranged from 7 to 9. The produced taxadiene was detected using GC-MS. The GC-MS chromatograms of the different B. subtilis strains showed the internal standard β-caryophyllene peak at retention time 9.25 min. and the taxadiene peak at retention time 20.05 min (Figure 3A). The SIM mode was used to monitor m/z ion 122 in the mass spectrum of both β-caryophyllene (Figure 3B) and taxadiene (Figure 3C). The peak areas were calculated and used to determine the concentration of produced taxadiene. The total amount of taxa-4,11-diene (mg/L/OD600) produced in the B. subtilis strains at the different incubation temperatures was compared (Figure 4). The highest level of taxadiene production was observed after incubation at 20°C, which coincides with the best expression of TXS. After that, the effect of extraction of taxadiene with and without cell lysis was also compared in the different strains when incubated at 20°C (Figure 5). The txs strain, which only contains the pDR_txs construct, relies on the innate MEP pathway, IspA (acting as GPPS and FPPS), and GGPPS for the production of taxadiene in B. subtilis. It showed the lowest production of taxadiene (0.024 mg/L/OD600) and was used as a control to compare the effect of overexpression of other genes on the production level. Introduction of crtE gene, encoding GGPPS enzyme, in the txs + crtE strain significantly increased the amount of taxadiene produced (0.471 mg/L/OD600), which is around 20 times higher than the control strain. This is probably due to the increased production of the precursor GGPP. Finally, combining the txs + crtE strain with overexpression of the MEP pathway genes and the ispA gene showed much higher amounts of taxadiene with the strain expressing all the genes showing the highest production levels (1.981 mg/L/OD600), which is approximately 83 times higher than the control strain. In addition, cell lysis before extraction did not show significant increase in the production levels compared to extraction without lysis (Figure 5). This indicates that taxadiene is released from the cells into the dodecane layer during growth. In fact, the omission of a cell lysis treatment resulted in a reduced contamination of the taxadiene due to the lysis buffer and SDS used. Actually, the non-lysed fermentation broth showed a thick cell pellet that could be removed easily by centrifugation, whereas the lysed broth showed a completely clear solution. Also, the chromatogram of the lysed culture showed extra peaks especially due to SDS. The addition of SDS was necessary for complete lysis, which could not be achieved with lysozyme alone. It is important to note that through following OD600 of the engineered strains compared to wild-type B. subtilis, it was clear that the engineered strains have slower growth rate especially at the best expression temperature which is 20°C. However, after the 24 h growth, both the engineered strains and wild type reached the same OD600.
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FIGURE 3. (A) GC chromatograms of the different strains of Bacillus subtilis in selected ion mode (SIM) for acquisition, monitoring m/z ion 122 to show the internal standard β-caryophyllene and the produced taxadiene peaks. (B) Mass spectrum of β-caryophyllene. (C) Mass spectrum of taxa-4,11-diene.
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FIGURE 4. Amount of taxa-4,11-diene (mg/L/OD600) β-caryophyllene equivalent produced by the strains of Bacillus subtilis after incubation at 37, 30, or 20°C. The extraction of taxadiene was carried out without lysis of the cultures. The experiment was performed in triplicates.
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FIGURE 5. Amount of taxa-4,11-diene (mg/L/OD600) β-caryophyllene equivalent produced by the different strains of Bacillus subtilis after incubation at 20°C. A comparison of the amounts produced by extraction of taxadiene with and without lysis of the cultures is presented. The experiment was performed in triplicates.
 



Segregational Stability of the Constructs in txs + crtE + SDFHCEGA B. subtilis Strain

A bacterial strain is considered segregationally stable when all daughter cells get at least one plasmid during cell division. The development of plasmid-free cells can lead to a significant loss in productivity. The segregational stability of the pDR_txs, pBS0E_crtE, and p04_SDFHECEGA constructs in the txs + crtE + SDFHCEGA B. subtilis strain was evaluated. The strain showed 100% ability to retain the pDR_txs and pBS0E_crtE constructs until the 30th generation along with 90% ability to retain the p04_SDFHECEGA construct (Figure 6) in the absence of antibiotics. Thus, this stability should be sufficient for large-scale fermentations in the absence of antibiotics.
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FIGURE 6. Segregational stability of pDR_txs, pBS0E_crtE, and p04_SDFHCEGA constructs in txs + crtE + SDFHCEGA Bacillus subtilis 168 strain. The stability is represented as the % of colonies retaining the plasmid constructs formed on the spectinomycin, erythromycin, or chloramphenicol-containing analytical plates, respectively, after successive subculturing in the absence of antibiotics (30 generations). The experiment was performed in duplicate.
 




DISCUSSION

In the past few decades, researchers focused on the use of metabolic engineering and synthetic biology to manipulate a variety of hosts for biosynthesis of numerous terpenoids. Biosynthetic pathways of terpenoids have been studied, and the majority of the genes involved have been identified (Barkovich and Liao, 2001; Kirby and Keasling, 2008; Niu et al., 2017; Wang et al., 2017). Among these terpenoids is the chemotherapeutic paclitaxel. This study focused on the engineering of B. subtilis for the production of the first committed intermediate, taxa-4,11-diene, in the biosynthesis of paclitaxel. The biosynthesis of taxadiene in B. subtilis (Figure 1A) proceeds via the MEP pathway to produce IPP and DMAPP that would eventually be converted to the precursor GGPP. The enzyme taxadiene synthase cyclizes GGPP to produce taxa-4,11-diene (Croteau et al., 2006). Hence, the expression of the enzyme taxadiene synthase in B. subtilis is a prerequisite for the production of taxadiene. Moreover, tuning of the MEP pathway in B. subtilis has been previously explored (Guan et al., 2015; Xue et al., 2015) and can serve as a basis for improved production of taxadiene.

As a first step for the production of taxadiene in B. subtilis, the enzyme taxadiene synthase needs to be expressed. The gene encoding taxadiene synthase was amplified from the genome of the plant T. baccata that produces a protein of 862 amino acids. It has been reported that a pseudomature form of TXS where 60 amino acids were removed from the preprotein was superior in terms of level of expression, solubility, stability, and catalytic activity with kinetics analogous to that of the native enzyme (Williams et al., 2000). Hence, a truncated TXS protein eliminating the first 60 amino acids (plastid targeting sequence) was expressed in B. subtilis. For successful expression in B. subtilis, the txs gene along with the B. subtilis mntA RBS and N-terminal 6× His-tag was integrated into the chromosome using the pDR111 plasmid. The areas of the amyE gene flanking the txs gene in pDR111 allowed integration at the amyE locus in the B. subtilis chromosome. Following induction by IPTG at 20°C, a soluble TXS protein (~89 kDa) was expressed in B. subtilis and detected by Western blotting (Figure 2). The incubation at 20°C provided the best condition for expression of TXS as opposed to incubation at 30 or 37°C. The amount of taxadiene produced in this txs strain was very low, around 0.024 mg/L/OD600, indicating that further tuning of the pathway leading to the formation of the taxadiene precursor GGPP is essential to boost the taxadiene production level.

In pursuance of increasing the production of taxadiene, higher levels of the precursor GGPP is required. In the biosynthetic pathway (Figure 1A), IPP and DMAPP are converted to GPP with the enzyme GPPS, and then GPP is elongated to FPP using the enzyme FPPS, both encoded by the gene ispA. Finally, GGPPS enzyme produces GGPP from FPP. Studies on prenyl synthases of B. subtilis from the gene or protein perspective are still limited. B. subtilis is known for producing FPP, the precursor for sesquiterpenes, and triterpenes, through its ispA encoded GPPS and FPPS (Kunst et al., 1997; Kobayashi et al., 2003; Julsing et al., 2007; Barbe et al., 2009). The bacterium is also known to produce heptaprenyl (C35 terpenes) metabolites utilizing hepT and hepS encoding heterodimeric heptaprenyl diphosphate synthase enzymes that are responsible for producing heptaprenyl metabolite precursor from FPP (Zhang et al., 1998; Kontnik et al., 2008). Up until now, albeit it was reported that B. subtilis possesses an enzyme capable of producing GGPP from experiments with a semipurified protein of B. subtilis long before the genome sequence of B. subtilis was revealed (Takahashi and Ogura, 1981, 1982), the definite annotation of the gene encoding GGPPS is still uncertain. The gene that encodes GGPPS can be found in microorganisms that produce C40 carotenoids, such as lycopene, where GGPP precursor is needed in their biosynthesis. Examples of these microorganisms are the Pantoea genus with its crtE gene and Corynebacterium glutamicum with its crtE and idsA genes (Hara et al., 2012; Heider et al., 2014; Walterson and Stavrinides, 2015). CrtE of Pantoea has been widely used in metabolic engineering to produce high level of carotenoids and also C20 terpenoids in E. coli (Yoon et al., 2007). Hence, the crtE gene from P. ananatis was cloned in the pBS0E vector and transformed into the B. subtilis txs strain. The amount of taxadiene produced (Figure 5) by the txs + crtE strain (0.471 mg/L/OD600) is approximately 20 times higher than the control txs strain (0.024 mg/L/OD600). This indicates that overexpression of the GGPPS enzyme is essential to increase the formation of GGPP precursor in B. subtilis and in turn improve the production level of taxadiene.

Finally, overexpression of the MEP pathway leads to increased production of IPP and DMAPP. The idi gene (the final gene in the MEP pathway encoding for an IPP isomerase) was not overexpressed by us due to previous indications that it is non-essential in B. subtilis (Takagi et al., 2004). Past research also revealed that a knockout of the idi gene in B. subtilis is viable and produces isoprene, which implies that the synthesis of the isomer DMAPP does not rely on the isomerase (Eisenreich et al., 2004; Julsing et al., 2007). Note that, toxicity associated with the accumulation of prenyl diphosphates in B. subtilis with improved flux of MEP pathway has been reported (Sivy et al., 2011). Hence, it was important to control the p04_SDFHCEGA construct with an inducible promoter. The B. subtilis strain expressing TXS, GGPPS, all the MEP pathway, and IspA (acting as GPPS and FPPS) enzymes proved that high supply of the GGPP precursor is essential. The txs + crtE + SDFHCEGA strain showed the highest level of production of taxadiene (1.981 mg/L/OD600), which is approximately 83 times higher than the txs control strain. The OD600 of this strain was approximately 9; hence, the total production of taxadiene is around 17.8 mg/L. This production level is higher than the amount reported in yeast 8.7 mg/L (Engels et al., 2008) and in E. coli 11.3 mg/L (Bian et al., 2017) on shake flask fermentation level. Also, the taxadiene production in B. subtilis is comparable to amorphadiene production that was previously reported in B. subtilis (Zhou et al., 2013). Moreover, our strain showed segregational stability of the different constructs up to the 30th generation of cultivation, which allow large-scale fermentations in the absence of antibiotics.

It is worth mentioning that the amount of taxadiene extracted from the cell culture with and without lysis is nearly the same (Figure 5). This indicates that taxadiene is released from the cells during growth and captured by the dodecane layer. It is also reported that the C15 amorphadiene produced in B. subtilis is trapped in the dodecane layer (Zhou et al., 2013) as we observed with our C20 taxadiene. Probably, due to their lipophilicity, they are able to permeate through the bacterial membrane and dissolve in the non-polar dodecane. However, C30 carotenoids are not exported from B. subtilis and have to be isolated from the cell pellet after lysis (Yoshida et al., 2009; Xue et al., 2015). Also, C35 heptaprenyl terpenes are produced in the spores of B. subtilis and not secreted (Bosak et al., 2008). The fact that taxadiene is not trapped in the cells and that lysis is not necessary, makes large-scale production much simpler where the B. subtilis cell culture in fermenters can be overlaid with dodecane to collect the released taxadiene. In addition, contaminants from the lysis solution can be avoided. As for E. coli, lysis is more likely to be needed due to its double membrane compared to B. subtilis which has a single membrane.

In conclusion, the successful expression of the enzyme taxadiene synthase in B. subtilis is reported for the first time. The expression of GGPPS in B. subtilis is crucial for the sufficient production of the essential precursor GGPP. Hence, the production level of taxadiene is boosted by overexpression of GGPPS enzyme along with MEP pathway and IspA (acting as GPPS and FPPS) enzymes. This is a proof of concept that taxadiene can be efficiently produced in B. subtilis and can serve as the basis for engineering B. subtilis as a cell factory for paclitaxel production. The txs + crtE + SDFHCEGA strain can be further engineered with additional enzymes (acyltransferases, cytochrome P450) necessary to produce 10-deacetylbaccatin III, which can be extracted and chemically converted to docetaxel or even paclitaxel (Walker and Croteau, 2000). In the future, efforts to improve titer such as optimization of the growth medium and/or deletion of competing pathways in B. subtilis that divert the flux of FPP or GGPP can be explored with caution to ensure avoiding pathways essential for the survival of the bacteria (Julsing et al., 2007; Guan et al., 2015; Zhao et al., 2016). Furthermore, process engineering to optimize pH, stirring, and aeration control will be required to develop the large-scale fed-batch fermentation system. Using the B. subtilis cell factory will eliminate the need to rely on the natural resources of the yew trees and thus avoid the endangering of the species and prevent shortfalls due to crop conditions.
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Pipecolic acid or L-PA is a cyclic amino acid derived from L-lysine which has gained interest in the recent years within the pharmaceutical and chemical industries. L-PA can be produced efficiently using recombinant Corynebacterium glutamicum strains by expanding the natural L-lysine biosynthetic pathway. L-PA is a six-membered ring homolog of the five-membered ring amino acid L-proline, which serves as compatible solute in C. glutamicum.

Here, we show that de novo synthesized or externally added L-PA partially is beneficial for growth under hyper-osmotic stress conditions. C. glutamicum cells accumulated L-PA under elevated osmotic pressure and released it after an osmotic down shock. In the absence of the mechanosensitive channel YggB intracellular L-PA concentrations increased and its release after osmotic down shock was slower. The proline permease ProP was identified as a candidate L-PA uptake system since RNAseq analysis revealed increased proP RNA levels upon L-PA production. Under hyper-osmotic conditions, a ΔproP strain showed similar growth behavior than the parent strain when L-proline was added externally. By contrast, the growth impairment of the ΔproP strain under hyper-osmotic conditions could not be alleviated by addition of L-PA unless proP was expressed from a plasmid. This is commensurate with the view that L-proline can be imported into the C. glutamicum cell by ProP and other transporters such as EctP and PutP, while ProP appears of major importance for L-PA uptake under hyper-osmotic stress conditions.

Keywords: pipecolic acid, osmo regulation, compatible solute, proline, Corynebacterium glutamicum, RNAseq analysis, solute export, solute uptake


INTRODUCTION

In nature, all living organisms must respond to environmental fluctuations to survive. For example, bacteria have developed defense mechanisms for hyper- and hypo-osmotic external conditions to maintain cell viability including the de novo synthesis or uptake of osmo compatible solutes such as betaines. Since plants also contain these osmo compatible solutes, they are commonly present in production media and, thus, relevant for biotechnological fermentations (Farwick et al., 1995). The industrial workhorse Corynebacterium glutamicum disposes of mechanosensitive channels (MSCs) which perform as emergency release valves (Ruffert et al., 1999). After an osmotic downshift and to avoid cell lysis, MSCs are immediately activated by membrane turgor pressure to release solutes and to decrease in the internal osmolality (Ruffert et al., 1997; Morbach and Krämer, 2003). C. glutamicum can synthesize proline, glutamine, and trehalose and use them as compatible solutes, whereas it cannot synthesize ectoine and betaine, which therefore only function as compatible solutes when present in the environment (Frings et al., 1993; Farwick et al., 1995; Guillouet and Engasser, 1995; Wolf et al., 2003). Proline is the major de novo synthetized compatible solute in C. glutamicum (Skjerdal et al., 1996; Wolf et al., 2003). De novo biosynthesis of proline is induced under osmostress-conditions (Rönsch et al., 2003) unless nitrogen is scarce, a condition when trehalose is synthesized instead of proline (Wolf et al., 2003). Externally added proline can be taken up into the C. glutamicum cell by the import systems EctP, ProP, and PutP (Peter et al., 1998). The import of proline by the carriers EctP and ProP is osmoregulated (Peter et al., 1998), while the import of proline by PutP is not (Peter et al., 1997).

The cyclic amino acid L-pipecolic (L-PA), also known as homoproline, is a non-proteogenic amino acid and an intermediate of the catabolism of D,L-lysine (Neshich et al., 2013). L-PA is similar in chemical structure to L-proline since they only differ in ring size by one carbon (Pérez-García et al., 2016). L-PA plays many roles in microorganisms, plants, and animals; including the interactions between organisms and as precursor of natural bioactive molecules (Vranova et al., 2013). Notably, L-PA was reported as compatible solute for the microorganisms Silicibacter pomeroyi, Sinorhizobium meliloti, and Escherichia coli (Gouesbet et al., 1994; Gouffi et al., 2000; Neshich et al., 2013). E. coli does not degrade lysine to L-PA, but to cadaverine by the lysine decarboxylases LdcC or CadA (Mimitsuka et al., 2007; Kind et al., 2010). However, externally added L-PA protected E. coli cells under high osmolarity conditions (Gouesbet et al., 1994). C. glutamicum lacks lysine catabolic pathways, although the production of L-lysine-derived compounds has been established in C. glutamicum by metabolic engineering (Kind et al., 2010; Pérez-García et al., 2016; Jorge et al., 2017). A lysine producing C. glutamicum strain was engineered to overproduce L-PA by heterologous expression of the lysine dehydrogenase gene (lysDH) from S. pomeroyi and overexpression of the native pyrroline-5-carboxylate reductase gene (proC) from C. glutamicum (Pérez-García et al., 2016). However, the physiological role of L-PA for C. glutamicum has not yet been described. Here, we characterized the effect of L-PA on C. glutamicum (either added to the culture medium or synthesized de novo) under different conditions of osmotic pressure by physiological and RNAseq experiments. We provide evidence that YggB may be involved in export of L-PA and ProP in its import into the C. glutamicum cell.



MATERIALS AND METHODS

Strain, Plasmids, and Culture Conditions

The strains and plasmids used in this work are listed in Table 1. E. coli strains were routinely cultivated in LB medium (10 g tryptone, 5 g yeast extract and 10 g NaCl per liter) or on LB agar plates at 37°C. C. glutamicum strains were routinely precultivated in brain heart infusion (BHI, ROTH®) plates or liquid medium overnight at 30°C. For C. glutamicum main cultures in flask, CGXII medium (Eggeling and Bott, 2005) was inoculated to an initial OD600 of 1 using 4% (w/v) glucose as sole-carbon source. For C. glutamicum main cultures in BioLector (m2p-labs, Baesweiler, Germany), growth experiments were performed in Flowerplates at 1,000 rpm, 95% humidity, 30°C and backscatter gain 15, inoculated to an initial OD600 of 1 and using 4% (w/v) glucose as sole-carbon source. When necessary, the growth medium was supplemented with kanamycin (25 μg mL-1), spectinomycin (100 μg mL-1) and isopropyl β-D-1-thiogalactopyranoside (IPTG) (1 mM). For growth in hyperosmolar conditions 100, 200, or 400 mM of NaCl were added to the medium.

TABLE 1. Strains and plasmids used in this work.
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Molecular Biology Methods

As host for gene cloning E. coli DH5α was used (Hanahan, 1983). E. coli was transformed by heat shock following the method described elsewhere (Hanahan, 1983), while C. glutamicum was transformed by electroporation following the method described elsewhere (Eggeling and Bott, 2005). The pair of primers YgFw/YgRv (Table 2) were used to amplified yggB from genomic DNA of C. glutamicum ATCC 13032. The pair of primers PrFw/PrRv (Table 2) were used to amplified proP from genomic DNA of C. glutamicum ATCC 13032. The amplified genes were cloned by Gibson assembly (Gibson, 2011) into the vector pEKEx3 (Stansen et al., 2005) digested with BamHI, yielding the vectors pEKEx3-yggB and pEKEx3-proP. Positive clones were verified by colony PCR using the pair of primers X1Fw/X1Rv (Table 2). The up- and downstream regions of proP gene were amplified by PCR from genomic DNA of C. glutamicum ATCC 13032 using the pair of primers PrDA/PrDB and PrDC/PrDD. The up and down amplified fragments were fused by cross-over PCR with primer pair PrDA/PrDD and cloned by ligation (Eggeling and Bott, 2005) into the vector pK19mobsacB (Schäfer et al., 1994) restricted with BamHI. Positive clones were verified by colony PCR using the pair of primers 196F/197R (Table 2). The resulting vector pK19mobsacB-gdh was transferred to E. coli S17-1. In-frame deletion of the yggB and proP genes from C. glutamicum was performed via a two-step homologous recombination method (Eggeling and Bott, 2005). The pK19mobsacB vectors were transferred to the GSL strain via conjugation using E. coli S17-1 (Simon et al., 1983). The deletions of yggB and proP were verified by colony PCR using the pair of primers DE31/DE32 and PrDE/PrDF, respectively.

TABLE 2. Oligonucleotide sequences used in this work for molecular cloning and in-frame deletion.
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Internal Amino Acids Extraction

For the quantification of intracellular L-PA 2 mL of liquid medium were collected. One milliliter was centrifuged at 14,000 rpm and 4°C for 10–15 min. The resulting pellets were resuspended and treated with 5% HClO4 in an ice bath for 30 min. Then, the supernatant was neutralized with K2CO3 solution and centrifuged again at 14,000 rpm and 4°C for 10–15 min. Afterward, the supernatants were directly used for L-PA quantification or stored at -20°C (Sun et al., 2016). It has to be noted that the water space of the pellet in such a centrifugation step will contain compounds presents in the extracellular volume and this will affect the determination of the intracellular concentration. On the other hand, intracellular compounds may leak out of the cell during washing steps and this will also affect the determination of the intracellular concentration. Since all samples were processed in the same way, the possible fluctuations/errors in the measurements should affect all samples similarly. Exact quantitation would require methods such as described by Klingenberg and Pfaff (1967) which combine centrifugation through silicone oil for fast separation of supernatant and pellet by centrifugation and inactivation of the pellet by perchloric acid. The second collected mL was used to determine the biomass according to the correlation CDW [g L-1] = 0.35 OD (Bolten et al., 2007).

Determination of L-PA by High Pressure Liquid Chromatography

The concentration of L-PA was quantified by using high-pressure liquid chromatography. The samples from the cell cultures were collected by centrifugation (14,000 rpm, 15 min and at room temperature), and further used for analysis. The samples were derivatized with fluorenylmethyl chloroformate (FMOC) as described (Schneider and Wendisch, 2010). Amino acid separation was performed on a system consisting of a pre-column (LiChrospher 100 RP18 EC-5μ (40 × 4 mm), CS-Chromatographie Service GmbH, Langerwehe, Germany) and a main column (LiChrospher 100 RP18 EC-5μ (125 × 4 mm), CS Chromatographie Service GmbH). The detection was carried out with a fluorescence detector with the excitation and emission wavelength of 230 nm and 310 nm, respectively (FLD G1321A, 1200 series, Agilent Technologies).

RNAseq Analysis

For extraction of C. glutamicum bacterial cell pellets grown under the experimental conditions were harvested at mid-exponential phase. Harvesting procedure was done according to Irla et al. (2015) and cell pellets were kept at -80°C for further RNA isolation. Then, the pellets were thawed in ice and RNA was isolated individually for each sample using NucleoSpin RNA isolation kit (Macherey-Nagel, Düren, Germany). RNA samples with genomic DNA contamination were treated with the RNase-free DNase set (Qiagen, Hilden, Germany) (Brito et al., 2017). The concentration of isolated RNA was determined by DropSenseTM 16 (Trinean, Ghent, Belgium; software version 2.1.0.18). To verify the quality of RNA samples, we performed capillary gel electrophoresis (Agilent Bioanalyzer 2100 system using the Agilent RNA 6000 Pico kit; Agilent Technologies, Böblingen, Germany). The extracted RNA samples were pooled in equal parts and the pool of total RNA was subsequently used for the preparation of the cDNA libraries. The preparation and sequencing of the libraries were performed as described elsewhere (Mentz et al., 2013; Irla et al., 2015). Then, the reads were trimmed to a minimal length of 20 base pairs and in paired end mode with the Trimmotatic ver. 0.33 (Bolger et al., 2014). Trimmed reads were mapped to the reference genome of C. glutamicum ATCC13032 (Kalinowski et al., 2003) using the software Bowtie (Langmead et al., 2009). In order to perform differential gene expression analysis (DEseq) (Anders and Huber, 2010), we used the software for visualization of mapped sequences ReadXplorer (Hilker et al., 2014).

Real-Time Quantitative Reverse Transcription-PCR

The real-time quantitative reverse transcription-PCR (qRT-PCR) was performed in order to validate the data obtained by DEseq analysis by using the CFX ConnectTM Real-Time PCR Detection System (Bio-Rad Laboratories, Irvine, CA, United States). Same RNA samples utilized in the RNAseq analysis were utilized as templates for qRT-PCR. All samples RNA concentration was adjusted to 50 ng μL-1. Afterward, 1 μL for each sample was pipetted into a reaction mix of the SensiFASTTM SYBR® No-ROX Kit (Bioline, Luckenwalde, Germany), following manufacturer’s instructions. Differentially expressed genes in DEseq analysis were selected as targets for qRT-PCR amplifications (primers listed in Table 3). The melting-curve data-based quantification cycle (Cq) values, from the LightCycler® output files, were used for further calculation as it is described elsewhere (Crooks et al., 2004).

TABLE 3. Oligonucleotide sequences (5→3) used for amplification of gene fragments in qRT-PCR.

[image: image]



RESULTS

C. glutamicum Can Use L-PA for Osmoprotection

Structurally, L-PA is related to L-proline. To check whether L-PA functions as osmoprotectant in C. glutamicum the L-PA producer GSL(pVWEx1-lysDH-proC) (Pérez-García et al., 2016) was grown in glucose-minimal medium supplemented with 0, 100, 200, and 400 mM of NaCl using a BioLector system. Production of L -PA was induced by adding IPTG. When not induced for L-PA production, strains GSL(pVWEx1) and GSL(pVWEx1-lysDH-proC) showed decreasing growth rates (Figure 1A) and maximal biomass formation (Figure 1B) with increasing NaCl concentration. However, when L-PA production was induced, C. glutamicum GSL(pVWEx1-lysDH-proC) grew faster (Figure 1A) and to higher biomass concentrations (Figure 1B) in the presence of NaCl than the parent strain GSL(pVWEx1) (Figure 1). This indicated that biosynthesis of L-PA helps C. glutamicum to withstand hyperosmolar conditions.
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FIGURE 1. Growth of the C. glutamicum strains GSL(pVWEx1) and GSL(pVWEx1-lysDH-proC) under different osmotic conditions. (A) Biomass formation in g L-1 of GSL(pVWEx1) and GSL(pVWEx1-lysDH-proC) strains in glucose minimal medium supplemented with 0, 100, 200, or 400 mM of NaCl. (B) Growth rates values in h-1 of GSL(pVWEx1) and GSL(pVWEx1-lysDH-proC) strains in glucose minimal medium supplemented with 0, 100, 200, or 400 mM of NaCl. (C) Biomass formation in g L-1 of GSL(pVWEx1) strain in glucose minimal medium supplemented with 0, 100, 200, or 400 mM of NaCl with 40 mM of L-proline or 40 mM of L-PA or nothing. (D) Growth rates values in h-1 of GSL(pVWEx1) strain in glucose minimal medium supplemented with 0, 100, 200, or 400 mM of NaCl with 40 mM of L-proline or 40 mM of L-PA or nothing. Values represent means and standard deviations.



To test if also exogenously added L-PA is beneficial for C. glutamicum when grown under hyperosmolar conditions, 40 mM of either L-PA or L-proline were added to the glucose-minimal medium and growth of C. glutamicum GSL(pVWEx1) was monitored (Figures 1C,D). The exogenous addition of L-PA or L-proline improved growth of strain GSL(pVWEx1) in the presence of all NaCl concentrations tested (Figures 1C,D). Thus, under the chosen conditions L-PA functions as well as the known osmoprotectant of C. glutamicum, L-proline, in promoting growth under hyperosmolar conditions. While several transport proteins for the compatible solute L-proline are known, transport of L-PA has not yet been studied.

The Mechanosensitive Channel YggB May Play a Role as Escape Valve for L-PA

Osmo compatible solutes accumulate intracellularly under hyperosmolar conditions and are released from the cell upon osmotic downshift. Since YggB has been shown to be a key player in osmoregulation in C. glutamicum (Börngen et al., 2010), yggB deletion mutants were also analyzed. Here, the accumulation and release of L-PA by C. glutamicum cells were analyzed (Figure 2). C. glutamicum cells were cultivated in 50 mL glucose-minimal medium without (blue columns) or with (red columns) 200 mM NaCl. When glucose was depleted 1 mL supernatant and 2 mL pellet were collected to measure the extracellular (dashed columns) and intracellular (filled columns) concentrations of L-PA (Figure 2, left panels). The rest of the pellet of cells that grew in CGXII (blue lines) or CGXII + 200 mM NaCl (red lines) was transferred to 35 mL milliQ-water 0.9% NaCl to force an osmotic downshift while keeping the cells intact. The extracellular (dashed lines) and intracellular (solid lines) concentrations of L-PA were monitored over time (Figure 2, right panels). The experiment was performed with the L-PA producing strain GSL(pVWEx1-lysDH-proC) (Figure 2A); a yggB deletion mutant of this strain lacking the MSC YggB, GSLΔyggB(pVWEx1-lysDH-proC) (Figure 2B); and a derived strain expressing yggB from a plasmid for complementation of the yggB deletion, GSLΔyggB(pVWEx1-lysDH-proC)(pEKEx3-yggB) (Figure 2C). After growth in CGXII minimal medium with 200 mM NaCl, the intracellular L-PA concentrations were higher than after growth in CGXII minimal medium without added NaCl (Figure 2A), left). Upon osmotic downshift, L-PA was released from cells grown without NaCl and accumulated in the medium with a rate of 0.97 ± 0.04 mM h-1. However, when cells grown with 200 mM NaCl were subjected to osmotic downshift, L-PA was released with a 75% higher rate and to an about 1.6 higher concentration (Figure 2A, right and Table 4).
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FIGURE 2. Intracellular (filled columns, straight lines) and extracellular (dashed columns, dashed lines) L-PA concentration profiles of the strains (A) GSL(pVWEx1-lysDH-proC), (B) GSLΔyggB(pVWEx1-lysDH-proC) and (C) GSLΔyggB(pVWEx1-lysDH-proC)(pEKEx3-yggB) after growth in glucose-minimal medium (left panels) without added NaCl (blue) or with 200 mM NaCl (red) and after osmotic downshift to 0.9% NaCl (right panels). Values represent means and standard deviations.



TABLE 4. Rates of decrease of intracellular L-PA concentrations and of L-PA accumulation in the cultivation medium upon osmotic downshock of different C. glutamicum strains after growth in glucose minimal medium with or without 200 mM NaCl.
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When growing the strain GSLΔyggB(pVWEx1-lysDH-proC) on CGXII with or without 200 mM NaCl the internal accumulation of L-PA increased 80 and 40%, respectively, as compared with the strain GSL(pVWEx1-lysDH-proC) (Figure 2B, left). On 0.9% NaCl, the L-PA external accumulation rates decreased to the half (Figure 2B, right and Table 4). Therefore, the deletion of yggB slowed down L-PA export but was not enough to fully avoid it. The strain GSLΔyggB(pVWEx1-lysDH-proC)(pEKEx3-yggB) showed similar L-PA internal/external profiles in both CGXII and water as compared with the strain GSL(pVWEx1-lysDH-proC) (Figure 2C, right and Table 4).

Comparative RNAseq Analysis of a L-PA Producing C. glutamicum Strain, a L-Proline Producing Strain and the Respective Control Strains

Under the assumption that genes relevant for production of either L-PA or L-proline are differentially expressed when comparing L-PA producing C. glutamicum strain GSL(pVWEx1-lysDH-proC) with its parent strain GSL(pVWEx1) and of L-proline producing C. glutamicum strain JJ004 with its parent strain JJ001, comparative RNAseq analysis was performed. C. glutamicum strains GSL(pVWEx1-lysDH-proC), GSL(pVWEx1), JJ004 and JJ001 were grown in glucose minimal medium with 1 mM IPTG after inoculation with an initial OD600 of 1. Samples for RNA preparation were harvested after 8 h of inoculation at an OD600 of 7.6 ± 0.4 and 7.7 ± 0.4, respectively, for strains GSL(pVWEx1-lysDH-proC) and GSL(pVWEx1). Sample for strains JJ004 and JJ001 were harvested 6 h after inoculation at an OD600 of 7.6 ± 0.1 and 8.0 ± 0.2, respectively. RNA and library preparation, sequencing, read mapping and differential gene expression analysis using the statistical method DEseq (Naville et al., 2011) was performed as described in Section “Materials and Methods.” Full data is available as Gene Expression Omnibus GSE122249 data set at http://www.ncbi.nlm.nih.gov/geo/. As compared to the respective control strains, 5 genes showed increased RNA levels and 17 genes decreased RNA levels in the L-PA producing strain, while 26 genes showed increased RNA levels and 33 genes decreased RNA levels in the L-proline producing strain (Table 5).

TABLE 5. Comparative RNAseq analysis of L-proline producing strain JJ004, its isogenic non-producing control strain JJ001, L-PA producing C. glutamicum strain GSL(pVWEx1-lysDH-proC) and its isogenic non-producing control strain GSL(pVWEx1).
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The results obtained in the RNAseq analysis were validated by the analysis of gene expression patterns by qRT-PCR. For each analysis eight genes were selected, four upregulated and four downregulated genes. As shown in Figure 3, the relative gene expression levels obtained in qRT-PCR confirmed the pattern of their differential gene expression (fold change value) obtained in the RNAseq analysis.
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FIGURE 3. Comparison of relative gene expression values obtained by qRT-PCR analysis (black bars) with those obtained by RNAseq analysis (orange bars). RNAseq data from Table 5 and qRT-PCR data (ΔCq) collected for the L-PA analysis (left) and for the L-proline analysis (right) are listed. The values from the qRT-PCR are given as means and standard deviations.



In the L-proline producing strain JJ004, pstSCAB encoding phosphate ABC uptake system, genes for divalent metal transporter proteins (ctpA, cg0569, cg3281, cg3282, and cg3402), for transcriptional regulators (glyR, whiB3, and whcE) and for enzymes of central carbon metabolism (pck, ldh and mez) showed higher RNA levels than in the control strain JJ001 (Table 5). As compared to JJ001, RNA levels were lower in JJ004 for genes encoding iron-siderophore ABC uptake systems (cg0770, irp1, cg0924 and cg0926), the lysine/arginine permease gene lysE and genes for uptake of L-proline and other compatible solutes (betP, putP and proP) (Table 5). Thus, it appears that upon overproduction of L-proline, genes for its uptake from the culture medium are downregulated.

As expected, RNAseq analysis of the L-PA producing strain revealed increased expression of pyrroline-5-carboxylate reductase gene proC since it is expressed from plasmid pVWEx1-lysDH-proC (Table 5). Other genes showing increased RNA levels upon L-PA production were the divalent metal transporter protein gene cg0569, the gluconokinase gene gntV and the catechol 1,2-dioxygenase gene catA (Table 5). Genes showing decreased RNA levels upon L-PA production were the putative site-specific recombinase gene xerC and the compatible solute transport gene proP (Table 5). Notably, the genes betP and putP coding for uptake systems of L-proline and other compatible solutes did not show increased RNA levels. Thus, ProP was chosen as potential candidate for import of L-PA into the C. glutamicum cell.

Role of the Carrier ProP During Growth With L-PA as Osmo Compatible Solute

Deduced from the RNAseq data, we speculated that the carrier ProP may play a role with regard to L-PA as osmo compatible solute of C. glutamicum. ProP is used by C. glutamicum as the main osmoregulated uptake system for L-proline (Peter et al., 1998). To test if the absence of ProP affects the use of C. glutamicum of L-PA under hyperosmolar conditions, strain GSLΔproP was constructed. The strains GSL(pEKEx3) (Figure 4, black columns), GSLΔproP(pEKEx3) (Figure 4, red columns) and GSLΔproP(pEKEx3-proP) (Figure 4, green columns) were grown in glucose minimal medium supplemented with 0, 100, 200, or 400 mM of NaCl using a BioLector system. CGXII contains 200 mM MOPS buffer, thus, has a relatively high osmolarity: about 1,1 osmol/kg without added NaCl as compared to about 1,3 osmol/kg CGXII medium with 400 mM NaCl (Börngen et al., 2010). In addition, the effect of externally added L-proline or L-PA was tested. Data for final biomass formation and growth rate was collected for all conditions (Figure 4). It was observed that the strains carrying the deletion of proP suffered more from the hyperosmotic conditions as compared to the control C. glutamicum strain GSL(pEKEx3) or the complementation strain GSLΔproP(pEKEx3-proP) (Figure 4). When 40 mM of L-proline was supplemented as osmo compatible solute to the minimal medium the growth rates and final biomass concentrations were reduced to a lesser extent than when 40 mM L-PA was added (Figure 4). Thus, ProP plays an important role when L-proline and L-PA are used as osmo compatible solutes in C. glutamicum. These findings are commensurate with the view that ProP does not only import L-proline into the C. glutamicum cell, but also L-PA. However, future in depth biochemical analysis of L-PA uptake are needed to determine the respective kinetic parameters of L-PA uptake.
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FIGURE 4. Growth behavior of the C. glutamicum strains GSL(pEKEx3) (black bars), GSLΔproP(pEKEx3) (red bars) and GSLΔproP(pEKEx3-proP) (green bars) under different osmotic conditions. Biomass formation in g L-1 (top-left) and growth rate in h-1 (down-left) when growing the strains in glucose minimal medium supplemented with 0, 100, 200, or 400 mM of NaCl. Biomass formation in g L-1 (top-middle) and growth rate in h-1 (down-middle) when growing the strains in glucose minimal medium supplemented with 0, 100, 200, or 400 mM of NaCl an in presence of 40 mM of L-proline. Biomass formation in g L-1 (top-right) and growth rate in h-1 (down-right) when growing the strains in glucose minimal medium supplemented with 0, 100, 200, or 400 mM of NaCl an in presence of 40 mM of L-PA. Values represent means and standard deviations.





DISCUSSION

In this study, L-PA was shown to be an osmo compatible solute for C. glutamicum. L-PA cannot be synthesized by C. glutamicum wild type, but can be imported from the environment. The synthesis and/or accumulation of compatible solutes is a widespread microbial strategy against osmolarity fluctuations (da Costa et al., 1998; Kempf and Bremer, 1998; Wood et al., 2001; Czech et al., 2018). High cytoplasmic concentrations of compatible solutes also stabilize protein folding and ribosomes and protect the DNA, increasing the resistance to other types of stress such as high and low temperatures and radiation (Li and Gänzle, 2016; Sajjad et al., 2018; Tribelli and López, 2018). The osmoprotection mechanisms for the microbial cell factories E. coli, Bacillus subtilis and C. glutamicum are described (Kempf and Bremer, 1998; Wood et al., 2001; Morbach and Krämer, 2003; Hoffmann and Bremer, 2017). These and other non-halophilic bacteria accumulate K ions, Na ions or glutamate after an osmotic upshock as first response before these ions are exchanged against compatible solutes either by synthesis or uptake (Wood, 1999). C. glutamicum either synthesizes glutamine, proline or trehalose after an osmotic upshift or imports glycine betaine, proline or ectoine (Frings et al., 1993; Guillouet and Engasser, 1995; Skjerdal et al., 1996). In C. glutamicum, biosynthesis of proline involves one set of genes (proA for g-glutamyl phosphate reductase, proB for g-glutamyl kinase and proC for pyrroline 5-carboxylate reductase), while B. subtilis possesses one set of proline biosynthesis genes for anabolic purposes and a second osmostress-induced set (Bremer, 2000). Similarly, biosynthesis and internal content of L-PA is regulated by external osmolality in Brevibacterium ammoniagenes (Gouesbet et al., 1992). It has been described that C. glutamicum prefers uptake of compatible solutes to their synthesis because uptake of compatible solutes is faster and energetically more favorable than their synthesis (Morbach and Krämer, 2003). In C. glutamicum, glycine betaine is the most effective osmoprotectant among those that can be imported from the environment, followed by ectoine and proline (Farwick et al., 1995). Here, we have shown that 40 mM L-PA are almost as effective as 40 mM proline for osmoprotection of a lysine producing C. glutamicum strain (Figures 1, 4). The improved growth in the presence of increasing salt concentrations is not due to catabolism of L-PA since C. glutamicum can use L-PA neither as carbon source nor as nitrogen source (Pérez-García et al., 2016). Rather, the external addition of L-PA is advantageous since resources for biosynthesis of L-proline for osmoprotection are not required. An osmoprotective role of L-PA has also been shown for E. coli since the addition of 1 mM of DL-PA decreased the inhibitory growth effect of 200–700 mM NaCl in 0.2% glucose minimal medium (Gouesbet et al., 1994). When growing S. pomeroyi in a mineral salts medium containing 400 mM NaCl, the supplementation of 5–20 mM of L-PA improved the growth of the microorganism (Neshich et al., 2013). In Sinorhizobium meliloti, both isomers, L-PA and D-PA have to be added for osmoprotective activity (Gouffi et al., 2000). Previously, we have developed strains for sustainable production of L-PA (Pérez-García et al., 2016, 2017a). Here, we have shown that recombinant C. glutamicum engineered for L-PA overproduction showed improved growth characteristics under hyperosmolar conditions (Figure 4). Thus, L-PA functions as osmo compatible solute not only when imported from the environment, but also when synthesized de novo. In these recombinant C. glutamicum strain synthesis is not osmostress-induced as described for certain plants. For example, in rapeseed leaf tissues, L-PA synthesis from L-lysine via the lysine-ketoglutarate reductase/saccharopine dehydrogenase pathway is osmo-dependent (Moulin et al., 2006).

Although uptake of osmo compatible solutes is important and energetically favored over their de novo synthesis, a C. glutamicum mutant devoid of the five known uptake systems for compatible solutes survived under hyperosmolar conditions (Steger et al., 2004) which has been attributed to de novo synthesis of proline, glutamine, and trehalose (Rönsch et al., 2003). The secondary carriers PutP, BetP, EctP, LcoP, and ProP differ by their substrate spectrum and substrate affinities, however, they show a degree of substrate redundancy that is typical for soil bacteria (Peter et al., 1997, 1998; Wood et al., 2001; Weinand et al., 2007). BetP is a high affinity carrier specific for betaine (Peter et al., 1997). EctP is a low affinity carrier for betaine, ectoine and proline and LcoP a low affinity carrier for betaine and ectoine, whereas the carrier ProP shows high affinity for its substrates proline and ectoine (Peter et al., 1998; Steger et al., 2004). PutP imports proline with high affinity for anabolic purposes (Peter et al., 1997). Based on differential gene expression analysis ProP was identified as possible L-PA import system in this work (Table 5). In E. coli various structural analogs of L-proline such as azetidine-2-carboxylate, L-pipecolic acid or 5-hydroxy-L-pipecolic acid enter the cell through ProP or ProU transport systems (Gouesbet et al., 1994). The E. coli proline/glycine betaine transporter ProP shares 36.8% identical amino acids with ProP from C. glutamicum. Here, growth analysis of C. glutamicum mutants lacking proP revealed perturbed growth under hyperosmolar conditions in the absence of proP (Figure 4). Since mutants lacking proP still possess functional EctP and PutP these carriers apparently do not contribute to uptake of L-PA under the chosen conditions, and, thus, ProP may act as major L-PA import system in C. glutamicum. Detailed biochemical transport assays will have to be performed in the future to characterize L-PA uptake by ProP.

It was also shown in this work that the MSC YggB performs as a major escape valve for L-PA in C. glutamicum (Figure 2). After an osmotic downshift compatible solutes are released to the medium involving MSCs (Morbach and Krämer, 2003). In particular, the MSC YggB was described as the main export system of L-glutamate in C. glutamicum (Nakamura et al., 2007). In C. glutamicum it is known that the use of biotin limitation, penicillin treatments or surfactants alter membrane tension by inhibiting lipid or peptidoglycan synthesis which triggers conformational changes in YggB allowing L-glutamate export (Duperray et al., 1992; Gutmann et al., 1992). In addition, betaine efflux induced by osmotic downshock was reduced upon deletion of yggB (Nottebrock et al., 2003). Thus, the decreased rate of L-PA accumulation in the supernatant as consequence of yggB deletion suggests that L-PA may be exported from the C. glutamicum cell by YggB. In depth biochemical analysis is required to characterize export of L-PA by YggB.

Due to their diverse applications in drug development, food industry, skin care products and cosmetics (Graf et al., 2008; Jorge C.D. et al., 2016; Li and Gänzle, 2016) the biotechnological production of compatible solutes has gained increasing momentum recently (Sauer and Galinski, 1998; Jensen and Wendisch, 2013; Tan et al., 2016; Chen et al., 2017). This included the establishment of strains that produce and secrete compatible solutes such as ectoine, L-PA or α-D-glucosylglycerol that are not synthesized by the wild-type strains (Ning et al., 2016; Pérez-García et al., 2017a,b; Ying et al., 2017; Roenneke et al., 2018). Production of L-PA by recombinant E. coli expressing the gene for lysine cyclodeaminase from Streptomyces hygroscopicus was established with a titer of 5.33 g L-1 L-PA and a yield of 0.13 g L-1 of glucose obtained in fed-batch cultivation and a titer of 0.64 g L-1 L-PA in shake flasks (Ying et al., 2017). Our previous work on establishing L-PA production in C. glutamicum led to superior values: 14.4 g L-1 L-PA and a yield of 0.20 g g-1 in fed-batch cultivation and a titer of 3.9 g L-1 L-PA in shake flasks (Pérez-García et al., 2017a). Although de novo synthesized L-PA protected C. glutamicum against high salt conditions, we have observed that in the presence of 200 mM NaCl the L-PA titer in the supernatant was reduced from about 15 mM (about 1.9 g L-1) to about half (Figure 2A, left panel). Thus, hyperosmolar conditions are not favorable for L-PA production by the C. glutamicum recombinant strains described here. However, while less L-PA was secreted under hyperosmolar conditions, more L-PA accumulated intracellularly (Figure 2A, left panel). After osmotic downshift, L-PA was released to the culture medium accumulating to about 22 mM (about 2.8 g L-1) (Figure 2A, right panel). Therefore, in principle, the described C. glutamicum strains could be used in a process called “bacterial milking” (Sauer and Galinski, 1998). The Gram-negative bacterium Halomonas elongata was grown to high-cell-density (48 g cell dry weight per liter) before being exposed to alternating hyper- and hypo-osmolar conditions. Ectoine released to the hypo-osmolar medium was harvested by crossflow filtration and by this procedure 0.16 g of ectoine per cycle per gram cell dry weight could be produced (Sauer and Galinski, 1998). As use of high-salinity media in fermentation processes is costly and poses challenges with regard to the design and durability of bioreactors, it is generally assumed that direct fermentative production is preferred over the “bacterial milking” process. To determine if this notion holds true for the L-PA producing C. glutamicum strains described here, a head-to-head comparison of these strains operated in a fed-batch fermentation process vs. a “bacterial milking” process will have to be performed after each process has been thoroughly optimized by process intensification. In addition, strain optimization by transport engineering, as described for the production of amino acids (Nakamura et al., 2007; Blombach et al., 2009), non-proteinogenic amino acids (Jorge J.M.P. et al., 2016; Pérez-García et al., 2017a), diamines (Kind et al., 2014; Nguyen et al., 2015) or organic acids (Huhn et al., 2011), may be required.
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Over the last seven decades, applications using members of the Bacillus subtilis group have emerged in both food processes and crop protection industries. Their ability to form survival endospores and the plethora of antimicrobial compounds they produce has generated an increased industrial interest as food preservatives, therapeutic agents and biopesticides. In the growing context of food biopreservation and biological crop protection, this review suggests a comprehensive way to visualize the antimicrobial spectrum described within the B. subtilis group, including volatile compounds. This classification distinguishes the bioactive metabolites based on their biosynthetic pathways and chemical nature: i.e., ribosomal peptides (RPs), volatile compounds, polyketides (PKs), non-ribosomal peptides (NRPs), and hybrids between PKs and NRPs. For each clade, the chemical structure, biosynthesis and antimicrobial activity are described and exemplified. This review aims at constituting a convenient and updated classification of antimicrobial metabolites from the B. subtilis group, whose complex phylogeny is prone to further development.
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INTRODUCTION

The genus Bacillus comprises 377 species1 (last update in January 2019) of Gram-positive, rod-shaped bacteria (Gordon et al., 1973). Their ability to form endospores, their diversity in physiological properties, as well as their capacity to produce numerous antimicrobial compounds (AMCs) favor their ubiquitous distribution in soil, aquatic environments, food and gut microbiota of arthropods and mammals (Nicholson, 2002).

Bacteria from the Bacillus subtilis group consist of small vegetative cells (<1 μm-wide) for which the strain B. subtilis subsp. subtilis 168 is considered as model organism (Barbe et al., 2009). They are usually mesophilic and neutrophilic, although some can tolerate high pH. The four original species of the group (B. subtilis, Bacillus licheniformis, Bacillus pumilus, and Bacillus amyloliquefaciens) were discovered more than 40 years ago (Gordon et al., 1973; Priest et al., 1987). Since then, the evolution of their molecular, chemotaxonomic and physiological characterizations led to regular re-evaluations and (re-)description of numerous novel species and subspecies (see current taxonomy of the group in Figure 1) (Fan et al., 2017).
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FIGURE 1. Timeline emergence of the species from the B. subtilis group. The species are classified following their relatedness to the closest original member of the group (gray boxes). Heterotypic synonyms are not shown.



The potential of B. subtilis group strains to produce a wide diversity of secondary metabolites mediating antibiosis was recognized for decades. For any given strain of the B. subtilis group, it is now estimated that at least 4–5% of its genome is devoted to antimicrobial compounds (AMCs) production (Stein, 2005). These molecules are mainly antimicrobial peptides (AMPs). Their structures are usually cyclic, hydrophobic and contain peculiar moieties such as D-amino acids (AA) or intramolecular thioether bonds. In addition to AMPs, volatile metabolites also constitute a large family of antimicrobials exhibiting numerous metabolic and functional roles.

Due to the wide diversity of these molecules, their classification is rather complex and can be based on several criteria such as their biosynthetic machinery, sources, biological functions, properties, three-dimensional structure, covalent bonding pattern or molecular targets (Tagg et al., 1976; Wang et al., 2015). Here a classification of the B. subtilis group antimicrobial molecules is proposed, based on their biosynthetic pathways and their chemical nature as shown in Figure 2. This review will emphasize the biosynthesis pathway and the bioactivity of the main clades of AMCs within the B. subtilis group: i.e., the ribosomal peptides (RPs) (bacteriocins and enzymes), the polyketides (PKs), the non-ribosomal peptides (NRPs) and the volatiles. A full overview of this chart is provided as Supplementary Material (Supplementary Figure S1).
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FIGURE 2. Antimicrobial molecules classes from the B. subtilis group. The subdivision between the classes is based on the biosynthetic pathway (i.e., ribosomal peptides, polyketides, hybrids, non-ribosomal peptides, and volatile compounds).





RIBOSOMAL PEPTIDES

Ribosomally synthesized peptides (RPs) are usually derived from short precursors (ca. 100 AA) and are processed to mature compounds through post-translational modifications (Oman and van der Donk, 2009). Various enzymes mediate these modifications and therefore generate a wide diversity of chemical structures. Most of these peptides were originally referred to as “bacteriocins,” characterized as low molecular weight molecules that exhibit inhibiting growth activities against bacteria closely related to the producing strain (Klaenhammer, 1988; Chopra et al., 2015). In addition to bacteriocins, other types of enzymes exhibiting antagonistic activities are also ribosomally synthesized. However, those compounds display diverse metabolic activities such as quorum sensing (QS) mediation, cell lysis or induction of genetic competence (Schmidt, 2010; Shafi et al., 2017). It should also be noted that molecules referred to as BLIS (bacteriocins-like inhibitory substances) include AMPs for which the ribosomal synthesis has not been confirmed yet (Abriouel et al., 2011).

B. subtilis Group Bacteriocins

It is estimated that 99% of the bacteria and archaea are able to produce at least one bacteriocin. Historically, lactic acid bacteria (LAB) were studied as main bacteriocin producers, mostly because of their long history of safe use in food fermentation (O’Sullivan et al., 2002). Nisin (Figure 3C), produced by Lactobacillus lactis subsp. lactis, was approved as a food additive in the 1960s and has since then been used in over 50 countries for its antimicrobial activity against Gram-positive pathogens such as Clostridium spp. and Bacillus spp. (Klaenhammer, 1988; Delves-Broughton, 1990). However, the search for new bioactive molecules has rapidly expanded to other bacteriocin-producing genera, with a particular attention, in the late 1990s, to the GRAS (generally recognized as safe) Bacillus species whose bacteriocin antimicrobial spectra were broader than those of LAB (Pedersen et al., 2002; Riley and Wertz, 2002; Sumi et al., 2015).
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FIGURE 3. Lanthionine biosynthesis. General pathway of the lanthionine synthesis (A), structure of subtilin (B) and nisin A (C). Non-modified AA are indicated in teal whereas dehydrated serine (Dha, dehydroalanine) and threonine (Dhb, dehydrobutyrine) are colored in orange. The lanthionine (Ala-S-Ala, alanine-S-alanine) and R-methyllanthionine (Abu-S-Ala, aminobutyrate-S-alanine) bridges are shown in purple. The AA of nisin that differ from those in subtilin are highlighted as hatched circles. Adapted from Cotter et al. (2005) and Spieß et al. (2015).



The generic biosynthetic pathway of Bacillus species bacteriocins includes several post-translational modifications, including the proteolytic cleavage of the leader peptide at the N-terminal end (McIntosh et al., 2009). The modifications of active peptides, its secretion and the immunity to the bacteriocin (as described below) vary depending on the bacteriocin class.

While many classifications have been suggested over the years, one reasonable way to cope with the diversity of the Bacillus bacteriocins is to sort them on the basis of their biosynthetic pathway as previously reported for Streptococcus spp. and Enterococcus spp. bacteriocins (Nes et al., 2007) and reviewed in Abriouel et al. (2011). Accordingly, three main classes subdivided into several subclasses can be distinguished for the B. subtilis group. As detailed in Table 1, Class I includes the post-translationally modified peptides such as the lantibiotics whereas the non-modified peptides are grouped in Class II; Class III involved bacteriocins larger than 10 kDa (Abriouel et al., 2011). Supplementary Table S1 summarizes the different RPs produced by the strains belonging to the B. subtilis group, as well as their reported antimicrobial activities.

TABLE 1. Classification of the B. subtilis group bacteriocins.

[image: image]

Class I includes small AMPs (19–38 AA) with extensive post-translational modifications. Subclasses I.1, I.2, and I.3 have in common their lantibiotic structure, which refers to inter-residual thioester bonds made of modified AA residues. As illustrated in Figure 3, lantibiotics involve 2,3-didehydroalanine (Dha) and (Z)-2,3-didehydrobutyrine (Dhb), resulting from the dehydration of serine and threonine residues, respectively. The intra-molecular addition of Dha or Dhb on a cysteine residue leads to the respective formation of lanthionine and methyllanthionine bridges (Willey and Donk, 2007). Subtilin (Figure 3B), from subclass I.1, is one of the most studied bacteriocins from the B. subtilis group. Its structure shares several similarities with nisin A lantibiotics, shown in Figure 3C (Guder et al., 2000; Abriouel et al., 2011). Peptides from subclass I.4 undergo other types of modifications. For instance, subtilosin A is a head-to-tail cyclic peptide with unusual inter-residue linkages (i.e., Cys-Phe bond) (Marx et al., 2001; Kawulka et al., 2004).

Class II bacteriocins include small (<10 kDa), linear and non-modified peptides, resistant to heat and acido-basic treatments. They are divided in three subclasses based on a conserved AA motif near their N-terminus. The YGNGVXC (X is any AA) motif is associated to pediocin-like peptides from subclass II.1 whereas DWTXWSXL is specific to thuricin-like peptides from subclass II.2. Subclass II.3 comprises the small non-modified AMPs without any typical motif in their AA sequence (Abriouel et al., 2011). Finally, class III bacteriocins consist into large and heat labile molecules, generally characterized by a phospholipase activity (Cleveland et al., 2001).

Because of their wide diversity, bacteriocins display different modes of action such as protoplasm vesicularization, pore formation or cell disintegration (Sumi et al., 2015). They are generally bactericidal with some exceptions that exhibit bacteriostatic activities (Gautam and Sharma, 2009). For most class I and II bacteriocins, the target of their activity is the bacterial envelope due to their amphiphilic or hydrophobic properties. For instance, lantibiotics from subclass I.1 have a dual mode of action. On the one hand, they can inhibit the cell wall synthesis of the targeted bacteria through binding to lipid II, the major transporter of peptidoglycan subunits across the inner cell membrane. On the other hand, lipid II can be used as a docking molecule to insert the lantibiotic in the membrane leading to pore formation and ultimately to cell death as well described in Chatterjee et al. (2005) and Cotter et al. (2005). This duality has been reported for subtilin, a class I bacteriocin which is active against a broad range of Gram-positive bacteria such as Staphylococcus simulans, B. subtilis, and Bacillus stearothermophilus (Linnett and Strominger, 1973; Parisot et al., 2008).

Many regulation systems mediate bacteriocin production, secretion and immunity. Bacteriocin production is usually linked to particular cellular events such as stress responses. For instance, subtilin production depends on cell density and is increased under starvation conditions (Abriouel et al., 2011). Lantibiotic production is also mediated by QS. For subtilin, it has been demonstrated that the peptide itself acts as an auto-inducer of its own production (Kleerebezem, 2004). The export of bacteriocins is generally ensured by a dedicated membrane-associated ATP-Binding Cassette (ABC) transporter. For some lantibiotics, the cleavage of the leader peptide often occurs in a proteolytic domain present in the ABC transporter as described in McAuliffe et al. (2001) and Cotter et al. (2005). The immunity of the producing strains to its own active bacteriocin(s) can be achieved by several mechanisms like the secretion of immunity proteins sequestering the peptide, the bacteriocin re-export through an ABC transporter system or the alteration of the targeted peptidoglycans bonds (e.g., modification of the cell wall or cytoplasmic membrane charge) (Cotter et al., 2005; Dubois et al., 2009).

B. subtilis Group AMP Enzymes

Among the B. subtilis group, two major types of enzymes exhibit antagonistic activities (Supplementary Table S1): the lytic enzymes and those involved in quorum quenching (QQ). Several strains from the B. subtilis group have indeed been identified as capable to produce lytic enzymes with biocontrol potential (Herrera-Estrella and Chet, 1999; Kumar et al., 2012; Shafi et al., 2017). They include cellulases, glucanases, proteases and chitinases and are generally referred to as cell wall degrading enzymes (CWDE) (Ariffin et al., 2006; Alamri, 2015; Caulier et al., 2018). They are particularly active against fungi since chitin and glucan are the major constituents of their cell wall where various glycoproteins are embedded (Bowman and Free, 2006; Geraldine et al., 2013; Gomaa, 2012).

Quorum quenching is able to silence or block QS which is generally defined as the cell-to-cell communication mechanism through the production of signal molecules (Czajkowski and Jafra, 2009). N-acyl-homoserine lactones (AHLs), composed of a fatty acid side chain and a homoserine lactone (Figure 4) are the most characterized signal autoinducers in Gram-negative bacteria. When a bacterial population proliferates, concentration of AHLs increases so that all the cells coordinate their metabolic activities (e.g., biofilm formation, sporulation, virulence factors or antibiotic production) (Dong et al., 2004). As the QS system brings ecological advantages to a coordinate population, QQ is able to counteract QS. Four types of enzymes (i.e., lactonase, decarboxylase, acylase, and deaminase) are able to inactivate AHLs, as illustrated in Figure 4 (Czajkowski and Jafra, 2009). B. subtilis AHL-lactonases have for instance attracted interest for biocontrol since they affect the growth of deleterious microbial pest such as Pectobacterium carotovorum subsp. carotovorum causing potato soft rot (González and Keshavan, 2006).
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FIGURE 4. AHLs structure and its corresponding enzymatic degradations by QQ. The broken lines show the cleavages sites of four enzymes: (1) lactonase; (2) decarboxylase; (3) acylase; (4) deaminase. Adapted from Czajkowski and Jafra (2009).





POLYKETIDES

Among the bioactive compounds produced by microorganisms, PKs are well known from the human health sector for their broad spectrum of activity encompassing antibacterial, immunosuppressive, antitumor and many more antagonistic abilities. Typical PKSs structures from the B. subtilis group are presented in Figure 5. They are synthetized from acyl CoA precursors such as malonate and methyl malonate. Their biosynthesis depends on multifunctional polyketide synthases (PKSs). Their structure was first extrapolated from fatty acid synthases (FASs) that share similarities in terms of chain extension mechanisms, precursors and overall architecture design (Smith and Tsai, 2007). As shown in Figure 6A, PKS are composed of a succession of elongation modules, flanked by initiation and termination modules. The reactive mechanism of these three PKS domains is illustrated in Figure 7A and is well summarized in Hertweck (2009). The initiation module is composed of two domains: an acyltransferase (AT) domain that recruits and catalyzes the binding of a monomer substrate to an acyl carrier protein (ACP) domain. The ACP then acts as an arm with a second catalytic domain located on the next elongation module. This domain, a β-ketoacyl synthase (KS), catalyzes the chain-elongation reaction that occurs through a decarboxylative Claisen thioester condensation (Cane and Walsh, 1999; Hertweck, 2009). In addition to the three core domains, auxiliary domains can also be present on elongation modules (gray domains in Figure 6A). These auxiliary domains mediate ketoreduction (KR), dehydration (DH), or enoylacyl reduction (ER) occurring before the chain-elongation reaction. These modifications considerably enrich the structural complexity and diversity of mature PKs (Hertweck, 2009). Finally, a termination module harboring an additional thiosterase (TE) domain catalyzes the macrolactonization and the release of the mature PK (Cane and Walsh, 1999).
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FIGURE 5. Chemical structures of some B. subtilis group polyketides. Variants from macrolactin and difficidin are presented.
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FIGURE 6. Schematic representation of the modules and domains mediating PKS and NRP biosynthesis. (A) The domains involved in the PK synthesis are the acyltransferase (AT), the acyl carrier protein (ACP), the ketosynthase (KS) and the chain-terminating thiosterase (TE) domains. In gray, the auxiliary domains can mediate ketoreduction (KR), dehydration (DH), and enoylacyl reduction (ER) at each elongation step (n). (B) The core domains for NRP biosynthesis are the adenylation (A), the peptidyl carrier domain (PCP), the condensation (C), and the final thioesterase (TE) domains. The auxiliary domains consist in cyclization (Cy), N-methylation (MT), and epimerization (E) domains.
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FIGURE 7. Polyketides and lipopeptides biosynthesis mechanism. (A) The AT domain catalyzes the binding of the monomer substrate and the ACP domain. The KS domain is acetylated on the acyl residue of a polyketide starter or in elongation and catalyzes the transfer of the substrate subunit carried by the ACP. (B) The A domain activates an AA chain extension subunit and its transfer to the PCP carrier domain. The C domain catalyzes the bond mediating the chain elongation. Adapted from Cane and Walsh (1999) and Challis and Naismith (2004).



Polyketide synthases have been classified in three canonical types based on the structural organization of their functional domains. Type I PKSs involve large multifunctional enzymes housing several domains linearly arranged and covalently bonded. Type II PKSs are multienzyme complexes composed of separate monofunctional enzymes combined during the PK synthesis. Type III PKSs are chalcone synthase-like PKSs that operate the acid CoA thioesters directly without any ACP domain (Chen and Du, 2016). Beside these structural differences, PKSs are classified as iterative or non-iterative depending on how many KS domains are used in the biosynthetic process. Within prokaryotes, the non-iterative type I PKSs is the most represented. They produce PK compounds that harbor a one-to-one correspondence with the PKS modular architecture. This conservation of collinearity is used for PKS discovery via genome mining (Challis, 2008).

Due to the diversity of PKSs, many exceptions and transition states between the three main types are observed. In some cases, mixed PKs pathways combine different types of PKSs or can even be associated with FASs or NRP synthetases (NRPSs) to form PK-peptide hybrid metabolites such as bacillaene, compactin, fusarin C or salinosporamide A (Moldenhauer et al., 2007; Hertweck, 2009; Fisch, 2013).

To date, seven PKs families have been recognized based on their carbon skeletons and typical structures, as summarized in Table 2 (Eustáquio et al., 2009). However, to our knowledge, only three antimicrobial PKs and their variants are produced within the B. subtilis group: bacillaene, difficidin, and macrolactin. These compounds exhibit antibacterial activities through selective inhibition of protein synthesis (Table 3). Bacillaene is a polyene PK resulting from a hybrid synthesis by a type I PKS and a NRPS bae operon (baeJ, baeL, baeM, baeN and baeR) (Chen et al., 2006; Moldenhauer et al., 2007). Its exhibits antimicrobial activity against various bacteria (e.g., Myxococcus xanthus or Staphylococcus aureus) and fungi (e.g., Trichoderma spp. or Fusarium spp.) (Patel et al., 1995; Um et al., 2013; Müller et al., 2014). Difficidin, and its oxidized form oxydifficidin, are polyenes synthesized by a type I PKS encoded in the dif operon. They both inhibit bacterial pathogens such as Clostridium perfringens, Erwinia amylovora, Escherichia coli or Xanthomonas oryzae (Zimmerman et al., 1987; Chen et al., 2009; Aleti et al., 2015; Wu et al., 2015b). Finally, macrolactins and their 7-O-succinyl- or 7-O-malonyl-derivatives are synthetized via a type I PKS. They show antibacterial and antifungal activities against Burkholderia cepacia, Ralstonia solanacearum, S. aureus or Fusarium oxysporum (Romero-Tabarez et al., 2006; Yoo et al., 2006; Yuan et al., 2012a). Some macrolactins, such as the macrolactin A, apparently also displays antiviral properties (e.g., against Herpes simplex viruses) (Gustafson et al., 1989).

TABLE 2. Major classes of polyketides.
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TABLE 3. PKS and hybrids NRPS/PKS produced by strains of the B. subtilis group.
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NON-RIBOSOMAL PEPTIDES

Non-ribosomal peptides form a versatile family of secondary metabolites with growing interest in many industrial fields as antibiotics, siderophores, surfactants, pigments, immunosuppressors or antitumor molecules (Wang et al., 2014). NRPs show a broad structural diversity, from linear to cyclic or branched structures (Kopp and Marahiel, 2007). As illustration, the Norine database counts almost 1.200 NRP molecules, including their structure, synthesis and evolution2 (last update in January 2019) (Caboche et al., 2008).

Two categories of NRPs can be distinguished whether they are synthetized through a multi-enzyme thio-template mechanism or not (Sumi et al., 2015). The first ones usually result in structures with two to ca. 50 residues and other moieties such as fatty acid chains [i.e., lipopeptides (LPs) and siderophores] whereas the second ones are generally smaller. Figure 8 shows the chemical structures of typical NRPS from the B. subtilis group.


[image: image]

FIGURE 8. Chemical structures of some B. subtilis group NRPs. (A) Lipopeptides. (B) Miscellaneous NRPs.



Thiotemplate NRPs – Lipopeptides

Lipopeptides are usually synthetized through a NRPS sequential addition of AA residues, either in an iterative or non-iterative way. Similarly to PKSs, NRPSs have a modular organization implementing the initiation, elongation, and termination modules (Figure 6B). Each module is subdivided in core domains whose catalytic and carrier domains slightly differ from PKSs, as shown in Figure 7B. The biosynthesis which was previously summarized in Ongena and Jacques (2008) and Raaijmakers et al. (2010) starts with an adenylation domain (A domain) that recruits and phosphorylates an AA monomer into an aminoacyl adenylate intermediate. The intermediate is then linked to the corresponding peptidyl carrier protein or thiolation domain (PCP or T domain) through a thioester bond. The PCP acts as a bridge and ensures the link with the condensation domain (C domain) that forms the C–N bond between the recruited aminoacyl and the peptide acyl chain in formation. The termination module contains a thioesterase domain (TE) that catalyzes the release of the final peptide acyl chain (Ongena and Jacques, 2008; Raaijmakers et al., 2010). The elongation modules can be supplemented with accessory domains such as cyclization domain (Cy), epimerization domain (E) and methylation domain (M). Those domains are able to modify the growing peptide chain which leads to diverse mature compounds structure (Cane and Walsh, 1999; Challis and Naismith, 2004).

Since the LP biosynthetic pathways are highly flexible, the range of produced LPs is extremely heterogeneous. Among LPs produced by Bacillus spp., four main families have been distinguished: kurstakins, surfactins, iturins, and fengycins (Jacques, 2011). Each family shares the same structural features based on the nature and organization of the peptide moiety or fatty acid tail, as summarized in Table 4. Strains from the B. subtilis group produce surfactins, iturins and fengycins whereas kurstakins are produced by B. thuringiensis strains (Béchet et al., 2012). Among the three LP families produced by B. subtilis, at least eight fengycins, 13 surfactins and 14 iturins variants have been described so far, as detailed in Supplementary Table S2.

TABLE 4. Classification of the Bacillus spp. lipopeptides.
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For each LP family, the compounds production is mainly regulated by environmental factors such as carbon sources, oxygen availability, pH and temperatures (Yakimov et al., 1995; Kim et al., 1997; Cosby et al., 1998). Warm temperature (≥37°C) and anaerobic conditions increase the production of surfactins while lower temperatures (25–37°C) and aerated bioreactors favor fengycins and iturins family metabolites (Jacques, 2011). The production of surfactins by B. subtilis is also QS-dependent and involves ComX and PhrC. These pheromones trigger complex cascades regulating cell density-dependent processes such as sporulation and competence (Hamoen et al., 2003; Ongena et al., 2005).

Iturins and fengycins are mainly known for their strong antifungal activity against several plant and human pathogenic fungi (Supplementary Table S2). In addition, iturin-like mycosubtilin, bacillomycin R, subtulene A and eumycin show antibacterial properties (Besson et al., 1976; Leclere et al., 2005; Thasana et al., 2010). Contrary to iturins and fengycins, surfactins mainly display antiviral and antibacterial activities (Ongena and Jacques, 2008). Their antiviral activity essentially targets enveloped viruses (e.g., herpes simplex or porcine epidemic diarrhea viruses). They also inhibit pathogenic bacteria such as Legionella pneumophila, Listeria monocytogenes, R. solanacearum or X. oryzae (Naruse et al., 1990; Yakimov et al., 1995; Sabaté and Audisio, 2013; Loiseau et al., 2015; Luo et al., 2015). However, some surfactins are able to control important fungal plant and human pathogens such as Botrytis cinerea, Candida albicans, F. oxysporum or Rhizoctonia solani (Jenny et al., 1991; Lee et al., 2007; Qi et al., 2010; Dimkić et al., 2013; Romano et al., 2013).

The mere composition of LPs, where a peptide moiety is bound to a lipid tail, gives them an amphiphilic property. This nature makes them excellent surfactants and plays a significant role in their biological functions and antimicrobial properties. Indeed, LPs are able to destabilize the plasma membrane via a pore forming activity leading to the cell death of the target microbes. Their antiviral activity is the result of a similar disintegration of the bi-lipid envelope of virions explaining the weak LPs activity against plant viruses among which very few are enveloped (Ongena and Jacques, 2008).

Bacillus spp. LPs have many other biological and ecological functions as fully documented by Raaijmakers et al. (2010). They are also known to impact other metabolic mechanisms such as biofilm formation, motility, virulence, plant root colonization, and plant defenses. Moreover, it has been suggested that their participation to the degradation of hydrophobic substrates could be used for polluted soils bioremediation (Mulligan et al., 2001). Although some lipopetides have already been exploited as food biopreservatives or crop protection products, the industrial interest for LPs in specific applications is unsurprisingly continuously growing.

Thiotemplate NRPs – Siderophore

Itoic acid is a mono-peptide composed of a 2,3-dihydroxybenzoate (DHB) molecule bound to a glycine. It is used as a precursor by trimodular NRPS machinery to produce bacillibactin which is obtained after a condensation of three units of DHB-glycine-threonine (May et al., 2001). The synthesis of the final hexapeptide is catalyzed by a terminal thioesterase domain leading to the production of a methylated trilactone ring link to three catecholates moieties. It is this cyclic structure that enables the sequestration of the metal atom (Dertz et al., 2006). Itoic acid and bacillibactin are both catecholic siderophores that chelates iron reducing its bioavailability. This is limited access to iron that allows B. subtilis to antagonize the growth of other surrounding microbes such as, for instance, F. oxysporum f. sp. capsici (Yu et al., 2011).

Non-thiotemplate NRPs

Bacteria from the B. subtilis group are also able to synthesize other antimicrobial NRPs through non-thiotemplate mechanism. Rhizocticins are di- and tri-phosphono-peptides. They are constituted of a L-2-amino-5-phosphono-3-cis-pentenoic acid (APPA) linked to an arginine (rhizocticin A). They can be supplemented with an additional valine (rhizocticin B), isoleucine (rhizocticine C) or leucine (rhizocticine D). After their integration into the target microbes, their cleavage by host cell peptidases releases the fungitoxic L-APPA moiety that interferes with threonine metabolism in fungal cells. Interestingly, rhizocticin A has also an antagonistic activity against nematodes such as Caenorhabditis elegans (Kugler et al., 1990).

In addition to rhizocticin compounds, two other dipeptide NRPs are produced by B. subtilis: bacilysin (also known as tetaine) and its chlorinated derivative, chlorotetain. They contain L-alanine (or chlorine-L-alanine) bound to the non-proteinogenic L-anticapsin (Kenig and Abraham, 1976; Rapp et al., 1988). Despite their simple composition, these bioactive compounds display strong antibacterial activity mediated by the anticapsin moiety that inhibits the glucosamine-6-phosphate synthase. Its inhibition suppresses the biosynthesis of peptidoglycans that are the main constituents of bacterial cell wall (Steinborn et al., 2005; Mahlstedt and Walsh, 2010). For the fungi, it has been proposed that because anticapsin is able to inhibit the production of chitin and fungal membrane mannoproteins, bacilysin and chlorotetain exhibit antifungal activity against Aspergillus fumigatus or C. albicans (Milewski et al., 1986; Rapp et al., 1988).

Finally, bacitracin and mycobacillin are two cyclic polypeptides produced by B. subtilis. Bacitracins are dodecapeptides containing a cyclic heptapeptide linked to a thiazoline ring (Johnson et al., 1945). They are mostly active against Gram-positive bacteria where they inhibit the bacterial cell-wall biosynthesis by preventing the lipid carrier from re-entering in the reaction cycle of peptidoglycan synthesis (Siewert and Strominger, 1967). Besides this primary mode of action, bacitracin might also act through other mechanisms affecting membrane functions, hydrolytic enzymes and/or the biosynthesis of ubiquinone precursors (Konz et al., 1997). Mycobacillin is an antifungal cyclic tridecapeptide altering the membrane of fungi like Aspergillus niger (Majumdar and Bose, 1958). Interestingly, its biosynthesis is rather peculiar. Although it is catalyzed by a large NRPS complex, it is divided in three fractions (A, B, and C) and does not use a thio-template mechanism (Zuber et al., 1993). Each fraction of the enzymatic complex contains a single enzyme polypeptide that catalyzes the polymerization of a first pentapeptide (A), a second nonapeptide (B) and the final tridecapeptide.



VOLATILES

Besides RPs, NRPs and PKs, strains from the B. subtilis group are able to produce a wide diversity of volatile compounds encompassing important roles especially in soil, one of the major habitats of this group (Supplementary Figure S1). Volatiles are notably involved in the bioconversion of the food chain, in the biogeochemical cycles of essential elements, in many physiological and metabolic reactions (e.g., nitrification, nitrogen mineralization, electron acceptor or donor reactions) as well as in communication signals triggering QS/QQ or defense mechanisms well reviewed in Effmert et al. (2012). Volatile compounds are generally classified into inorganic (VICs) and organic (VOCs) categories.

Volatile Inorganic Compounds (VICs)

Volatile inorganic compounds synthesized by microorganisms are mainly by-products of primary metabolism. They are carbonated, hydrogenated, sulfur or nitrogen-containing compounds such as CO2, CO, H2, HCN, H2S, N2, NH3 and NO. Nitrogen-containing compounds are mostly released in aerated upper sediments layers by denitrifying bacteria. In this process, nitric oxide is enzymatically produced by the nitric-oxide reductase or the nitric-oxide synthase (Adak et al., 2002). The range of antimicrobial activities exhibited by VIC nitrogen-containing compounds from the B. subtilis group is wide. For instance, NO is able to induce systemic acquired resistance (SAR) in plants against bacterial pathogens such as R. solanacearum (Wang et al., 2005). A contrario, ammonia, a secondary metabolite from the catabolism of the amino acids L-aspartate, is known to be active against soil-borne Oomycetes such as Pythium spp. (Howell et al., 1988). Hydrogen cyanide, derived from the glycine catabolism, shows a direct antagonistic activity against aerobic microorganisms by inhibiting metal-containing enzymes such as the cytochrome c oxidase active in the respiration chain (Cherif-Silini et al., 2016).

Deeper in the soil, under low oxygen concentration, bacteria tend to produce different VICs such as H2 or H2S. Those compounds can serve as electron acceptors, AA precursors or antimicrobial metabolites. Hydrogen sulfide could be produced by B. subtilis from sulfate reduction or as a by-product of L-methionine and L-cysteine catabolism via a direct cleavage of L-methionine or a transamination followed by reductive demethiolations (Even et al., 2006; Schulz and Dickschat, 2007). It is known to exhibit antifungal activity against several plant pathogens such as A. niger or Penicillium italicum but also against some food-borne bacteria or human pathogens (Fu et al., 2014). Curiously, it is also known to act as a bacterial defense mechanism against antibiotics (Shatalin et al., 2011). Interestingly, ammonia increases the resistance of several Gram-negative and Gram-positive bacteria to antibiotics too (Bernier et al., 2011).

Volatile Organic Compounds (VOCs)

Volatile organic compounds are small compounds with fewer than 20 carbon atoms and are characterized by low molecular mass (100–500 Da), high vapor pressure, low boiling point and a lipophilic moiety. These features ensure an easy evaporation and a long distance distribution which is convenient in a complex matrix like soil (Schmidt et al., 2015). Their diffusion and production by soil-borne microbes are strongly dependent on various factors such as nutrient and oxygen availability, temperature, pH, physiological state of microorganisms, soil moisture, texture and architecture (McNeal and Herbert, 2009; Insam and Seewald, 2010; Effmert et al., 2012). The majority of VOCs derives from glucose oxidation involving glycolysis and the subsequent cycles such as the tricarboxylic acid cycle (TCA) as it has been well summarized in Korpi et al. (2009) and Schmidt et al. (2015). However, their production can also result from various other pathways such as aerobic heterotrophic carbon metabolism, fermentations, AA degradation, terpenes synthesis or sulfur reduction (Peñuelas et al., 2014). Based on previous reviews presented in Schulz and Dickschat (2007); Peñuelas et al. (2014) and Audrain et al. (2015), five categories of VOCs can be distinguished: (1) fatty acids and derivatives, (2) terpenoids, (3) nitrogen-containing VOCs, (4) sulfur-containing VOCs, and (5) metalloid- or halogenated-containing VOCs. To date, about 2,000 compounds produced by almost 1,000 species of microorganisms have been listed in the mVOC 2.0 database (Lemfack et al., 2018). According to this database, almost 70% of recorded Bacillus VOCs are fatty acids derivatives (alcohols, ketones, alkanes, aldehydes, alkenes, and acids) followed by sulfur- and nitrogen-containing compounds. Supplementary Table S3 displays the VOCs produced within the B. subtilis group and their antimicrobial activity.

Since many volatile fatty acids and their derivatives result from the glucose metabolism, their precursors mostly derive from the Embden-Meyerhof (glycolysis), Entner-Doudoroff, heterolactic and homolactic fermentation pathways (Peñuelas et al., 2014). B. subtilis bacteria, for instance, ferment pyruvate to produce ketone compounds such as acetoin (3-hydroxy-2-butanone) or 2,3-butanedione under anaerobic conditions (Ryu et al., 2003). Other intermediates coming from fatty acid biosyntheses or their β-oxydations are also used as precursors by microbes and transformed into VOCs through a decarboxylation reaction or a reduction of their carboxyl group (Schulz and Dickschat, 2007). They provide essential hydrocarbons but also other fatty acid derivatives. An oxidative deamination of several amino acids can lead to the production of aldehyde, ketone or alcohol volatile too. For instance, the degradation of L-phenylalanine or L-tyrosine can be the first step of the aromatic volatile compounds synthesis such as benzene or its carbohydrate derivatives. Finally, benzenoid volatiles can also be synthesized by microbes through the shikimate pathway that leads to the formation of chorismate, a natural precursor of aromatic amino acids (Bentley and Haslam, 1990). Degradation of intermediates from the shikimate pathway or aromatic amino acids can also lead to the production of benzenoid volatiles (Dickschat et al., 2005).

This wide variety of volatile fatty acids and their derivatives make them the most important group of VOCs produce by microbes and represent up to 87% of known antimicrobial VOCs produced by B. subtilis bacteria (Supplementary Table S3). They can be divided in two main categories: hydrocarbons (alkanes, alkenes, alkynes) or carbohydrates (acids, alcohols, aldehydes, esters, furans, ketones, lactones, benzenoids). Among them, benzenoids is the most represented sub-category followed by alkanes, aldehydes, ketones, acids, and alcohols. Even though benzenoids could be considered as an individual category, they can also be seen as fatty acids derivatives because a large majority of antimicrobial benzenoid volatile produced by B. subtilis harbor a benzene core linked to a fatty acid derivatives.

There is an important diversity of benzenoids, sometimes linked with carbohydrate chains containing nitrogen, sulfur or both. Most of these antimicrobial volatile exert fungicidal activities but some have been characterized for their antibacterial or nematicidal abilities, too. Their mode of action is rarely fully characterized. For instance, morphological abnormalities on fungal and bacterial cells have been documented after an exposition to B. subtilis VOCs (Tahir et al., 2017). Volatile such as 1,3-butadiene or 2,3-butanediol are also known to induce modifications in the expression of genes linked to the pathogenicity of R. solanacearum and Pectobacterium carotovorum (Marquez-Villavicencio et al., 2011; Tahir et al., 2017). In addition to direct antimicrobial activities, fatty acids volatile have also several other biological functions. For instance, acetoin and 2-butanone have the ability to stimulate plant defenses or to induce plant stress tolerance which then promote plant growth (Ryu et al., 2003; Ryu et al., 2004; Ryu, 2015). They are essentially produced by strains of B. amyloliquefaciens, B. velezensis or B. subtilis (Audrain et al., 2015).

Terpenes and their derivatives (also known as terpenoids or isoprenoids) are among the most abundant secondary metabolites found in living systems (Fisher et al., 2001; Gershenzon and Dudareva, 2007). They originate from two main precursors: isopentenyl pyrophosphate (IPP) and its allylic isomer the dimethylallyl pyrophosphate (DMAPP) (Schulz and Dickschat, 2007). IPP and DMAPP are also the end-products of the deoxy-xylulose phosphate pathway (DOXP) starting with pyruvate and glyceraldehyde-3-phosphate originating from the glucose metabolism (Fisher et al., 2001). Terpenoids can be synthesized from isoprene molecules too. Julsing et al. (2007) showed that, in B. subtilis, isoprene is not formed by the MVA or DOXP pathways but, as in plant systems, might be a product of the methylerythritol phosphate (MEP) pathway (Guan et al., 2015).

Isoprenoid compounds are produced by all living organisms for essential physiological functions such as electron transport, membrane fluidity, light harvesting, photoprotection, anchoring of molecules to specific membranes and signaling (Fisher et al., 2001). The signaling ability is particularly important and is associated with several antagonistic, mutualistic or multi-trophic interactions (Shrivastava et al., 2015). More than 25,000 terpenic compounds have been listed and, for the vast majority, their biological functions and roles remain unknown (Buckingham, 1997). Volatile terpenes are generally recognized for their ability to inhibit bacteria (Scortichini and Rossi, 1991), fungi (Hammer et al., 2003; Dambolena et al., 2008), nematodes (Gu et al., 2007) or insects (Lee et al., 2003; Justicia et al., 2005). They can be classified in three categories: isoprene, monoterpenes (C10) and sesquiterpenes (C15) (Schmidt et al., 2015).

The mode of action of these compounds might be linked to their lipophilic nature allowing them to destabilize the cell membrane integrity (Cox et al., 2000; Inoue et al., 2004). To our knowledge, only two terpenes produced by B. subtilis show antimicrobial abilities: isoprene and monoterpene α-terpineol exhibit antagonistic activities against cyanobacteria and nematodes (Wright and Thompson, 1985; Gu et al., 2007).

Little is known about the biosynthetic pathways of nitrogen-containing VOCs. Nevertheless, it is accepted that two main routes can be used: a non-enzymatic amination of acyloins, that can lead to the formation of pyrazines (Schulz and Dickschat, 2007) or derived from α-aminoketone intermediates resulting from AA catabolism (Owens et al., 1997; Zhu et al., 2010).

Nitrogen-containing VOCs can be distinguished based on their cyclization rate. Within non-cyclic compounds, three groups are identified (amides, amines and imines) while there are five categories of cyclic compounds (azoles, pyrazines, pyridines, pyridazines, and pyrimidines). Pyrazines are strongly represented among microbial volatile and are separated in two classes: lower-alkylated and higher-alkylated pyrazines (Schulz and Dickschat, 2007). These compounds are characterized by a strong odor and several B. subtilis coming from the rhizosphere or from food fermentations have already been recognized as pyrazines producers (Sugawara et al., 1985; Kosuge and Kamiya, 1962; Larroche et al., 1999; Leejeerajumnean et al., 2001). Pyrazines from B. subtilis strains are known to exhibit antifungal and nematicidal activities (Gu et al., 2007; Chen et al., 2008; Chaves-López et al., 2015; Haidar et al., 2016). For instance, tetramethylpyrazine inhibits the growth of Moniliophthora perniciosa and F. oxysporum f. sp. lactucae. Additionally, it acts on sporulation and elongation of the germ-tube of B. cinerea (Chen et al., 2008; Chaves-López et al., 2015). It is interesting to note that B. subtilis pyrazines can also exhibit antibacterial activities such as pulcherriminic acid which inhibits the growth of S. aureus, E. coli and Proteus vulgaris (Coutts et al., 1965). Beside pyrazines, strains from the B. subtilis group are able to produce other nitrogen VOCs such as 1H-imidazole,1-ethyl showing antifungal activities against numerous soil-borne phytopathogens (Lupetti et al., 2002; Liu et al., 2008; Snelders et al., 2009; Schmidt et al., 2015).

Microbial VOCs containing sulfur (VSCs) derive from two main pathways originated from inorganic or organic sources (Schulz and Dickschat, 2007): inorganic sulfate reduction in methylated inorganic sulfides compounds or, for some microbial VSCs, originate from catabolism of AA such as L-methionine or more rarely, L-cysteine (Schulz and Dickschat, 2007). Some VSCs are produced as secondary volatiles via the production of hydrogen sulfide or methanethiol. Indeed, these two compounds are important precursors for subsequent VSCs synthesis (Schulz and Dickschat, 2007; Sourabié et al., 2012). Within the B. subtilis group, multiple VSCs such as dimethyl disulfide (DMDS), dimethyl trisulfide (DMTS), S-methyl thioacetate or S-methyl butanethioate have been characterized for their antifungal and nematicidal activities (Coosemans, 2005; Gerik, 2005; Gu et al., 2007; Kai et al., 2009; Wang et al., 2009; de Vrieze et al., 2015; Schmidt et al., 2015; Velivelli et al., 2015; Gotor-Vila et al., 2017). A putative antibacterial effect of DMDS is not to exclude. Indeed, DMDS is known to affect the bacterial cell-to-cell communications through a decrease in the amount of N-acyl homoserine lactone (AHL) mediating QS (Chernin et al., 2011).

Other volatile organic compounds such as halogenated, metalloids, tellurium or selenium compounds have also been described. However, at the time of writing, no B. subtilis strains have been proved to produce these type of VOCs (Schulz and Dickschat, 2007), although related bacteria, like Bacillus arsenicoselenatis, have been shown to generate them (Switzer Blum et al., 1998).



CONCLUSION AND PERSPECTIVES

The B. subtilis group offers a plethora of antagonistic compounds displaying a broad range of biological functions. This huge versatility increases the industrial and environmental interest of B. subtilis strains, especially when considering their range of action against foodborne or phytopathogenic flora as well as their history of safe use in food. The present review on known AMCs from the B. subtilis group proposes a consistent classification frame based on their biosynthetic pathways (i.e., RPs, PKs, NRPs, volatiles) and chemical nature.

The present classification suggests to establish systematic approaches for novel molecules discoveries and characterizations (biosynthesis, chemical nature and activity). Indeed, most current publications report antimicrobial activity of partially purified fractions which can involve mixtures of bioactive compounds. To assess the activity of an unique compound, implementations of genetic confirmation such as knockout strategy are needed. Besides, very few studies have focused on the putative synergistic effects within these bio-active mixtures. Also, the concentration of purified or semi-purified compound(s) often remains uncharacterized or biologically irrelevant. Finally, there is no doubt that novel AMCs originating from B. subtilis bacteria remain to be identified, characterized and properly classified.
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The leaderless bacteriocin Garvicin KS (GarKS) is a potent antimicrobial, being active against a wide range of important pathogens. GarKS production by the native producer Lactococcus garvieae KS1546 is, however, relatively low (80 BU/ml) under standard laboratory growth conditions (batch culture in GM17 at 30°C). To improve the production, we systematically evaluated the impact of different media and media components on bacteriocin production. Based on the outcomes, a new medium formulation was made that increased GarKS production about 60-fold compared to that achieved in GM17. The new medium was composed of pasteurized milk and tryptone (PM-T). GarKS production was increased further 4-fold (i.e., to 20,000 BU/ml) by increasing the gene dose of the bacteriocin gene cluster (gak) in the native producer. Finally, a combination of the newly composed medium (PM-T), an increased gene dose and cultivation at a constant pH 6 and a 50–60% dissolved oxygen level in growth medium, gave rise to a GarKS production of 164,000 BU/ml. This high production, which is about 2000-fold higher compared to that initially achieved in GM17, corresponds to a GarKS production of 1.2 g/L. To our knowledge, this is one of the highest bacteriocin production reported hitherto.
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INTRODUCTION

The decreasing effectiveness of antibiotics has become a serious worldwide problem due to the emergence of multidrug-resistant bacteria (Bush et al., 2011; Laxminarayan et al., 2016). Despite that, the number of new commercially available antibiotics is dwindling. This is partly due to the fact that developing new antibiotics is a costly process (Holmes and Mauer, 2016), and most biopharma companies are therefore reluctant to invest large money in new antibiotics that soon may be useless because of resistance development. Consequently, there is an urgent need of cost-effective and efficient antimicrobial agents with different killing mechanisms to overcome multidrug-resistant bacteria.

Bacteriocins are ribosomally synthesized antibacterial peptides produced by bacteria, probably as a means to compete for nutrients and habitats (Cotter et al., 2005). So far, hundreds of bacteriocins have been isolated and characterized. Most of them have narrow-spectrum activity, but some are active against a broad-spectrum of bacteria including food-spoiling bacteria as well as important pathogens (Chikindas et al., 1993;de Arauz et al., 2009). Bacteriocins produced by lactic acid bacteria (LAB) are particularly interesting due to LAB’s safe status as they are commonly found in our foods (Grosu-Tudor et al., 2014; Henning et al., 2015) and the gastrointestinal tract of man (Millette et al., 2008) and animals (O’Shea et al., 2009). Most bacteriocins are membrane-active peptides, killing sensitive bacteria by membrane disruption after selective interaction with specific membrane receptors (Oscariz and Pisabarro, 2001; Hasper et al., 2006; Diep et al., 2007; Nissen-Meyer et al., 2009; Tymoszewska et al., 2017). This mode of action is different from most antibiotics, which often act as enzyme-inhibitors (Davis, 1987; Bush and Jacoby, 2010). For this reason, antibiotic-resistant pathogens are often sensitive to bacteriocins, thus making the latter very attractive as alternative or complementary drugs for therapeutic use, especially to fight antibiotic resistance. Nevertheless, poor production is often a bottleneck in large-scaled production of bacteriocins. Previous studies have shown that bacteriocin production can be increased by optimization of growth conditions such as cultivation temperature, pH, aeration and growth medium (Biswas et al., 1991; Parente and Ricciardi, 1994; Aasen et al., 2000; Cabo et al., 2001; Nel et al., 2001; Guerra and Pastrana, 2002; Penna and Moraes, 2002; Tafreshi et al., 2010). In addition, various heterologous expression systems have been reported for increased bacteriocin production (Horn et al., 2004; Kong and Lu, 2014; Jimenez et al., 2015; Jiang et al., 2016; Mesa-Pereira et al., 2017).

Recently, we have reported the identification and characterization of a novel three-peptide bacteriocin called garvicin KS (GarKS), produced by L. garvieae KS1546, a strain isolated from raw bovine milk in Kosovo (Ovchinnikov et al., 2016). A gene cluster (gak) containing the three structural genes (gakABC) and genes likely involved in immunity (gakIR) and transport (gakT) has been identified in the genome (Ovchinnikov et al., 2016). GarKS is active against a broad spectrum of bacteria such as Listeria, Staphylococcus, Bacillus, Streptococcus and Enterococcus (Ovchinnikov et al., 2016). Despite its great potential, production of GarKS is relatively moderate under standard laboratory growth conditions. To overcome this problem, we conducted a multi-factorial optimization study that resulted in over 2000-fold increased bacteriocin production. This approach includes medium optimization, increased gene dose and cultivation optimization.



MATERIALS AND METHODS

Bacterial Strains and Growth Conditions

All bacterial strains and plasmids used in this study are listed in Table 1. Unless otherwise stated, the native bacteriocin producer L. garvieae KS1546 was grown in M17 broth supplemented with 0.5% glucose (GM17) under static condition at 30°C. NEB® 10-beta E. coli (New England Biolabs, Beverly, MA, United States) was grown in Luria-Bertani (LB) broth with shaking (200 rpm) at 37°C. Bacterial culture media and supplements were obtained from Oxoid Ltd. (Hampshire, United Kingdom). When necessary, erythromycin (Sigma-Aldrich Inc., St. Louis, MO, United States) was added at 200 μg/ml for E. coli and at 5 μg/ml for LAB strains.

TABLE 1. Bacterial strains, plasmids and primers used in this study.
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Growth Media for GarKS Production

The influence of different growth media on GarKS production was assessed in batch cultures under static condition at 30°C. Following commercial complex media were used: GM17, deMan, Rogosa and Sharpe (MRS), Todd-Hewitt (TH) and Brain Heart Infusion (BHI). To make new milk-based medium formulations, skim milk (5%, w/v) or pasteurized skim milk was combined with an equal volume of GM17, MRS, TH, and BHI, or with tryptone (10% w/v). Skim milk (SM) was prepared by using milk powder (Oxoid, United Kingdom) while pasteurized milk (PM) was obtained from a dairy company in Norway, Q-milk.

DNA Manipulation

The gak cluster responsible for production of GarKS was amplified from genomic DNA of L. garvieae KS1546 using Phusion High-fidelity DNA polymerase (New England Biolabs, United Kingdom) and the primers gakF and gakR1 (Table 1). The genes gakABC encoding the three peptides constituting GarKS were amplified using the primers gakF and gakR (Table 1). Restriction sites SacI and HindIII were introduced at the 5′end of forward and reverse primers. NEBuilder HiFi DNA assembly cloning kit (New England Biolabs) was used to assemble the PCR fragments into the plasmid pMG36e (van de Guchte et al., 1989). Plasmid DNA was amplified in E. coli NEB® 10-beta before being transferred into L. garvieae KS1546 or L. lactis IL1403 cells using a Gene PulserTM (Bio-Rad Laboratories, Hercules, CA, United States). Primers used in this study were obtained from Life Technologies AS (Thermofisher Scientific, Oslo, Norway). The integrity of all recombinant plasmids was confirmed by Sanger DNA sequencing (GATC Biotech AG; Constance, Germany), which were sequenced using primers gakseqF, gakseqF1, gakseqF2, gakseqF3, gakseqR, pMGF, and pMGR (Table 1).

Optimization of Bacteriocin Production in Bioreactor Conditions

The effects of pH and aeration on GarKS production were tested at various constant pHs (5, 6, and 7), and at controlled aeration in a fully automated 2.5 L Minifors 1 bioreactor (Infors AG, Switzerland). The pH was controlled by automatic addition of 5 M HCl or 5 M NaOH. The aeration was maintained by purging sterile air into culture medium. Temperature (30°C) and agitation speed of 150 rpm were maintained constant for all experiments. Samples of 2 ml were withdrawn aseptically every 2 h for determination of bacteriocin production and cell growth (see below).

Determination of Bacteriocin Production and Cell Growth

Bacteriocin activity was measured from heat-inactivated (100°C for 10 min) cell-free culture supernatants. Bacteriocin activity was quantified using a microtiter plate assay as previously described (Jimenez et al., 2015; Ovchinnikov et al., 2016). One bacteriocin unit (BU) was defined as the minimum amount of the bacteriocin that inhibited at least 50% of growth of the indicator (L. lactis IL103) in a 200 μl culture volume. Growth curve was determined by measuring turbidity of culture at OD600 every 30 min for 24 h or by counting colony forming units (CFU) from serially diluted bacterial cultures on agar plates. Synthetic GarKS peptides were purchased from Pepmic Co., LTD., China, with GarA of about 85% purity and GarB and GarC of at least 95% purity. (Higher purity of GarA could not be synthesized due to constant problems occuring during synthesis/purification). GarKS composed of these synthetic peptides in equal amounts (1:1:1, w/v), has a specific activity of 130–140 BU/μg. This specific activity was used to estimate the amount of GarKS produced in cultures.



RESULTS

GarKS Production in Complex Media

Two different ways were used to describe the production of garvicin KS in a culture: production per ml expressed as bacteriocin unit per ml (BU/ml), and production per 108 cells expressed as BU/108 cells, the latter being referred to as specific production. L. garvieae KS1546 (hereafter shortened as KS1546) was routinely grown in the complex medium GM17 at 30°C without agitation, and GarKS production was typically of 80 BU/mL after 7–12 h growth. To examine whether the level of production was medium-dependent, KS1546 was grown in different complex media (MRS, BHI, and TH). Highest production was found between 7–12 h of growth in all tested media except for TH where bacteriocin production appeared constantly low for all time-points tested (Figure 1A). Relative to GM17, GarKS production increased 2 to 4-fold in MRS, while it was about 2 to 4-fold less in BHI and TH (Figure 1A). Cell growth was best in GM17 (30 × 108 cells/ml) but poorest in MRS (10 × 108 cells/ml) after 24 h at 30°C (Table 2). The growth in MRS gave highest specific production, 32 BU/108 cells, which is about 12 fold higher than that obtained when cells were grown in GM17 (2.7 BU/108 cells).
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FIGURE 1. GarKS production by the native producer in different complex growth media (A), and in skim milk (SM) combined with complex growth media (B). Each culture was started by adding 1% (v/v) culture inoculum to 5 ml growth medium and then incubated at 30°C without shaking. Bacteriocin activity was measured at different time points. Standard deviations were based on triplicate assays.



TABLE 2. Influence of growth media, increased gene dose and culture conditions on bacteriocin production.
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GarKS Production Increased in Milk-Based Media

It is well known that bacteria are ecologically adapted to the environments where they normally thrive. Since the producer KS1546 was isolated from raw milk (Ovchinnikov et al., 2016), we examine the possibility to use skim milk (SM) as growth medium. Bacteriocin production was increased 2-fold in SM (160 BU/ml) compared to GM17 (Figure 1B). However, cell growth was remarkably poor in skim milk (2 × 108 cells/ml) (Table 2), resulting in a relatively high specific production, 80 BU/108 cells. The poor growth suggests that some growth factors were present in complex media but absent in SM. Therefore, we tested the mixtures (50:50; v/v) of skim milk and complex media (GM17, MRS, BHI, and TH). As a result, the bacteriocin production was increased 16 times in skim milk combined with TH (SM-TH) and 8 times in SM-GM17, compared to the production in skim milk (SM) (Table 1 and Figure 1B). The bacteriocin production in SM-TH and SM-GM17 was 2600 BU/ml and 1280 BU/ml after 9 h of incubation, respectively. On the other hand, no significant increase of GarKS in SM-MRS (320 BU/ml) and SM-BHI (160 BU/ml) was found in all time points (Figure 1B). All medium formulations gave similar cell densities, i.e., between 28 × 108-30 × 108 cells/ml (Table 1). In terms of specific production, SM-TH gave the highest while SM-BHI gave the lowest, 90 BU/108 cells and 5.5 BU/108 cells, respectively.

The results above indicate that bacteriocin production was significantly influenced by some specific factor(s)/nutrient(s), which are present in TH and GM17, but absent in MRS and BHI. Tryptone, a tryptic digest of milk protein casein (Oh et al., 1995), is one of the nutrients found in GM17 and TH, but not in MRS and BHI. The final concentration of tryptone in GM17 and TH broth is 0.5 and 2%, respectively. To examine whether tryptone could improve bacteriocin production in combination with SM, we made formulations with different v/v ratios of SM and 10% tryptone (w/v). Highest bacteriocin production (about 2,600 BU/ml) was achieved when they were mixed in equal volumes (50%; v/v); this mixture had a final concentration of tryptone at 5% (w/v) (Figure 2). Under these circumstances, final cell density was comparable to that in GM17, i.e., about 30 × 108 cells/ml (Table 2), giving a relatively high specific production, 87 BU/108 cells, which is comparable to that in SM-TH (90 BU/108 cells). The formulation composed of SM (50%; v/v) and a final 5% of tryptone (w/v) is hereafter called SM-T.
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FIGURE 2. Bacteriocin production in a medium composed of skim milk and tryptone. Different ratios of skim milk and tryptone were made in the formulation by mixing an increasing portion of skim milk (10%; w/v; from 1 volume to 9 volumes) with a corresponding decreasing portion of tryptone (10%, w/v; 9 volumes to 1 volume). For growth conditions, see legend in Figure 1. The bacteriocin activity was measured after 9 h of culture incubation. Standard deviations were based on triplicate assays.



Yeast extract is a rich source of vitamins, minerals, and amino acids, which often improves bacterial growth. We examined the effect of yeast extract (YE) in combination with SM-T. The resulting formulation, SM-T-YE (SM-T containing 1% (w/v) yeast extract) yielded the same cell density as in SM-T (30 × 108 cells/ml), but bacteriocin production was reduced by 50% (Table 2). Yeast extract was therefore excluded from the growth medium.

Although SM-T appeared as a good medium for the producer, we constantly encountered the problem associated with caramelization of milk sugars in skim milk during autoclaving, which might have detrimental effects on nutrition value. To avoid this problem, the autoclaved skim milk in SM-T was replaced with an equal amount of pasteurized skim milk, resulting in a new medium termed pasteurized milk–tryptone (PM-T). The content in pasteurized milk (Q-milk) according to the manufacturer (Q-Meieriene AS, Bergen, Norway) is, g/l: fat, 5; carbohydrate, 45; protein, 35; salt, 1; calcium, 1.3; vitamin B2, 0.001; and vitamin B12, 0.7 × 10-5. Indeed, cell growth in PM-T was slightly increased from 30 × 108 cells/ml to 35 × 108 cells/ml, and GarKS production was increased two-fold in comparison to that in SM-T (Table 2).

Taken together, compared to other media analyzed so far, PM-T gave the best results in all aspects assessed: highest production (5100 BU/ml), highest cell density (35 × 108 cells/ml) and highest specific production (146 BU/108 cells).

GarKS Production Increased by Higher Gene Dose

The three structural genes (gakABC) encoding the three peptides that constitute GarKS are clustered with genes probably involved in immunity (gakIR) and transport (gakT). First we explored the possibility to increase bacteriocin production by increasing only the gene dose of structural genes gakABC in the native producer. The recombinant plasmid pABC carrying structural genes gakABC was constructed to deliver high gene dose in the native producer (Table 1). However, we failed to get any transformants even after several attempts. Similar negative result (i.e., no transformants) was obtained when we attempted to transfer pABC into the heterologous host L. lactis IL1403 (data not shown). Probably, increased gene dose of the structural genes might override the immunity or/and the transporter in the native producer, leading to toxicity to cells. Consequently, the plasmid pA2T carrying the entire gak locus including the genes involved in immunity and transport was constructed pA2T (Table 1). The resulting plasmid was first transferred into L. lactis IL1403 to assess the functionality of the locus. As expected, transformation was successful and bacteriocin production was detected in transformed cells (data not shown), confirming the functionality of the gak locus. Next, the plasmid was transferred into the native KS1546 and the clone (KS1546-PA2T) was assessed for bacteriocin production. Using PM-T as growth medium, GarKS production by the recombinant producer KS1546-pA2T was found to increase to 20,000 BU/mL, which is about 4 times more than the production without increased gene dose (native KS1546 in PM-T), and about 250-fold more than that initially obtained in GM17 (native KS1546 in GM17) (Table 2).

To compare their growth profiles, the native and recombinant producers were grown in MRS under similar growth conditions and their growth was measured spectrophotometerically. (The medium PM-T was not used due to the turbidity of milk particles causing problem for spectrophotometric reading). The recombinant producer KS1546-pA2T showed a prolonged lag growth phase compared to the native GarKS producer or the native GarKS producer containing the empty plasmid. Nevertheless, KS1546-pA2T reached eventually about the same high cell density as the wild type control cells when it entered stationary growth phase (see Figure 3).
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FIGURE 3. Temporal growth profile of the recombinant producer (KS1546-pA2T), and the native producer with empty plasmid (KS1546-pMG) or without plasmid (L. garvieae KS1546). Data were acquired from triplicate assays. Standard deviations are within a range ± 0.01 to ± 0.05.



The plasmid map of pABC (A) and pA2T (B), which were used to increase the gene dose of the structural genes (gakABC) and the gak cluster in the native producer, respectively.

Optimization of Culture Conditions in a Bioreactor Increased GarKS Production

The initial pH at 7 was declined to 4.8 when the recombinant producer KS1546-pA2T was grown in PM-T for 6–7 h at 30°C (data not shown). To examine whether pH reduction could have a negative impact on cell growth and bacteriocin production, we grew the recombinant producer (KS1546-pA2T) in PM-T in a bioreactor with constant pH at 5, 6, or 7. Indeed, pH had a great impact on cell growth and bacteriocin production. Highest cell growth (70 × 108 cells/ml) and bacteriocin production (82,000 BU/ml) were found at constant pH 6 (Table 2). Bacteriocin production measured at all time-points was also highest at constant pH 6 (Figure 4). Cell growth and bacteriocin production were lowest at constant pH 5. The impact of constant pH also reflects in specific production, that amounted to 1170 BU/108 cells at pH 6 but 81 BU/108 cells at pH 5.
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FIGURE 4. GarKS production of the recombinant producer (KS1546-pA2T) in cultivation at constant pH (pH at 5, 6, or 7) or at constant pH 6 and aeration (50-60% dissolved oxygen). Each culture was started by adding 2% (v/v) culture inoculum in 1.5 l of PM-T medium containing erythromycin at final concentration of 5 μg/ml. Standard deviations were based on triplicate assays.



Aeration is defined as dissolved oxygen (DO) percentage in a culture medium. We observed that the initial DO level at 50–60% was declined to 10% after 2 hours of cell growth in PM-T medium and at constant pH 6. The effect of aeration on GarKS production was therefore examined by purging the atmospheric sterile air into the growth medium. With aeration kept at 50–60% and constant pH at 6, highest cell growth (100 × 108 cells/ml) as well as highest bacteriocin production (164,000 BU/ml) and highest specific production (1640 BU/108 cells) were obtained (Table 2 and Figure 4). This level of bacteriocin production (164,000 BU/ml) was about 2000-fold more than the initial production in GM17 which was 80 BU/ml, and about 600-fold more in terms of specific production (1649 BU/108 cells vs. 2.7 BU/108 cells, respectively).

We have previously shown that synthetic GarKS is functionally comparable to the biologically produced counterpart (Ovchinnikov et al., 2016). Synthetic GarKS has a specific activity of 130–140 BU/μg. Hence, the production of 164,000 BU/ml is equivalent to 1.2 g GarKS per liter which is a level of commercial importance.



DISCUSSION

GarKS is potent against a set of important pathogens including Staphylococcus, Bacillus, Listeria, Streptococcus, and Enterococcus, making it very attractive in diverse antimicrobial applications from food to medicine. Unfortunately, as also for many other bacteriocins, GarKS is produced at relatively low levels under normal laboratory growth conditions (Ovchinnikov et al., 2016). The low production by the native producer can dramatically hamper potential applications of GarKS as industrial use of bacteriocins requires high and cost-effective production. We have shown in this study that optimization of bacteriocin production by a bacterial strain is a multi-factorial process, which involves a systematic evaluation of nutritional ingredients and growth conditions e.g., temperature, pH, and aeration. The type of growth medium is probably one of the key factors in bacteriocin production (Guerra et al., 2005). The complex media e.g., GM17, MRS, BHI, and TH have been used in cultivation of LAB because they give relatively good cell growth under laboratory conditions but not necessary for bacteriocin production (Mataragas et al., 2004). This was also illustrated in our study: GarKS production was best in MRS (320 BU/ml) but poorest in BHI and TH (both 20 BU/ml) while the cell growth appeared about in the same range in these media (10-20 × 108 cells/ml).

To choose the optimal medium for bacteriocin production is often an empirical matter. The components from complex media influencing bacteriocin production are often elusive and the outcomes might vary significantly dependent on the type of producers. Nevertheless, some media components have been shown to enhance bacteriocin production by inducing stress conditions due to nutrient limitation (Verluyten et al., 2004) or stabilizing the bacteriocin molecules (Herranz et al., 2001). The use of commercial complex media (e.g., MRS) is not a cost-effective approach for large-scale bacteriocin production. For instance, culture medium could account for up to 30% of the total production cost in commercial biomolecule production (Rivas et al., 2004). Accordingly, high costs of complex media will reduce attractiveness of bacteriocins for commercial application. Our bacteriocin producer is a strain of L. garvieae isolated from raw milk and it has the capacity to ferment milk-associated sugars such as lactose and galactose while another strain of L. garvieae isolated from intestine of Mallard duck can not (Ovchinnikov et al., 2016). Milk is a low-cost product relative to complex media and could be an ideal medium for GarKS producer. However, the native producer appeared to grow poorly in sole skim milk. Skim milk is enriched in lactose and galactose as carbon source but does not contain easily accessed nitrogen-containing components for bacteria. Thus, the combination of tryptone and pasteurized skim milk, which was found best for cell growth, was in line with the notion that tryptone serves as an enriched source of nitrogen. Further, this formula also increased bacteriocin production over 30 fold compared to the growth in GM17.

Increase of gene dose is another means to enhance the production of biomolecules (Nijland et al., 2010). In the present study, we observed a 4-fold increase in bacteriocin production when a plasmid carrying the entire gak locus was introduced into the native producer. Interestingly, when we attempted to increase gene dose by introducing the structural genes only (using the plasmid pABC), no transformed cells were obtained. One possible explanation for this negative outcome is that expression of genetic determinants involved in bacteriocin biosynthesis is often highly fine-tuned to secure immunity and efficient export. The extra gene dose of the structural genes alone might override either immunity and/or transporter proteins, leading to toxicity and cell death. It is worth mentioning that most bacteriocins are expressed with a leader sequence which is necessary not only for export but also to keep the bacteriocins in an inactive form before export. For leaderless bacteriocins, such as GarKS, they are produced in mature active forms before export, therefore an intracellular dedicated protection mechanism (immunity) is crucial for cell survival.

We and others have observed that bacteriocin production by a certain strain is unstable, and dependent on the culture conditions applied (Diep et al., 2000; Criado et al., 2006). Consequently, different growth parameters were examined to optimize the production of GarKS. LAB are well known for reducing culture pH due to lactic acid production (Bartkiene et al., 2015) and this is also true for the GarKS producer. We found that culture conditions with constant pH 6 favors the cell growth and a high level of GarKS production. Similarly, optimal nisin production has been reported at constant pH 6.5 (Gonzalez-Toledo et al., 2010). The availability of oxygen also has a great influence on microbial cell growth and metabolic activities (Garcia-Ochoa and Gomez, 2009). Microorganisms vary with respect to their requirements and tolerance toward molecular oxygen. L. garvieae is a facultative anaerobic microorganism and its metabolic activities have been reported to differ between aerobic and anaerobic conditions (Delpech et al., 2017). We observed that the controlled aeration had a positive effect on the cell growth and bacteriocin production. Similar results have also been observed for other bacteriocins. For example, nisin A production by L. lactis UL719 was enhanced with aeration (Amiali et al., 1998). On the other hand, aeration has also been reported to be antagonistic to the production of lactosin S (Mortvedt-Abildgaard et al., 1995) and LIQ-4 bacteriocin (Kuhnen et al., 1985), suggesting that the effect of aeration on bacteriocin production is strain-dependent.

In terms of cost-effectiveness, the medium PM-T contained tryptone which is a relatively costly component; therefore we are searching for alternatives to replace tryptone. In preliminary studies, we have tested a chicken hydrolysate (processed from a waste product from meat industry) as an alternative low-cost protein source to produce GarKS. We found that the recombinant producer grew well in a medium based on Pasteurized milk and chicken hydrolysate (PM-CH), yielding a cell density of 30 × 108 cells/ml. However, although GarKS production in PM-CH was 8 times better than in the complex media GM17, the production was 8 times less than in PM-T. Thus, further studies are necessary to optimize a PM-CH-based medium in order to achieve high and cost-effective bacteriocin production.

Low bacteriocin production is often a bottle-neck in large-scaled production of bacteriocins for commercial use. Optimization of bacteriocin production is therefore an important research field to better exploit the antimicrobial potential of bacteriocins, especially with regard to the decreasing effects of antibiotics in infection treatments due to the global emergence of antibiotic resistance. In the present study we have achieved a very high level of GarKS production, amounting to 164,000 BU/ml, by combining medium optimization, increased gene dose and culture condition optimization. This amount is about 2,000 times higher compared to the initial production in GM17 (80 BU/ml). A production of 164,000 BU/ml is equivalent to 1.2 g GarKS per liter. This estimation was based the activity of synthetic GarKS peptides which have an activity comparable to the biological ones (Ovchinnikov et al., 2016). Ideally, the activity should be purified and quantified directly by chromatography or immuno-detection approach. However, purification was a challenging task due to their relatively small sizes (32-34 aa), an inherent high hydrophobicity (especially GarA), the multi-peptide property, and not the least, the presence of milk particles in growth medium (PM-T). In fact, purification of GarKS in a previous work was heavily assisted by genetic data to help identity the peptides of GarKS (Ovchinnikov et al., 2016). Immuno-detection was also difficult due to their small sizes and lack of antigenic property (i.e., too hydrophobic). However, given that this estimation is correct, the production of 1.2 g GarKS per liter is, to our knowledge, one of the highest bacteriocin production achieved so far. In comparison, nisin production has been reported to 0.40–0.80 g/L by L. lactis grown in a medium composed of equal volume of skim milk and complex media GM17 (de Arauz et al., 2009). Finally, our study and others’ have shown that optimization of bacteriocin production is an empirical and multi-factorial process and that it is highly strain-dependent. Only by systematic evaluation of different aspects influencing growth and gene regulation one can find conditions suitable for high levels of production.
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Probiotic bacteria are recognized for their health-promoting properties, including maintenance of gut epithelial integrity and host immune system homeostasis. Taking into account the beneficial health-promoting effects of GABA, the presence of the gadB gene, encoding glutamate decarboxylase that converts L-glutamate to GABA, was analyzed in Lactic Acid Bacteria (LAB) natural isolates from Zlatar cheese. The results revealed that 52% of tested Lactobacillus spp. and 8% of Lactococcus spp. isolates harbor the gadB gene. Qualitative and quantitative analysis of GABA production performed by thin-layer chromatography (TLC) and high-performance liquid chromatography (HPLC) revealed the highest GABA production by Lactobacillus brevis BGZLS10-17. Since high GABA-producing LAB natural isolates are the most valuable source of naturally produced GABA, the probiotic properties of BGZLS10-17 were characterized. This study demonstrated high adhesion of BGZLS10-17 strain to Caco-2 cells and the ability to decrease the adhesion of Escherichia coli ATCC25922 and Salmonella enterica C29039. Treatment of differentiated Caco-2 cells monolayer with BGZLS10-17 supernatant containing GABA alleviated inflammation (production of IL-8) caused by IL-1β and significantly stimulated the expression of tight junction proteins (zonulin, occludin, and claudin 4), as well as the expression of TGF-β cytokine leading to the conclusion that immunosuppression and strengthening the tight junctions can have significant role in the maintenance of intestinal epithelial barrier integrity. Taken together the results obtained in this study support the idea that using of GABA producing BGZLS10-17 probiotic strain could be a good strategy to modulate immunological response in various inflammatory diseases, and at the same time, it could be a good candidate for adjunct starter culture for production of GABA-enriched dairy foods and beverages offering new perspectives in designing the novel functional foods.
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INTRODUCTION

γ-amino butyric acid (GABA) is the major inhibitory neurotransmitter in the mammalian central nervous system, directly affecting the personality and the stress management, and has hypotensive, tranquilizing, diuretic and antidiabetic effects (Li and Cao, 2010; Dhakal et al., 2012). The protective role of GABA is demonstrated in many autoimmune diseases such as type 1 diabetes (Tian et al., 2004), experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis (Bhat et al., 2010), collagen-induced arthritis (Kelley et al., 2008; Tian et al., 2011), and contact dermatitis (Nigam et al., 2010). This GABA effect is usually interpreted through the inhibitory effect of this molecule on the immune system. On the other hands, different human and experimental autoimmune models have been characterized by intestinal tight junction dysfunction (Visser et al., 2009). Disruption of intestinal homeostasis and increased intestinal permeability have been shown as an early and immune-mediated event in EAE (Nouri et al., 2014), inflammatory bowel disease (Suenaert et al., 2002), and celiac disease (Vogelsang et al., 1998). In addition, different infectious agents affect intestinal permeability in order to penetrate into deeper tissues (Wang et al., 2018), while entry of unwanted antigens, due to the leaky intestinal barrier, can lead to systemic inflammatory response syndrome, characterized by a whole body inflammatory state, and multiple organ failure (Liu et al., 2005). Thus, intestinal permeability represents a potential therapeutic target in treatment/prevention of MS and other autoimmune and inflammatory diseases.

Many drugs and bioactive components targeting GABA receptors are widely used in pharmaceutical and food industry. It is believed that GABA of extra brain origin, except through the pituitary gland, cannot pass the blood-brain barrier, although the results of studies dealing with this issue are inconsistent (Kakee et al., 2001; Powers et al., 2008; Boonstra et al., 2015). GABA contributes to gut-brain signaling through different pathways including enteric neurons, entero-endocrine cells and immune cells (Mazzoli et al., 2017). The microbial biosynthesis of GABA occurs in simple, highly efficient, and environmentally friendly reaction (Dhakal et al., 2012.). The biosynthesis of GABA occurs in a single step. Glutamate decarboxylase (GAD) (EC 4.1.1.15), a pyridoxal 5′-phosphate-dependent enzyme, catalyzes the irreversible α-decarboxylation of L-glutamate to GABA (Ueno, 2000).

Lactobacilli known for their beneficial effects on human and animal health, represent the most important group of GABA producers (Cho et al., 2007; Lebeer et al., 2008). GABA production was detected in Lactobacillus brevis, Lb. paracasei, Lb. delbrueckii subsp. bulgaricus, Lb. buchneri, Lb. plantarum, Lb. helveticus, and Lb. rhamnosus, mostly isolated from traditional fermented foods such as cheese, kimchi and sour dough (Cho et al., 2007; Siragusa et al., 2007; Komatsuzaki et al., 2008; Seok et al., 2008; Kim et al., 2009; Sun et al., 2009). Our previous results showed considerable diversity among LAB natural isolates from artisanal dairy products in Western Balkan with great technological and probiotic potential (Golić et al., 2013; Uroić et al., 2014). Due to increased public awareness of the use of natural food compounds, higher attention has been made on the use of metabolites produced by LAB isolates from artisanal products. In this study, natural isolates originating from Zlatar cheese were used. Zlatar cheese is an artisanal cheese manufactured in the remote households on the highlands of the nature reserve, mountain Zlatar, Serbia. Natural dairy LAB isolates from Zlatar cheese produce antimicrobial compounds with broad inhibitory spectrum, exopolysaccharides (EPS) with specific immunomodulatory activity and various other bioactive compounds with bile salt hydrolase activity and ability of cholesterol assimilation (Veljovic et al., 2007).

Although the immunomodulatory activity of GABA on different immune cells have been repeatedly proven, there is no references about the effects of GABA on enterocytes and intestinal integrity in inflammatory condition. Just a few references investigated the effect of GABA on enterocytes and intestinal integrity in different condition. Braun et al. (2015) proposed that the positive effects of glutamine on intestinal integrity are partly attributable to the promoting effects of its metabolite GABA on the expression of protective mucin in enterocytes. El-Hady et al. (2017) showed that administrated GABA have a role in improving histopathological and biochemical disturbances in the rat’s small intestine following gamma radiation. Considering protective effects of GABA on stressed enterocytes showed in these studies as well as repeatedly proven positive effect of different Lactobacillus strains, we aimed to investigate the effects of GABA-producing Lactobacillus strain on enterocytes exposed to inflammatory condition in vitro. Additionally, the other health-promoting effects of GABA-producing LAB natural isolates from Zlatar cheese was investigated in different in vitro settings.



MATERIALS AND METHODS

Bacterial Strains, Media and Growth Conditions

Bacterial strains used in this study are presented in Table 1. The Lactobacillus strains were grown in De Man-Rogosa-Sharpe (MRS) medium (Merck GmbH, Darmstadt, Germany), while Lactococcus strains were grown in M17 medium (pH 7.2) (Merck GmbH) supplemented with 0.5% (w/v) glucose (GM17). Bacteria were grown at 30 or 37°C, under aerobic or anaerobic conditions, depending on the strain. Anaerobic conditions were achieved by using the Anaerocult A (Merck GmbH) in anaerobic jars. Solid medium was prepared by adding agar (1.5%, w/ v) (Torlak, Belgrade, Serbia) to the broth medium. The strains were maintained at -80°C in an appropriate medium (GM17 or MRS) supplemented with 15% (v/v) glycerol.

TABLE 1. The list of strains used in this study.
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DNA Manipulation and Identification of GABA-Producing Strains

The total DNA of lactobacilli strains was extracted using the QIA DNA Mini Kit (Qiagen GmbH, Hilden, Germany). The PCR amplification of 16S rDNA, with UNI16SF (5′-GAGAGTTTGATCCTGGC-3′) and UNI16SR (5′-AGG AGGTGATCCAGCCG-3′) primers was performed as described by Jovčić et al. (2009). To amplify highly conserved region of gad gene, CoreF (5′-CCTCGAGAAGCCGATCGCTTAGTTCG-3′) and CoreR (5′-TCATATTGACCGGTATAAGTGATGCCC-3′) primers were used as described by Siragusa et al. (2007). Briefly, 25 μl reaction contained 500 ng/μl of DNA, 0.5 U of Q5 High-Fidelity DNA Polymerase (New England Biolabs, Inc., Ipswich, MA, United States), 200 μM of each deoxynucleoside triphosphate, 0.5 μM of both primers and 1x Q5 Reaction Buffer. The obtained PCR amplicons were purified (Qiagen) and sequenced (Macrogen, Amsterdam, the Netherlands). Sequence annotation and the database searches for sequence similarities were performed with the BLAST tool available online1.

Analysis of GABA Production

The strains were incubated in MRS or GM17 medium supplemented with various concentrations of monosodium glutamate-MSG (Acros organics, Morris Plains, NJ, United States) (0.5–4%) for 48 h. The cells were harvested by centrifugation (4500 × g for 15 min at 4°C) and 1 ml of the supernatant was evaporated up to 200 μl and diluted 2-fold by 7% acetic acid. The samples were centrifuged at 8100 × g for 15 min at room temperature. Obtained supernatants were used for thin-layer chromatography (TLC) analysis (Park et al., 2014.) and high-performance liquid chromatography (HPLC) (Holdiness, 1983). Briefly, 1 μl of supernatant was spotted on a silica gel 60F254 TLC plate (Macherey-Nagel, Düren, Germany) and developed with n-butanol, acetic acid, and water (4:1:1 v/v/v). Upon development was complete the plate was dried and visualized with 0.2% ninhydrin reagent (Sigma, Chemical Co., St. Louis, MO, United States). The conversion rate of MSG to GABA was analyzed using ImageJ software. The aliquots of 100 μl [bacterial supernatants and GABA standard (Sigma)] were filtrated through 0.22 μm filters and derivatized to phenylthiocarbamyl-GABA (Rossetti and Lombard, 1996). The derivatized samples were dissolved in 200 μl of initial mobile phase, solution A (138 mM sodium acetate, pH 6.3, 6% acetonitrile, 0.05% triethylamine). HPLC separation was performed on the instrument of Thermo scientific 3000 equipped with a Hypersil gold column (Thermo Fisher Scientific, Waltham, MA, United States 150 × 4.6, 5 μm). The elution solvent system comprised of solution A, solution B (acetonitrile) and solution C (water). The elution program is shown in Table 2. The amount of GABA production was calculated from GABA standard curve.

TABLE 2. Elution program of HPLC.
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The Cumulative Effect of Simulated Gastrointestinal Transit on Survival of Selected Strains

The survival of LAB strains during the passage through gastrointestinal tract (GIT) was monitored in an in vitro model that simulates the physiological conditions as described by Sánchez et al. (2010). Lactobacillus isolates from 10 ml of overnight cultures in MRS medium were harvested by centrifugation (4500 ×g, 10 min), washed in 0.85% NaCl and resuspended in gastric, duodenal and intestinal juice(s) (Sánchez et al., 2010) at pH 2.0 and pH 8.0 supplemented with 10% reconstituted skimmed milk. The aliquots were taken at 0, 90, and 180 min and serial 10× dilutions in 0.85% NaCl were plated on MRS agar plates. The plates were incubated anaerobically at 37°C for 48 h. The results were expressed as Log colony forming units (cfu) ml-1 and the survival rate was calculated from the viable cell count with respect to initial cell counts. The experiments were performed in triplicates.

Gastric Tolerance at pH 2.0 in the Presence of Skim Milk, Milk Proteins, and Mucin

One mg ml-1 of milk powder (Mlekara d.o.o., Pancevo, Serbia), β-lactoglobulin, and mucin (Sigma) were resuspended in gastric juice at pH 2.0 (125 mM NaCl, 7 mM KCl, 45 mM NaHCO3 and 0.3% pepsin). Skim milk was prepared according to the manufacturer’s instructions at 110 mg ml-1. Lactobacilli strains from an MRS overnight culture were harvested by centrifugation (4500 ×g, 10 min), washed twice in 0.85% NaCl (Merck) and resuspended in 10 ml of an appropriate gastric juice containing milk proteins, β-lactoglobulin, skim milk or mucin. The mixtures were incubated anaerobically for 2 h at 37°C. The tolerance of the tested strains was calculated as described in previous section.

Antibiotic Susceptibility Testing

Determination of the minimal inhibitory concentration (MIC) was performed by microdilution tests in Iso-Sensitest Broth (Oxoid, Hampshire, United Kingdom). The MIC breakpoints of eight antibiotics (ampicillin, gentamicin, kanamycin, streptomycin, erythromycin, clindamycin, tetracycline, and chloramphenicol) were determined in accordance to European Food Safety Authority recommendations (EFSA, 2008). Appropriate cell culture was added in wells of the microtiter plate containing increasing concentrations of antibiotics dissolved in 180 μL ISO medium. Cell density was monitored by OD600 measurements after 24 h of incubation at 37°C in a microtiter plate reader (Tecan Austria GmbH, Grödig, Austria). The lowest concentration of antibiotic at which no growth of bacteria was detected was taken as MIC. Experiments were done in triplicate.

Hemolytic Activity

Lactobacillus brevis strains were cultured in MRS broth and were streaked on Columbia agar plates containing 5% of sheep blood (Oxoid). The plates were incubated for 48 h at 30°C. According to Argyri et al. (2013), blood agar plates were examined for signs of β-haemolysis (clear zones around colonies), α-haemolysis (green-hued zones around colonies) or γ-haemolysis (no zones around colonies).

Gelatinase Activity

The phenotypic assay was performed as described by Su et al. (1991). Briefly, the lactobacilli strains were grown on agar plates containing 3% gelatine (Oxoid) at 37°C for 48 h and flooded with a saturated solution of ammonium sulfate (Centohem, Stara Pazova, Serbia). A transparent halo around cells and gelatine precipitates indicated gelatinase producers. As a positive control E. faecalis V583 (Paulsen et al., 2003) was used.

Antimicrobial Activity

All Lb. brevis strains and their supernatants were tested in triplicates for their antimicrobial activity against following pathogen strains: Bacillus cereus ATCC 11778, Bacillus spizizeni ATCC 6633, Citrobacter freundii ATCC 43864, Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 25922, Listeria innocua ATCC 33090, Listeria ivanovii ATCC 19119, Listeria monocytogenes ATCC 19111, Proteus hauseri ATCC 13315, Proteus mirabilis ATCC 12453, Pseudomonas aeurginosa PAOI, Rhodococcus equi ATCC 6936, Salmonella enterica C2 9039, Salmonella typhimurium ATCC 14028, Shigela sonnei ATCC 29930, Staphylococcus aureus ATCC 25923, Staphylococcus epidermidis ATCC 12228, and Yersinia enterocolitica ATCC 27729. For production of antimicrobial compounds, Lb. brevis strains were inoculated (1%, v/v) in MRS broth and incubated for 16 h. Both, the overnight cultures and the supernatants obtained after centrifugation (12,000 ×g, 5 min) were tested for antimicrobial activity by the agar-well diffusion assay against indicator pathogen strains. Soft LB and BHI soft agar (0.7% w/v) containing pathogenic strains, was overlaid onto LB and BHI agar plates, respectively. Wells were made in the lawn of hardened soft agars. Aliquots (50 μl) of supernatants and overnight cultures were poured into the wells. A clear zone of inhibition around the well was taken as a positive signal for antimicrobial activity.

Adherence to Caco-2 Cells

The colonocyte-like cell lines Caco-2, was used to determine the adhesion ability of bacterial strains. Caco-2 was purchased from the European Collection of Cell Cultures (ECACC No. 86010202). The culture and maintenance of the cell line was carried out following standard procedures (Sánchez et al., 2010) using Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U ml-1 penicillin and 100 mg ml-1 streptomycin and 2 mM l-glutamine. Media and reagents were purchased from Thermo Fisher Scientific. Caco-2 cells were seeded in 24-well plates and cultivated until monolayers formed with no further visible differentiation. For adhesion experiments, 13 ± 1 day-old cellular monolayers were used. Overnight bacterial cultures (24 h) were washed twice with PBS solution. The pellets were resuspended in the corresponding cell-line media without antibiotics at a concentration of about 108 cfu ml-1. Cellular monolayers were also carefully washed and bacterial suspensions were added at a ratio of 10:1 (bacteria : eukaryotic cell). Following co-incubation for 1 h at 37°C and 5% CO2 the cells were gently washed and lysed with 0.25% Trypsin–EDTA solution (Sigma). Serial dilutions of samples, before and after adhesion, were diluted in PBS and plated on MRS-agar plates. The adherence (expressed as a percentage) was calculated as: cfu adhered bacteria/cfu added bacteria. Experiments were performed in two replicated plates and in each plate three wells were used per sample.

Competitive Exclusion Assay

Exclusion of pathogen strains Escherichia coli ATCC25922 and Salmonella enterica C29039 was done to Caco-2 cell line by Lactobacillus brevis strains as described previously (Živkovic et al., 2016). Briefly, bacterial cultures were washed twice with PBS and resuspended in DMEM without antibiotics at a concentration of ∼1 × 107 CFU ml-1. The bacterial suspensions containing pathogen or a combination of pathogen strain and lactobacilli (ratio 1:1) were independently added to the Caco-2 monolayers at a ratio of 10:1 (bacteria : eukaryotic cells) and incubated at 37°C, with 5% CO2 for 1 h. Afterward, the monolayers were gently washed twice with PBS and lysed with 0.25% Trypsin–EDTA solution (Sigma). Associated E. coli and S. enterica strains were counted by plating the serial 10-fold dilutions of the suspension on LA plates. The percentage of E. coli and S. enterica strains association was calculated as follows: 100 × CFU ml-1 bacteria associated/CFU ml-1 bacteria added. Each combination was tested in triplicate. To determine the capability of the lactobacilli to decrease the association of pathogen strains to Caco-2 monolayers, data were referred to that obtained with the E. coli and S. enterica strains alone, respectively (i.e., 100% association).

Epithelial Integrity Analysis, Inflammation Induction and Treatments

Lactobacillus brevis BGZLS10-17, the best GABA producing strain, was used to determine the expression of tight junction proteins (zonulin, occludin, and claudin 4) and cytokine production (IL-8 and TGF-β) in differentiated Caco-2 cells. Caco-2 cells were seeded in 24 well plate and cultivated until monolayers formed with further differentiation for 21 days. Cell culture medium was changed every second day during the 21-day differentiation period.

Bacterial culture was grown in MRS medium and according to HPLC analysis there was no GABA production. To stimulate GABA production by BGZLS10-17, MRS medium was supplemented with 0.6% of MSG (Acros organics). Differentiated Caco-2 cells were treated with BGZLS10-17 supernatants in concentrations of 0.625 %, 1.25 % and 2.5 %, with 1 mM, 2 mM and 4 mM GABA respectively, determined by HPLC. Supernatant from the bacterial culture grown in MRS (the final concentration of 2.5%) was used as control. This supernatant with addition of artificial GABA (Sigma) in final concentration of 4 mM was used as an additional control in order to correlate the effect of supernatant with GABA produced by bacteria. Supernatant was obtained from 48 h bacterial culture and neutralized to pH about 7. Additionally, cells were treated with recombinant human IL-1β beta (R&D systems, Minneapolis, MN, United States), as a trigger of inflammation, and it was monitored whether a supernatant containing 4 mM GABA can alleviate the induced inflammation. All treatment lasted 24 h.

Cytotoxicity Assay

The level of cytotoxicity in the cell cultures was measured by lactate dehydrogenase (LDH) Cytotoxicity Assay Kit (Thermo Fisher Scientific) which detects LDH released from dead cells. After treatments, supernatants were collected and LDH activity was determined by following the manufacturer’s instructions. The absorbance was measured at 450 nm on a microplate reader (Tecan).

Quantitative Real-Time PCR

Total RNA was extracted from Caco-2 as previously described by Lukic et al. (2013) with slight modifications. Cells were lysed in denaturing solution (4 M guanidine thiocyanate, 25 mM sodium citrate, 0.1 M b-mercaptoethanol, 0.5% [wt/vol] N-lauroylsarcosinate sodium salt) followed by acid phenol (pH 4) extractions and isopropanol precipitation. cDNA was generated from 0.5 μg total RNA according to the reverse transcriptase manufacturer’s protocol (Thermo Fisher Scientific). Quantitative PCR was carried out on 7500 real-time PCR system (Applied Biosystems, Waltham, MA, United States) using KAPA SYBR Fast qPCR Kit (Kapa Biosystems, Wilmington, MA, United States) under the following conditions: 3 min at 95°C activation, 40 cycles of 15 s at 95°C and 60 s at 60°C. For β-actin cDNA amplification were used β-actin forward (5′TTGCTGACAGGATGCAGAAGGAGA3′), and reverse (5′TCAGTAACAGTCCGCCTAGAAGCA3′) (Li et al., 2015). Following primers were used for the claudin cDNAamplification CLDN 4 forward (5′ACAGACAAGCCTTACTCC3′) and reverse (5′GGAAGAACAAAGCAGAG3′), occludin cDNA amplification OCLN forward (5′TCAGGGAATATCCACCTATCACTTCAG3′) and reverse (5′CATCAGCAGCAGCCATGTACTCTTCAC3′) and for zonulincDNA amplification ZO-1 forward (5′AGGGGCAGTGGTGGTTTTCTGTTCTTTC3′) and reverse (5′GCAGAGGTCAAAGTTCAAGGCTCAAGAGG3′) (Elamin et al., 2012). For expression of IL-8 were used cIL-8 forward (5′GGCACAAACTTTCAGAGACAG3′) and reverse (5′ACACAGAGCTGCAGAAATCAGG3′) primers (Angrisano et al., 2010). For the TGF-β cDNA expression were used TGF-β_F forward (5′AAGGACCTCGGCTGGAAGTGG3′) and reverse (5′CCGGGTTATGCTGGTTGTACAG3′) (Dragicevic et al., 2017). Expression of the tight junction proteins and cytokines mRNAs was normalized against β-actin mRNA expression. All used primers were purchased from Thermo Fisher Scientific.

Western Blot

Proteins were isolated from Caco-2 cells using RIPA buffer and subsequently subjected to Western blot analysis as described by Dinić et al. (2017). Briefly, the extracted proteins (10 μg) were separated on 12% SDS–PAGE and transferred to 0.2 mm nitrocellulose membrane (GE Healthcare, Chicago, IL, United States) using Bio-Rad Mini trans-blot system (Bio-Rad, Hercules, CA, United States). The membranes were incubated for 2 h with anti-claudin (CLDN-4) antibody (1:1000; Novus Biologicals, United States) and anti-β-actin (1:1000; Thermo Fisher Scientific). The membranes were washed and incubated with appropriate HPR-conjugated secondary antibodies (goat anti-rabbit; 1:10000; Thermo Fisher Scientific) for 1 h at room temperature. Proteins were detected by enhanced chemiluminescence (Immobilon Western, Merck Millipore).

Statistical Analysis

All data are presented as mean values ± standard error (SD). One-way ANOVA with the Tukey’s post hoc test was used to compare multiple groups. Values at p < 0.05 or less were considered statistically significant. All experiments were repeated at least three times. Statistical analysis was carried out using SPSS 20.0 for Windows.



RESULTS AND DISCUSSION

“Probiotics are live microorganisms that confer health benefits to the host when ingested in adequate amounts” (WHO-FAO, 2006). Various mechanisms staying behind the health-promoting activity of probiotic bacteria have been proposed, including antimicrobial activity, positive influence on gut microbiota composition, competitive adhesion to gut mucosa and intestinal epithelial cells (IEC), modulation of the immune response, strengthening the gut epithelial barrier and producing of various important bioactive molecules, including vitamins, amino acids and GABA, among others (Bermudez-Brito et al., 2012). The aim of this study was the characterization of GABA-producing natural LAB isolates in order to be eventually used in formulation of added-value fermented foods with GABA.

Evaluation of GABA Producing LAB Strains

In order to select natural LAB isolates with the highest GAD activity, LAB strains previously isolated from Zlatar cheese (Veljovic et al., 2007) were screened for presence of the gadB gene by PCR amplification. Out of 25 LAB isolates from Zlatar cheese 15 strains (60%), including 13 lactobacilli (52%) and two lactococci (8%) were positive for presence of the gadB gene (Table 1). The production of GABA was determined by TLC analysis in seven out of 15 analyzed lactobacilli strains (28% in total from 25 LAB strains) (Figure 1A). In comparison, Siragusa et al. (2007) revealed 61 GABA-producing isolates out of 440 randomly taken gram-positive, catalase-negative, non-motile, and acidifying isolates (13.86%) from various Italian cheeses, while Franciosi et al. (2015) determined 68 out of the 97 GABA-producing isolates (70.10%) from alpine raw milk “Nostrano-cheeses.”
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FIGURE 1. (A) TLC chromatogram of GABA production. Lane 1, MSG in MRS; Lane 2, GABA in MRS; Lane 3. MRS; Lane 4, BGLMM10; Lane 5, BGLMM11; Lane 6, BGZLS10-17; Lane 7, BGZLS30-2; Lane 8, BGZLS20-20; Lane 9, BGZLS30-41; Lane 10, BGZLS45-49. Arrows indicate MSG and GABA. (B) Conversion of MSG to GABA. The percent of MSG conversion to GABA is indicated on y-axis. The bars represent GABA production of Lactobacillus isolates. Data from three independent experiments are expressed as mean ± SD.



Survival of GABA Producers in Simulated Gastrointestinal Conditions

According to WHO-FAO (2006) the survival in simulated gastrointestinal (GI) conditions is an important criterion for selection of probiotic strains. It is particularly important for GABA-producing strains since they could synthesize GABA only if remain viable through GI passage. Survival of seven strains that effectively produce GABA was tested in simulated conditions of the gastrointestinal tract. Our results revealed that among seven GABA-producers only Lb. brevis strains BGLMM10, BGLMM11, BGZLS10-17 and BGZLS30-2 successfully survived after 220 min of incubation in chemically simulated GI transit (8.7–8.9 log CFU ml-1), when applied in one of the protecting carriers such as milk, skim milk, β-lactoglobulin, or mucin (Figures 2A,B). All tested carriers showed significant (p < 0.001; about two log cycles) improvement of survival, compared to survival of the strains applied in gastric juice (Figure 2B). The relatively high survival degree in the presence of bile salts in simulated small intestinal juice indicate resistance of some chosen strains to bile salts which could be ascribed to bile salts hydrolase (BSH) activity. BSH catalyzes the deconjugation of bile salts. Free, deconjugated bile salts have lower solubility at low pH because deconjugation increases their pKa values and precipitate as result of the fermentative metabolism of LAB (Begley et al., 2006).
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FIGURE 2. (A) Resistance to simulated gastrointestinal conditions. Survival of selected Lactobacillus isolates, as indicated on the right, under gastric conditions (0–90 min), duodenal (90–100 min) and intestinal conditions (100–220 min). The values are the averages of three replicates, and standard deviations are indicated by vertical bars. (B) Gastric tolerance at pH 2.0 in the presence of skim milk, milk proteins and mucin. All values are reported as a mean ± SD of 3 replicates. Statistical significance of gastric tolerance enhancement is shown (∗∗∗p < 0.001).



The Safety Status of the Lb. brevis GABA-Producing Strains

The absence of virulence factors (e.g., hemolytic and/or gelatinase activity) as well as acquired or transmissible antibiotic resistance is a safety prerequisite for selection of potential probiotic strains (WHO-FAO, 2002). The results revealed that none of the strains exhibited hemolytic and/or gelatinase activity (data not shown). Besides, in line with EFSA recommendations (EFSA, 2008) the susceptibility of the isolates to different antibiotics groups was evaluated. Cell wall inhibitors (ampicillin) and protein synthesis inhibitors (gentamicin, kanamycin, streptomycin, erythromycin, chloramphenicol, clindamycin, and tetracycline) were tested in order to confirm that the strains do not contain transferable resistance genes. The results showed that only the strain Lb. brevis BGZLS10-17 was susceptible to all tested antibiotics, while the strain Lb. brevis BGLMM11 was resistant to kanamycin (64 μgml-1), BGLMM10 to kanamycin (64 μgml-1) and tetracycline (16 μgml-1), and the strain and BGZLS30-2 to ampicillin (4 μgml-1), kanamycin (64 μgml-1) and tetracycline (16 μgml-1) (Table 3). Nevertheless, according to previous studies it is also important to differentiate the transferable resistance from natural intrinsic non-transmissible resistance (Danielsen and Wind, 2003; Argyri et al., 2013). The resistance to kanamycin has been confirmed for most Lactobacillus species and is considered intrinsic among lactobacilli due to the absence of cytochrome-mediated electron transport that mediates drug uptake (Temmerman et al., 2003; Argyri et al., 2013). The resistance to kanamycin and tetracycline was shown in Lactobacillus paracasei subsp. paracasei (Argyri et al., 2013). On the other hand, the results of Zhou et al. (2005) showed that Lactobacillus strains were susceptible to β-lactam antibiotics (penicillin, ampicillin, and cephalothin), but the frequency of transmission among LAB seems to be low because statistically only few LAB are beta lactam resistant. Therefore, the antibiotic resistances detected in Lactobacillus strains, could be considered intrinsic or natural resistances and, hence, non-transmissible.

TABLE 3. List of the tested antibiotics and MICs of four selected L. brevis isolates.
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Quantification of GABA Production

The GABA produced by the strains Lb. brevis BGLMM10, BGLMM11, BGZLS10-17 and BGZLS30-20 was quantified by HPLC analysis. It appeared that the isolate Lb. brevis BGZLS10-17 produces the highest amount of GABA among all tested strains (6.4 ± 0.2 mgml-1 [62 ± 1.94 mM] at 1% MSG; the conversion rate of MSG to GABA was 95%) (Figure 1B). Interestingly, the strain Lb. paracasei NFRI 7415, isolated from traditional fermented crucians (tuna-sushi) in Japan, produced similar amount (60 mM) but after 144 h (6 days) cultivation (Komatsuzaki et al., 2005). The isolates Lb. brevis BGZLS30-2, BGLMM11 and BGLMM10 produced 5.8 ± 0.8 mgml-1 [56.2 ± 7.76 mM], 5.6 ± 0.6 mgml-1 [54.3 ± 5.82 mM], and 3.7 ± 0.2 mgml-1 [35.88 ± 1.94 mM] in MRS containing 1% MSG, respectively. The conversion rate of MSG to GABA was the lowest (30%) by the isolate Lb. brevis BGLMM10 while Lb. brevis BGZLS30-2 and BGLMM11 converted 86 and 72% of MSG to GABA, respectively (Figure 1B). On the other hand, various authors revealed that the GABA production could be enhanced by optimizing the culture conditions. For example, the strain Lb. buchneri MS, isolated from kimchi, produced GABA at a concentration of 251 mM with a 94% GABA conversion rate, under optimized conditions (Cho et al., 2007), while Lactobacillus brevis NCL912 in the optimized fermentation medium produced GABA in concentration of 345.83 mM (Li et al., 2010). Interestingly, although Lc. lactis NCDO218 produces more GABA with the higher glutamate supplementation, addition of arginine to the cell culture medium even more improves GABA production. Arginin stimulates glutamate decarboxylation, and the highest GABA production (8.6 mM) was observed when cell culture medium was supplemented together with glutamate and arginin (Laroute et al., 2016). Hence, the aim of our future work will be to optimize the cultivation conditions in order to further increase the GABA yield by the tested isolates.

Antimicrobial Activity

Antimicrobial activity has been highly appreciated as a key property for selection of probiotic LAB as an alternative to antibiotics to fight against clinical pathogens (O’Shea et al., 2012). The antimicrobial activity of Lb. brevis strains against 18 pathogenic strains was determined (Figure 3). The Lb. brevis BGLM10, BGLM11, and BGZLS30-2 strains showed various degrees of antagonistic effects against number of clinically relevant pathogens (Figure 3). Interestingly, supernatant of the strain Lb. brevis BGLMM10 showed antagonistic effect against seven of 18 bacterial strains (Salmonella typhimurium ATCC14028, S. enterica C29039, Rhodococcus equi ATCC6936, Proteus hauseri ATCC13315, Escherichia coli ATCC25922, Citrobacter freundii ATCC43864, Bacillus cereus ATCC11778), while supernatant of the strain BGZLS30-2 showed antimicrobial activity against Shigella sonnei ATCC 29930. The negative results obtained by using pronase E revealed that antimicrobial activity is not of proteinaceous nature. The strain Lb. brevis BGZLS10-17 did not exhibit antimicrobial activity.
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FIGURE 3. Antimicrobial activity of four Lb. brevis strains and their supernatants against clinically relevant pathogens. The zone of inhibition is represented by circles whereas the diameter of circle (mm) represents the size of inhibition.



Adhesion to Caco-2 Intestinal Epithelial Cells

The ability of probiotic strains to adhere to IEC is an important criterion proposed by FAO/WHO guidelines for the selection of probiotic strains (WHO-FAO, 2006). Adhesion ability allows the strain to colonize intestinal mucosa and to persist in the intestine (Muñoz-Provencio et al., 2009). This is particularly important for the GABA-producers, since the maximal GABA production in these strains occurs after 48 h, hence this feature might be partly dependent on the persistence of the strain in the intestine and adhesion to mucosal surfaces. All four Lb. brevis strains were able to adhere to Caco-2 cells, although the adhesion varied among the strains (Figure 4A). The strain BGZLS30-2 exhibited the highest adhesion (22%), while the strain BGLMM11 showed the lowest adhesion to Caco-2 (11%) (Figure 4A).
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FIGURE 4. Adhesion of Lb. brevis BGLMM10, BGLMM11, BGZLS10-17 and BGZLS30-2 on Caco-2 cells (A) and association of E. coli ATCC25922 (B) and Salmonella enterica C29039 (C) to Caco-2 cells in the presence of Lb. brevis BGLMM10, BGLMM11, BGZLS10-17, and BGZLS30-2 strains; the adhesion of E. coli ATCC25922 and S. enterica C29039 in the absence of lactobacilli strains was inferred as 100%. Statistical significance of adhesion is shown (∗∗p < 0.01; ∗∗∗p < 0.001).



In addition, the adhesive properties of probiotic strains are important health promoting property in term of their capability to competitively counteract the negative effects of pathogenic bacteria (WHO-FAO, 2006). This characteristic is shown to be strain dependent and attributed to the various cell surface components such as cell surface associated proteins (Varma et al., 2010), proteinaceous S-layer macromolecules (Zhang et al., 2010) aggregation factors (Miljkovic et al., 2015), as well as EPS (Zivkovic et al., 2015; Živkovic et al., 2016). The capability of the Lb. brevis strains to decrease the adhesion of E. coli ATCC25922 and S. enterica C29039 to the intestinal epithelium in the presence and absence of lactobacilli was tested. The results demonstrated high reduction of E. coli ATCC25922 and S. enterica C29039 adhesion in the presence of four tested Lb. brevis isolates (Figures 4B,C). The reduction of E. coli ATCC25922 adhesion to Caco-2 was 64, 70, 80 and 72%, while the reduction of S. enterica C29039 adhesion was 50, 37, 44, and 63% in the presence of BGLMM10, BGLMM11, BGZLS10-17 and BGZLS30-2 strains, respectively (the adhesion of E. coli ATCC25922 and S. enterica C29039 in the absence of lactobacilli strains was inferred as 100%) (Figures 4B,C).

Effect of Lactobacillus brevis BGZLS10-17 on the Expression of Tight Junction Proteins and Cytokine Production

Finally, the important probiotic feature is the maintenance of gut barrier integrity (Bron et al., 2017) and immunomodulatory ability (Živkovic et al., 2016). There are evidences that reveal the GABA signaling system is involved in maintenance of immune system homeostasis (Jin et al., 2013). IL-1β has a central role in promoting intestinal inflammation, partially by stimulating IEC s to produce IL-8, the potent neutrophil and T-lymphocyte chemoattractant (Schuerer-Maly et al., 1994). This proinflammatory cascade is implicated in different intestinal inflammatory diseases. The epithelium in inflamed intestinal segments is characterized by a reduction of tight junction strands (Schulzke et al., 2009). Inflammatory bowel disease (IBD) patients demonstrate a loss of tight junction barrier function, increased proinflammatory cytokine production, and immune dysregulation (Edelblum and Turner, 2009). Regarding this, we investigated the effects of BGZLS10-17, the best GABA-producing strain supernatant containing different (1 mM, 2 mM and 4 mM) non-toxic (data not shown) concentrations of GABA on the expression of tight junction proteins in differentiated Caco-2 cells monolayer. Interestingly, supernatants containing all three GABA concentrations significantly stimulated the expression of ZO-1 and OCLN mRNA (Figures 5A,B), while supernatants containing 2 and 4 mM GABA significantly stimulated the expression of CLDN 4 (Figures 5C,D). Ct values are presented in the Supplementary Table 1. In addition to promoting inflammatory cascade, IL-1β has been shown to induce increase in intestinal epithelial tight junction permeability, the mechanism shown to be an early event in the development of different inflammatory conditions (Al-Sadi et al., 2008). In that sense, we investigated whether these treatments can alleviate deleterious effects of IL-1β on tight junction proteins. The treatment of differentiated Caco-2 cells monolayer with IL-1β significantly reduced the expression of all tight junction mRNAs (Figures 6A–C), as well as claudin protein (Figure 6D), while addition of either of these treatments reverted significantly all these effects of IL-1β on tight junction. It is interesting that the supernatants containing GABA have more significant protective effect on tight junction proteins in comparison to supernatant without GABA. Such pronounced potential of the supernatant to protect tight junction proteins from deleterious effect of inflammation is in accordance with the recent results related to GABA potential to improve the gut barrier function, acting through selective up-regulation of Mucin-1 protein in isolated pig jejunum (Braun et al., 2015). Additionally, El-Hady et al. (2017) demonstrated that GABA administration reduced the degenerative changes in the jejunal epithelial cells and significantly improved the survival of villi and crypts in gamma-irradiated rats. Considering this we further investigated whether BGZLS10-17 supernatant with highest GABA concentration (4 mM), supernatant with addition of 4mM artificial GABA, and supernatant without GABA, may have affect on IL-1β induced IL-8 production by differentiated Caco-2 cells monolayer. The results are very promising, disclosing that treatment of Caco-2 by supernatant containing GABA produced by BGZLS10-17, as well as supernatant containing artificial GABA, significantly decreased IL-8 production by Caco-2 induced by IL-1β in this experimental setting. Interestingly, treatment with supernatant without GABA had no modulatory effects on IL-8 mRNA expression by Caco-2 cells (Figure 7A). TGF-β has significant role in the maintenance of epithelial barrier integrity as well as restriction of unrestrained inflammation (Planchon et al., 1994). In that sense, looking for a possible mechanism on preventing the disruption of tight junction proteins expression in IL-1β treated Caco-2 cells, we analyzed the modulatory effects of the treatments on TGF-β production by Caco-2 cells. The treatments with supernatants containing 2 and 4 mM bacterial GABA significantly stimulated the expression of TGF-β (Figure 7B). Importantly, all supernatants prevented the decreasement of TGF-β expression by Caco-2 cells induced by IL-1β (Figure 7B). Interestingly, the supernatants containing GABA (bacterial or artificial) have more significant effect on prevention of IL-1β induced decreasement in TGF-β expression by Caco-2 cells. All these results point to the potential of supernatants obtained from BGZLS10-17 culture in different media to prevent the deleterious effects of IL-1β on Caco-2 cells. Interestingly, the presence of GABA (bacterial or artificial) in supernatant have shown significant additional protective effect on IL-1β treated Caco-2 cells. Almost identical modulatory effect of supernatant containing bacterial GABA and artificial GABA in same concentration additionally supports the hypothesis that GABA is an important molecule that contributes to the protective effect of BGZLS10-17 supernatant on IL-1β induced disruption of the intestinal barrier. Additionally, these results together with the adhesive properties of BGZLS10-17 and its capability to decrease the adhesion of important gut pathogens point to the promising role of BGZLS10-17 in the treatment of chronical gut infections characterized by aggravated inflammation and disrupted epithelial integrity.
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FIGURE 5. Effect of BGZLS10-17 supernatant containing bacterial GABA in three concentrations (1, 2, and 4 mM) on the expression of tight junction proteins. mRNA expression levels of zonulin (A), occludin (B), and claudin 4 (C) and representative western blot showing claudin 4 protein expression (D) in differentiated Caco-2 cells. The statistical significance of mRNAs expression is shown (∗p < 0.05; ∗∗∗p < 0.001); bact., bacterial.
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FIGURE 6. Correlation between IL-1β and protective effect of BGZLS10-17 supernatant without GABA, supernatant containing 4 mM bacterial GABA, or supernatant with 4 mM artificial GABA mRNA expression levels of zonulin (A), occludin (B) and claudin 4 (C) and representative western blot showing claudin 4 protein expression (D) in differentiated Caco-2 cells treated with IL-1β together with the BGZLS10-17 supernatant without GABA, supernatant containing 4 mM bacterial GABA, or supernatant with 4 mM artificial GABA; The statistical significance of mRNAs expression is shown (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001); bact., bacterial; art., artificial.
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FIGURE 7. The effect of BGZLS10-17 supernatant on the cytokine production. mRNA expression levels of IL-8 stimulated by IL-1β with and without BGZLS10-17 supernatant without GABA, 4 mM bacterial GABA in supernatant, and 4 mM artificial GABA in supernatant (A) and TGF-β expression levels in presence of BGZLS10-17 supernatant containing bacterial GABA in three concentrations (1, 2, and 4 mM) and expression of TGF-β in presence of IL-1β, or IL-1β together with the BGZLS10-17 supernatant containing 4 mM bacterial GABA, and supernatant with addition of 4 mM artificial GABA (B) in differentiated Caco-2 cells. The statistical significance of mRNAs expression is shown (∗p < 0.05; ∗∗p < 0.01, ∗∗∗p < 0.001), bact., bacterial; art., artificial.





CONCLUSION

The results of this study support the idea that using GABA producing BGZLS10-17 probiotic strain could be a good strategy to modulate immunological response in various inflammatory diseases, and at the same time, BGZLS10-17 stands out as a promising candidate for adjunct starter culture for production of innovative added-value GABA-enriched dairy products and offers new perspectives in designing the novel functional foods.



AUTHOR CONTRIBUTIONS

SSB performed main work, analyzed and interpreted the data, and drafted the work. JD conceived and designed the experiments, performed part of the experiments, analyzed and interpreted the data, and critically revised the manuscript. MD performed part of the experiments and analyzed and interpreted the data. KV performed part of the experiments and analyzed and interpreted the data. NG supervised the work, analyzed and interpreted the data, and drafted the work. SM conceived and designed the work, performed part of the experiments, and analyzed and interpreted the data. MT conceived and designed the experiments, supervised the work, analyzed and interpreted the data, and critically revised the manuscript. All authors finally approved the version to be published and agreed to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved.



FUNDING

This work was funded by the Ministry of Education, Science and Technological Development of the Republic of Serbia, grant OI 173019.



ACKNOWLEDGMENTS

Ian Paulsen, Macquarie University, Sidney, NSW, Australia is acknowledged for the kind supply ofE. faecalis V583.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2019.00527/full#supplementary-material.



FOOTNOTES

1 http://www.ncbi.nlm.nih.gov/BLAST



REFERENCES

Al-Sadi, R., Ye, D., Dokladny, K., and Ma, T. Y. (2008). Mechanism of IL-1β-induced increase in intestinal epithelial tight junction permeability. J. Immunol. 180, 5653–5661. doi: 10.4049/jimmunol.180.8.5653

Angrisano, T., Pero, R., Peluso, S., Keller, S., Sacchetti, S., Bruni, C. B., et al. (2010). LPS-induced IL-8 activation in human intestinal epithelial cells is accompanied by specific histone H3 acetylation and methylation changes. BMC Microbiol. 10:172. doi: 10.1186/1471-2180-10-172

Argyri, A. A., Zoumpopoulou, G., Karatzas, K. A., Tsakalidou, E., Nychas, G. J., Panagou, E. Z., et al. (2013). Selection of potential probiotic lactic acid bacteria from fermented olives by in vitro tests. Food Microbiol. 33, 282–291. doi: 10.1016/j.fm.2012.10.005

Begley, M., Hill, C., and Gahan, C. G. M. (2006). Bile salt hydrolase activity in probiotics. Appl. Environ. Microbiol. 72, 1729–1738. doi: 10.1128/AEM.72.3.1729-1738.2006

Bermudez-Brito, M., Plaza-Díaz, J., Muñoz-Quezada, S., Gómez-Llorente, C., and Gil, A. (2012). Probiotic mechanisms of action. Ann. Nutr. Metab. 61, 160–174. doi: 10.1159/000342079

Bhat, R., Axtell, R., Mitra, A., Miranda, M., Lock, C., Tsien, R. W., et al. (2010). Inhibitory role for GABA in autoimmune inflammation. Proc. Natl. Acad. Sci. U.S.A. 107, 2580–2585. doi: 10.1073/pnas.0915139107

Boonstra, E., de Kleijn, R., Colzato, L. S., Alkemade, A., Forstmann, B. U., and Nieuwenhuis, S. (2015). Neurotransmitters as food supplements: the effects of GABA on brain and behavior. Front. Psychol. 6:1520. doi: 10.3389/fpsyg.2015.01520

Braun, H. S., Sponder, G., Pieper, R., Aschenbach, J. R., and Deiner, C. (2015). GABA selectively increases mucin-1 expression in isolated pig jejunum. Genes Nutr. 10:47. doi: 10.1007/s12263-015-0497-8

Bron, P. A., Kleerebezem, M., Brummer, R. J., Cani, P. D., Mercenier, A., MacDonald, T. T., et al. (2017). Can probiotics modulate human disease by impacting intestinal barrier function? Br. J. Nutr. 117, 93–107. doi: 10.1017/S0007114516004037

Cho, Y. R., Chang, J. Y., and Chang, H. C. (2007). Production of γ-aminobutyric acid (GABA) by Lactobacillus buchneri isolated from kimchi and its neuroprotective effect on neuronal cells. J. Microbiol. Biotechnol. 17, 104–109.

Danielsen, M., and Wind, A. (2003). Susceptibility of Lactobacillus spp. to antimicrobial agents. Int. J. Food Microbiol. 82, 1–11. doi: 10.1016/S0168-1605(02)00254-4

Dhakal, R., Bajpai, V. K., and Baek, K. (2012). Production of GABA (γ-Aminobutyric acid) by microorganisms: a review. Braz. J. Microbiol. 43, 1230–1241. doi: 10.1590/S1517-83822012000400001

Dinić, M., Lukić, J., Djokić, J., Milenković, M., Strahinić, I., Golić, N., et al. (2017). Lactobacillus fermentum postbiotic-induced autophagy as potential approach for treatment of acetaminophen hepatotoxicity. Front. Microbiol. 8:594. doi: 10.3389/fmicb.2017.00594

Dragicevic, S., Milosevic, K., Nestorovic, B., and Nikolic, A. (2017). Influence of the polymorphism C-509T in the TGFB1 gene promoter on the response to montelukast. Pediatr. Allergy Immunol. Pulmonol. 30, 239–245. doi: 10.1089/ped.2017.0770

Edelblum, K. L., and Turner, J. R. (2009). The tight junction in inflammatory disease: communication breakdown. Curr. Opin. Pharmacol. 9, 715–720. doi: 10.1016/j.coph.2009.06.022

 EFSA (2008). Technical guidance prepared by the panel on additives and products or substances used in animal feed (FEEDAP) on the update of the criteria used in the assessment of bacterial resistance to antibiotics of human or veterinary importance. EFSA J. 732, 1–15.

Elamin, E., Jonkers, D., Jutti-Uusitalo, K., Van Uzendoorn, S., Troost, F., Duimel, H., et al. (2012). Effects of ethanol and acetaldehyde on tight junction integrity: in vitro study in a three-dimensional intestinal epithelial cell culture model. PLoS One 7:e35008. doi: 10.1371/journal.pone.0035008

El-Hady, A. M. A., Gewefel, H. S., Badawi, M. A., and Eltahawy, N. A. (2017). Gamma-aminobutyric acid ameliorates gamma rays-induced oxidative stress in the small intestine of rats. J. Basic Appl. Zool. 78:2. doi: 10.1186/s41936-017-0005-3

Franciosi, E., Carafa, I., Nardin, T., Schiavon, S., Poznanski, E., Cavazza, A., et al. (2015). Biodiversity and γ-aminobutyric acid production by lactic acid bacteria isolated from traditional alpine raw cow’s milk cheeses. Biomed Res. Int. 2015:625740. doi: 10.1155/2015/625740

Golić, N., Čadež, N., Terzić-Vidojević, A., Šuranská, H., Beganović, J., Lozo, J., et al. (2013). Evaluation of microbial diversity in traditional white-pickled and fresh soft cheeses from mountain regions in Serbia and low laying regions in Croatia. Int. J. Food Microbiol. 166, 294–300. doi: 10.1016/j.ijfoodmicro.2013.05.032

Holdiness, M. R. (1983). Chromatographic analysis of glutamic acid decarboxylase in biological samples. J. Chromatogr. 14, 1–24. doi: 10.1016/S0378-4347(00)84819-7

Jin, Z., Mendu, S. K., and Birnir, B. (2013). GABA is an effective immunomodulatory molecule. Amino Acids 45, 87–94. doi: 10.1007/s00726-011-1193-7

Jovčić, B., Begović, J., Lozo, J., Topisirović, L. J., and Kojić, M. (2009). Dynamics of sodium dodecyl sulfate utilization andantibiotic susceptibility of strain Pseudomonas sp. ATCC19151. Arch. Biol. Sci. 61, 159–164. doi: 10.2298/ABS0902159J

Kakee, A., Takanage, H., Terasaki, T., Naito, M., Tsuruo, T., and Sugiyama, Y. (2001). Efflux of a suppressive neurotransmitter, GABA, across the blood-brain barrier. J. Neurochem. 79, 110–118. doi: 10.1046/j.1471-4159.2001.00540.x

Kelley, J. M., Hughes, L. B., and Bridges, S. L. Jr. (2008). Does gamma-aminobutyric acid (GABA) influence the development of chronic inflammation in rheumatoid arthritis? J. Neuroinflammation 5:1. doi: 10.1186/1742-2094-5-1

Kim, J. Y., Lee, M. Y., Ji, G. E., Lee, Y. S., and Hwang, K. T. (2009). Production of gamma-aminobutyric acid in black raspberry juice during fermentation by Lactobacillus brevis GABA100. Int. J. Food Microbiol. 130, 12–16. doi: 10.1016/j.ijfoodmicro.2008.12.028

Komatsuzaki, N., Nakamura, T., Kimura, T., and Shima, J. (2008). Characterization of glutamate decarboxylase from a high gamma-aminobutyric acid (GABA)-producer, Lactobacillus paracasei. Biosci. Biotechnol. Biochem. 72, 278–285. doi: 10.1271/bbb.70163

Komatsuzaki, N., Shimaa, J., Kawamotoa, S., Momosed, H., and Kimurab, T. (2005). Production of γ-aminobutyric acid (GABA) by Lactobacillus paracasei isolated from traditional fermented foods. Food Microbiol. 22, 497–504. doi: 10.1016/j.fm.2005.01.002

Laroute, V., Yasaro, C., Narin, W., Mazzoli, R., Pessione, E., Cocaign-Bousqet, M., et al. (2016). GABA production in Lactococcus lactis is enhanced by arginine and co-addition of malate. Front. Microbiol. 7:1050. doi: 10.3389/fmicb.2016.01050

Lebeer, S., Vanderleyden, J., and De Keersmaecker, S. C. (2008). Genes and molecules of lactobacilli supporting probiotic action. Microbiol. Mol. Biol. Rev. 72, 728–764. doi: 10.1128/MMBR.00017-08

Li, H., and Cao, Y. (2010). Lactic acid bacterial cell factories for gamma-aminobutyric acid. Amino Acids 39, 1107–1116. doi: 10.1007/s00726-010-0582-7

Li, H., Qiu, T., Hang, G., and Cao, Y. (2010). Production of gamma-aminobutyric acid by Lactobacillus brevis NCL912 using fed-batch fermentation. Microb. Cell Fact. 9:85. doi: 10.1186/1475-2859-9-85

Li, X., Xu, M., Liu, M., Ji, Y., and Li, Z. (2015). TNF-alpha and IL-6 inhibit apolipoprotein A-IV production induced by linoleic acid in human intestinal Caco2 cells. J. Inflamm. 12:22. doi: 10.1186/s12950-015-0069-0

Liu, Z., Li, N., and Neu, J. (2005). Tight junctions, leaky intestines, and pediatric diseases. Acta Paediatr. 94, 386–393. doi: 10.1111/j.1651-2227.2005.tb01904.x

Lukic, J., Strahinic, I., Milenkovic, M., Golic, N., Kojic, M., Topisirovic, L., et al. (2013). Interaction of Lactobacillus fermentum BGHI14 with rat colonic mucosa: implications for colitis induction. Appl. Environ. Microbiol. 79, 5735–5744. doi: 10.1128/AEM.01807-13

Mazzoli, R., Riedel, K., and Pessione, E. (2017). Editorial: bioactive compounds from microbes. Front. Microbiol. 8:392. doi: 10.3389/fmicb.2017.00392

Miljkovic, M., Strahinic, I., Tolinacki, M., Zivkovic, M., Kojic, S., Golic, N., et al. (2015). AggLb is the largest cell-aggregation factor from Lactobacillus paracasei subsp. paracasei BGNJ1-64, functions in collagen adhesion, and pathogen exclusion in vitro. PLoS One 10:e0126387. doi: 10.1371/journal.pone.0126387

Muñoz-Provencio, D., Llopis, M., Antolín, M., de Torres, I., Guarner, F., Pérez-Martínez, G., et al. (2009). Adhesion properties of Lactobacillus casei strains to resected intestinal fragments and components of the extracellular matrix. Arch. Microbiol. 191, 153–161. doi: 10.1007/s00203-008-0436-9

Nigam, R., El-Nour, H., Amatya, B., and Nordlind, K. (2010). GABA and GABA(A) receptor expression on immune cells in psoriasis: a pathophysiological role. Arch. Dermatol. Res. 302, 507–515. doi: 10.1007/s00403-010-1052-5

Nouri, M., Bredberg, A., Weström, B., and Lavasani, S. (2014). Intestinal barrier dysfunction develops at the onset of experimental autoimmune encephalomyelitis and can be induced by adoptive transfer of auto-reactive T cells. PLoS One 9:e106335. doi: 10.1371/journal.pone.0106335

O’Shea, E. F., Cotter, P. D., Stanton, C., Ross, R. P., and Hill, C. (2012). Production of bioactive substances by intestinal bacteria as a basis for explaining probiotic mechanisms: bacteriocins and conjugated linoleic acid. Int. J. Food Microbiol. 152, 189–205. doi: 10.1016/j.ijfoodmicro.2011.05.025

Park, J. Y., Jeong, S. J., and Kim, J. H. (2014). Characterization of a glutamate decarboxylase (GAD) gene from Lactobacillus zymae. Biotechnol. Lett. 36, 1791–1799. doi: 10.1007/s10529-014-1539-9

Paulsen, I. T., Banerjei, L., Myers, G. S., Nelson, K. E., Seshadri, R., Read, T. D., et al. (2003). Role of mobile DNA in the evolution of vancomycin-resistant Enterococcus faecalis. Science 299, 2071–2074. doi: 10.1126/science.1080613

Planchon, S. M., Martins, C. A., Guerrant, R. L., and Roche, J. K. (1994). Regulation of intestinal epithelial barrier function by TGF-beta 1. Evidence for its role in abrogating the effect of a T cell cytokine. J. Immunol. 153, 5730–5739.

Powers, M. E., Yarrow, J. F., McCoy, S. C., and Borst, S. E. (2008). Growth hormone isoform responses to GABA ingestion at rest and after exercise. Med. Sci. Sports Exerc. 40, 104–110. doi: 10.1249/mss.0b013e318158b518

Rossetti, V., and Lombard, A. (1996). Determination of glutamate decarboxylase by high-performance liquid chromatography. J. Chromatogr. B Biomed. Appl. 681, 63–67. doi: 10.1016/0378-4347(96)88202-8

Sánchez, B., Fernandez-Garcia, M., Margolles, A., de los Reyes-Gavilan, C. G., and Ruas-Madiedo, P. (2010). Technological and probiotic selection criteria of a bile-adapted Bifidobacterium animalis subsp. lactis strain. Int. Dairy J. 20, 7078–7085. doi: 10.1016/j.idairyj.2010.06.004

Schuerer-Maly, C. C., Eckmann, L., Kagnoff, M. F., Falco, M. T., and Maly, F. E. (1994). Colonic epithelial cell lines as a source of interleukin-8: stimulation by inflammatory cytokines and bacterial lipopolysaccharide. Immunology 81, 85–91.

Schulzke, J. D., Ploeger, S., Amasheh, M., Fromm, A., Zeissig, S., Troeger, H., et al. (2009). Epithelial tight junctions in intestinal inflammation. Ann. N. Y. Acad. Sci. 1165, 294–300. doi: 10.1111/j.1749-6632.2009.04062.x

Seok, J. H., Park, K. B., Kim, Y. H., Bae, M. O., Lee, M. K., and Oh, S. H. (2008). Production and characterization of kimchi with enhanced levels of gamma-aminobutyric acid. Food Sci. Biotechnol. 17, 940–946.

Siragusa, S., De Angelis, M., Di Cagno, R., Rizzello, C. G., Coda, R., and Gobbetti, M. (2007). Synthesis of γ-aminobutyric acid by lactic acid bacteria isolated from a variety of Italian cheeses. Appl. Environ. Microbiol. 73, 7283–7290. doi: 10.1128/AEM.01064-07

Su, Y. A., Sulavik, M. C., He, P., Makinen, K. K., Makinen, P. L., Fiedler, S., et al. (1991). Nucleotide sequence of the gelatinase gene (gelE) from Enterococcus faecalis subsp. liquefaciens. Infect. Immun. 59, 415–420.

Suenaert, P., Bulteel, V., Lemmens, L., Noman, M., Geypens, B., Van Assche, G., et al. (2002). Anti-tumor necrosis factor treatment restores the gut barrier in Crohn’s disease. Am. J. Gastroenterol. 97, 2000–2004. doi: 10.1111/j.1572-0241.2002.05914.x

Sun, T. S., Zhao, S. P., Wang, H. K., Cai, C. K., Chen, Y. F., and Zhang, H. P. (2009). ACE-inhibitory activity and gamma-aminobutyric acid content of fermented skim milk by Lactobacillus helveticus isolated from Xinjiang koumiss in China. Eur. Food Res. Technol. 228, 607–612. doi: 10.1007/s00217-008-0969-9

Temmerman, R., Pot, B., Huys, G., and Swings, J. (2003). Identification and antibiotic susceptibility of bacterial isolates from probiotic products. Int. J. Food Microbiol. 81, 1–10. doi: 10.1016/S0168-1605(02)00162-9

Tian, J., Lu, Y., Zhang, H., Chau, C. H., Dang, H. N., and Kaufman, D. L. (2004). Gamma-aminobutyric acid inhibits T cell autoimmunity and the development of inflammatory responses in a mouse type 1 diabetes model. J. Immunol. 173, 5298–5304. doi: 10.4049/jimmunol.173.8.5298

Tian, J., Yong, J., Dang, H., and Kaufman, D. L. (2011). Oral GABA treatment downregulates inflammatory responses in a mouse model of rheumatoid arthritis. Autoimmunity 44, 465–470. doi: 10.3109/08916934.2011.571223

Ueno, H. (2000). Enzymatic and structural aspects on glutamate decarboxylase. J. Mol. Catal. B Enzym. 10, 67–79. doi: 10.1016/S1381-1177(00)00114-4

Uroić, K., Nikolić, M., Kos, B., Leboš Pavunc, A., Beganović, J., Lukić, J., et al. (2014). Probiotic properties of lactic acid bacteria isolated from Croatian fresh soft cheese and Serbian white pickled cheese. Food Technol. Biotechnol. 52, 232–241.

Varma, P., Dinesh, K. R., Menon, K. K., and Biswas, R. (2010). Lactobacillus fermentum isolated from human colonic mucosal biopsy inhibits the growth and adhesion of enteric and foodborne pathogens. J. Food Sci. 75, 546–551. doi: 10.1111/j.1750-3841.2010.01818.x

Veljovic, K., Terzic-Vidojevic, A., Vukasinovic, M., Strahinic, I., Begovic, J., Lozo, J., et al. (2007). Preliminary characterization of lactic acid bacteria isolated from Zlatar cheese. J. Appl. Microbiol. 103, 2142–2152. doi: 10.1111/j.1365-2672.2007.03450.x

Visser, J., Rozing, J., Sapone, A., Lammers, K., and Fasano, A. (2009). Tight junctions, intestinal permeability, and autoimmunity: celiac disease and type 1 diabetes paradigms. Ann. N. Y. Acad. Sci. 1165, 195–205. doi: 10.1111/j.1749-6632.2009.04037.x

Vogelsang, H., Schwarzenhofer, M., and Oberhuber, G. (1998). Changes in gastrointestinal permeability in celiac disease. Dig. Dis. 16, 333–336. doi: 10.1159/000016886

Wang, L., Li, L., Lv, Y., Chen, Q., Feng, J., and Zhao, X. (2018). Lactobacillus plantarum restores intestinal permeability disrupted by Salmonella infection in newly-hatched chicks. Sci. Rep. 8:2229. doi: 10.1038/s41598-018-20752-z

 WHO-FAO (2002). Guidelines for the Evaluation of Probiotics in Food. Report of a Joint FAO/WHO Working Group on Drafting Guidelines for the Evaluation of Probiotics in Food. London: WHO.

 WHO-FAO (2006). Probiotics in foods. Health and nutritional properties and guidelines for evaluation. FAO Food and Nutritional Paper No. 8592-5-105513.

Zhang, Y., Zhang, L., Tuo, Y., Guo, C., Yi, H., Li, J., et al. (2010). Inhibition of Shigella sonnei adherence to HT-29 cells by lactobacilli from Chinese fermented food and preliminary characterization of S-layer protein involvement. Res. Microbiol. 161, 667–672. doi: 10.1016/j.resmic.2010.06.005

Zhou, J. S., Pillidge, C. J., Gopal, P. K., and Gill, H. S. (2005). Antibiotic susceptibility profiles of new probiotic Lactobacillus and Bifidobacterium strains. Int. J. Food Microbiol. 98, 211–217. doi: 10.1016/j.ijfoodmicro.2004.05.011

Zivkovic, M., Hidalgo-Cantabrana, C., Kojic, M., Gueimonde, M., Golic, N., and Ruas-Madiedo, P. (2015). Capability of exopolysaccharide-producing Lactobacillus paraplantarum BGCG11 and its non-producing isogenic strain NB1, to counteract the effect of enteropathogens upon the epithelial cell line HT29-MTX. Food Res. Int. 74, 199–207. doi: 10.1016/j.foodres.2015.05.012

Živkovic, M., Miljkovic, M. S., Ruas-Madiedo, P., Markelic, M. B., Veljovic, K., Tolinacki, M., et al. (2016). EPS-SJ exopolisaccharide produced by the strain Lactobacillus paracasei subsp. paracasei BGSJ2-8 is involved in adhesion to epithelial intestinal cells and decrease on E. coli association to Caco-2 cells. Front. Microbiol. 7:286. doi: 10.3389/fmicb.2016.00286

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Sokovic Bajic, Djokic, Dinic, Veljovic, Golic, Mihajlovic and Tolinacki. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	MINI REVIEW
published: 29 March 2019
doi: 10.3389/fmicb.2019.00463






[image: image]

Bioactive Products From Plant-Endophytic Gram-Positive Bacteria

María J. Ek-Ramos1, Ricardo Gomez-Flores1, Alonso A. Orozco-Flores1, Cristina Rodríguez-Padilla1, Guadalupe González-Ochoa2 and Patricia Tamez-Guerra1*

1Departamento de Microbiología e Inmunología, Facultad de Ciencias Biológicas, Universidad Autónoma de Nuevo León, San Nicolás de los Garza, Mexico

2Departamento de Ciencias Químico Biológicas, División de Ciencias e Ingeniería, Universidad de Sonora, Navojoa, Mexico

Edited by:
José E. Barboza-Corona, Universidad de Guanajuato, Mexico

Reviewed by:
Ashutosh Sharma, Tecnologico de Monterrey, Mexico
Tapan Kumar Adhya, KIIT University, India

*Correspondence: Patricia Tamez-Guerra, patamez@hotmail.com; patricia.tamezgr@uanl.edu.mx

Specialty section: This article was submitted to Microbiotechnology, Ecotoxicology and Bioremediation, a section of the journal Frontiers in Microbiology

Received: 29 October 2018
Accepted: 21 February 2019
Published: 29 March 2019

Citation: Ek-Ramos MJ, Gomez-Flores R, Orozco-Flores AA, Rodríguez-Padilla C, González-Ochoa G and Tamez-Guerra P (2019) Bioactive Products From Plant-Endophytic Gram-Positive Bacteria. Front. Microbiol. 10:463. doi: 10.3389/fmicb.2019.00463

Endophytes constitute plant-colonizing microorganisms in a mutualistic symbiosis relationship. They are found in most ecosystems reducing plant crops’ biotic and abiotic stressors by stimulating immune responses, excluding plant pathogens by niche competition, and participating in antioxidant activities and phenylpropanoid metabolism, whose activation produces plant defense, structural support, and survival molecules. In fact, metabolomic studies have demonstrated that endophyte genes associated to specific metabolites are involved in plant growth promotion (PGP) by stimulating plant hormones production such as auxins and gibberellins or as plant protective agents against microbial pathogens, cancer, and insect pests, but eco-friendly and eco-safe. A number of metabolites of Gram-positive endophytes isolated from agriculture, forest, mangrove, and medicinal plants, mainly related to the Firmicutes phyla, possess distinctive biocontrol and plant growth-promoting activities. In general, Actinobacteria and Bacillus endophytes produce aromatic compounds, lipopeptides, plant hormones, polysaccharides, and several enzymes linked to phenylpropanoid metabolism, thus representing high potential for PGP and crop management strategies. Furthermore, Actinobacteria have been shown to produce metabolites with antimicrobial and antitumor activities, useful in agriculture, medicine, and veterinary areas. The great endophytes diversity, their metabolites production, and their adaptation to stress conditions make them a suitable and unlimited source of novel metabolites, whose application could reduce agrochemicals usage in food and drugs production.

Keywords: metabolites, amylases, chitinases, endoglucanases, esterases, proteases, plant hormones, toxins


INTRODUCTION TO ENDOPHYTES

Endophytes are facultative or obligate symbiotic microorganisms, mainly bacterial and fungal species, that live in apparently healthy internal plant tissues, without causing disease (Schulz and Boyle, 2006). The most studied ones are bacterial and fungal species.

The purpose of this minireview is to highlight the importance of previously reported endophytic Gram-positive bacteria bioactive products. The International Union for Conservation of Nature and Natural Resources estimates that there are about 297,326 species of plants (Monocotyledons, Dicotyledons, Gymnosperms, Ferns and allies and Mosses), but only a few of them have been studied for their endophyte microbiota (Strobel and Daisy, 2003; Aitken, 2004). Endophytic microorganisms are known to influence plant physiology and development, among which, Gram-positive bacteria are important in such activities as bioremediation, biocontrol, plant growth, symbiotic-mutualistic, commensalistic, trophobiotic interactions, control of soil-borne pathogens, and support of host plant defense against environmental stress (Ryan et al., 2008). An endophytic community is complex and several factors may affect its structure, such as plant-microbe and microbe-microbe interactions and environmental conditions (Ryan et al., 2008). For bacterial endophytes diversity analysis, cultivation-based and culture-independent methods are used. In regard to cultivation studies, a great number of bacteria, mostly Proteobacteria, have been reported as endophytes, being the most frequent from Actinobacteria, Bacteroidetes, and Firmicutes phyla (Rosenblueth and Martínez-Romero, 2006).

The most abundant metabolite producing Gram-positive bacteria endophytes found within diverse environments are Bacillus and Streptomyces species (Reinhold-Hurek and Hurek, 2011; Frank et al., 2017; Figures 1–3).
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FIGURE 1. Production of metabolites by endophytes among plant tissues. 1The “ESKAPE” bacterial pathogens (Acinetobacter baumannii, Enterobacter spp., Enterococcus faecium, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Staphylococcus aureus) are the leading nosocomial infectious agents throughout the world. 2Metabolites synthesized by non-ribosomal peptide synthetases (NRPS) or polyketide synthase (PKS). Detailed information on antimicrobial metabolites against animal/human pathogens are in Supplementary Table S1, against plant pathogens and insect pests in Supplementary Table S2, as plant growth stimulant in Supplementary Table S3 and as anti-cancer agent in Supplementary Table S4.
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FIGURE 2. Production of metabolites by Bacillus spp. and strains as plant endophytes. (a) Bacillus amyloliquefaciens; (b) Bacillus subtilis. 1PGP, plant growth promoting. 2Metabolites synthesized by NRPS or PKS. 3IAA, indol acetic acid. Detailed information on antimicrobial metabolites against animal/human pathogens are in Supplementary Table S1, against plant pathogens and insect pests in Supplementary Table S2, as plant growth stimulant in Supplementary Table S3 and as anti-cancer agent in Supplementary Table S4.
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FIGURE 3. Production of metabolites by Streptomyces spp. and strains as plant endophytes. (a) Antimicrobial metabolites against human pathogens; (b) metabolites showing antimicrobial and cytotoxic activity; (c) cytotoxic metabolites against several tumor cell lines. 1PGP, plant growth promote. Detailed information on antimicrobial metabolites against animal/human pathogens are in Supplementary Table S1, against plant pathogens and insect pests in Supplementary Table S2, as plant growth stimulant in Supplementary Table S3 and as anti-cancer agent in Supplementary Table S4.



Endophytes are found in plants of most ecosystems and are of agricultural importance since they help to improve crops yields, by stimulating plants growth and immune response, excluding plant pathogens by niche competition, as well as actively participating in phenylpropanoid metabolism and antioxidant activities (Pandey et al., 2018). Among plant microbiota, endophytic bacteria can be found in most plant species and be recovered from roots, leaves, stems, and a few from flowers, fruits, and seeds (Lodewyckx et al., 2002); they have the potential to produce a variety of secondary metabolites with application in agriculture and pharmaceutical and industrial biotechnology (Lodewyckx et al., 2002; Strobel and Daisy, 2003; Ryan et al., 2008). Bacterial endophytes live within cell walls and xylem vessels intercellular regions and they may colonize seeds (Cankar et al., 2005; Johnston-Monje and Raizada, 2011), fruits (de Melo-Pereira et al., 2012), and flowers (Compant et al., 2011), among other tissues. It is known that endophytic bacteria are located in the apoplast (Koskimäki et al., 2015), and plant roots are proposed to be the entry point (Paungfoo-Lonhienne et al., 2010). It is also suggested that they are transmitted using an alternative vertical strategy due to their presence in flowers and seeds (Tamosiune et al., 2017). The potential explanation for their ubiquitous presence into plant tissues is the diversity of positive effects on plant growth and fitness they have shown, by stimulating the host phenylpropanoid pathway or by producing several linked-metabolites to the plants’ metabolism (Brader et al., 2014; Haidar et al., 2016; Lòpez-Fernàndez et al., 2016; Alaimo et al., 2018). Many reports indicate that bacterial endophytes help to provide nutrients as plant growth-promoters, and induce tolerance/resistance against biotic and abiotic stress conditions (Ryan et al., 2008).

In addition, several metabolites produced by microbial endophytes act as antimicrobial agents against human, animal, and plant pathogens. Whereas the antimicrobial effect against phytopathogens will have the positive effect on the host plant, the efficacies of endophyte metabolites may show a great clinical potential for medical and veterinary treatments. Indeed, nature-occurring antibiotics are low-molecular-weight products made by microbes that inhibit the growth or kill phytopathogens, bacteria, fungi, viruses, and protozoans, that cause human and animal diseases (Demain, 1981; Jakubiec-Krzesniak et al., 2018; Tripathi et al., 2018). Some important antibiotics producers have been recently found as endophytes in different plant species (Eljounaidi et al., 2016).

It is known that immunocompromised individuals (AIDS, cancer, and organ transplant patients) are at high risk for developing opportunistic microbial infections by Aspergillus sp., Candida albicans, Clostridium difficile, Coccidioides immitis, Cryptococcus neoformans, Cryptosporidium, Mycobacterium avium complex, M. tuberculosis, Pneumocystis jirovecii, Pseudomonas aeruginosa, Salmonella sp., Staphylococcus aureus, Streptococcus pneumoniae, and S. pyogenes, as well as parasitic infections caused by Cryptosporidium spp., Encephalitozoon spp., Isospora belli, Leishmania spp., Plasmodium falciparum, Toxoplasma gondii, and Trypanosoma cruzi. The urgent need for human diseases prevention and treatment, has promoted the discovery and development of novel and efficient therapeutic agents to which resistance has not been produced (Strobel and Daisy, 2003; Chinedum, 2005). For instance, drug resistance is a recognized phenomenon that disease-causing microbial agents develop against pharmaceutical therapy. Infectious diseases and cancer share similarities in the mechanisms of resistance to drugs, such as drug efflux, which is evolutionarily conserved (Housman et al., 2014). Therefore, in this review, the antibacterial, antifungal, antiviral, and antitumor activities of metabolites produced by specific Gram-positive bacteria endophytes are highlighted, as well as their potential use as plant growth promoters (PGP).



GRAM-POSITIVE ENDOPHYTES AGAINST HUMAN/ANIMAL PATHOGENS

Among Actinobacteria, Actinomycetes are Gram-positive, filamentous bacteria with great potential as biocontrol agents, which produce approximately two-thirds of natural antibiotics, where 75% derived from Streptomyces species (de Lima Procópio et al., 2012; Figures 1, 3). Actinomycetes, including the Actinomyces, Actinoplanes, Amycolatopsis, Micromonospora, Saccharopolyspora, and Streptomyces genera, are recognized as bioactive secondary metabolites producers, not only showing antimicrobial, but also insecticidal and antitumoral activities (Renu et al., 2008; Kekuda et al., 2010).

Lipopeptides are among the most important classes of secondary metabolites produced by endophytic bacteria, which are formed by cyclic or short linear peptides linked to a lipid tail or lipophilic molecules. Lipopeptides may show antimicrobial, cytotoxic and surfactant activities; they are synthesized by non-ribosomal peptide synthetases (NRPS), or polyketide synthase (PKS) and have great structural diversity based on a hydrophobic fatty acid acyl chain of 13 to 17 carbons, linked to a hydrophilic peptide of 7–25 aminoacids. Lipopeptides are important for both, their antibiotic activity and for inducing plant defense mechanisms (Stein, 2005; Raaijmakers et al., 2010). One bacterial strain may synthesize several polypeptide isoforms. Bacillus and Paenibacillus-related lipopeptides are the most studied ones (Villarreal-Delgado et al., 2018), whereas several Bacillus amyloliquefaciens strains have been recognized as higher lipopeptides producers (Figure 2A; Ongena and Jacques, 2008). In addition to lipopeptides, B. subtilis produces NRPS lantibiotics (lanthionine-containing antibiotics) (Stein, 2005); lipopeptides are responsible for biofilm and swarming development, whereas lantibiotics play as pheromones in quorum-sensing (Stein, 2005). B. subtilis also produces compounds such as polyketides, an aminosugar, and a phospholipid; polyketides include bacillomycin, fengycin, iturin, lichenysin, mycosubtilin, plipastatin, pumilacidin, and surfactin (Figure 2B); whereas Paenibacillus polymyxa synthesizes polymyxins (cyclic cationic lipopeptides) (Stein, 2005; Grady et al., 2016; Supplementary Tables S1–S4).

In addition to biologically active secondary metabolites, bacterial endophytes also produce important antimicrobial enzymes, mainly by Bacilli class members (Figure 2). In a study looking for highly producing enzymes endophytes, in the mangrove in Thailand, Khianngam et al. (2013) found that Gram-positive bacteria showed more hydrolytic activity compared with that of Gram-negative ones. Testing endophytes in hosts from the Rhizophoraceae family, results showed amylase, cellulase, and lipase activity by B. infantis and B. granadenis; and amylase, cellulase, lipase, lipolytic and proteinase activity by B. safensis. Similarly, cellulase, lipase, and proteinase activities by Paenibacillus sp. and S. warneri were detected in Acanthaceae family endophytes. Endophytes isolated from Brazilian mangrove plants showed high enzymatic activity; among these isolates, Bacillus sp. (MCR2.56) was reported to show particularly high amylase and esterasic activities; six Bacillus isolates (MCR2.51, MCA2.42, MCA2.51, MBR2.4, MBA2.33, and MBA2.4) high endocellulolytic activity, whereas the actinobacteria Microbacterium sp. (MCA2.54) and Curtobacterium sp. (MBR2.20) showed high endoglucanase and protease activity, respectively (Castro et al., 2014; Figure 2 and Supplementary Tables S1–S3).

Bioactive endophytic Streptomycetes can be isolated from plants worldwide (Castillo et al., 2007; Figure 3). Medicinal plants have been used for centuries as an alternative therapy for disease treatment. Interestingly, Chinese medicinal plants-endophytic actinomycetes were reported to have antibacterial activity against E. coli and S. aureus (Zhao et al., 2011; Figure 1). Recently, endophytic actinomycetes were reported in several Chinese mangrove plants to exhibit antibacterial activity against Acinetobacter baumannii, Enterococcus faecalis, E. coli, Klebsiella pneumoniae, P. aeruginosa, and S. aureus, some of which are resistant to the vancomycin, methicillin, and carbapenem antibiotics (Jiang et al., 2018; Figures 1, 3). Several metabolites from endophytic Streptomyces species have been characterized and associated with antibiotic activity, including kakadumycins, munumbicins, p-aminoacetophenonic acids, and xiamycins (Castillo et al., 2002, 2003; Guan et al., 2005); antimalarial (coronamycin, munumbicin D) (Castillo et al., 2002; Ezra et al., 2004); and antifungal (munumbicin D) (Shimizu et al., 2000; Ezra et al., 2004) activities (Figure 3 and Supplementary Table S1). Similarly, Iranian medicinal plants-endophytic actinomyctes exhibited antimicrobial activity against the pathogenic bacteria B. cereus, B. subtilis, E. coli, Citrobacter freundii, K. pneumoniae, Proteus mirabilis, Shigella flexneri, and S. aureus (Beiranvand et al., 2017; Figures 1, 3), whereas Malaysian plants-endophytic B. subtilis possessed antibacterial activity against S. aureus, methicillin resistant S. aureus, and P. aeruginosa (Fikri et al., 2018; Figure 2B). The African Combretum molle-endophytic Bacillus and Lysinibacillus species exhibited antibacterial activity against B. cereus, E. coli, P. aeruginosa, and S. aureus (Diale et al., 2018; Supplementary Table S1).

Kennedia nigriscans-endophytic Streptomyces sp. strain NRRL 30562 produces munumbicins A, B, C, and D, active against growth of B. anthracis, E. faecalis, vancomycin-resistant E. faecalis, multiple-drug-resistant (MDR) M. tuberculosis, S. pneumoniae, S. aureus, and methicillin-resistant S. aureus; furthermore, munumbicins have been shown to be more effective than chloroquine to kill the malaria-causing agent P. falciparum (Castillo et al., 2002, 2006; Christina et al., 2013; Figure 3A). Similarly, kakadumycins have antibacterial and antimalarial activities comparable with those of munumbicins (Waring and Wakelin, 1974; Katagiri et al., 1975; Castillo et al., 2003; Figure 3A and Supplementary Table S1).

Streptomyces sp. strain SUK06, isolated from the Malasian medicinal plant Thottea grandiflora, commonly used as an alternative mean to heal wounds and treat skin infections and fever, produces secondary antimicrobial metabolites against B. cereus, B. subtilis, Plesiomonas shigelloides, P. aeruginosa, and methicillin-resistant S. aureus (Ghadin et al., 2008). Similarly, metabolites and cell wall-degrading enzymes from Panax ginseng- and Plectranthus tenuiflorus-endophytic Bacillus sp., Micrococcus sp., and P. polymyxa, were reported to possess antibacterial activity against E. coli, K. pneumoniae, P. mirabilis, Salmonella enterica subsp. enterica serovar Typhi, S. aureus, and S. agalactiae (El-Deeb et al., 2013; Figure 2 and Supplementary Table S1).

Secondary metabolites spinosyn A and D, are produced by the soil actinomycete Saccharopolyspora spinosa, highly effective against lepidopteran and dipteran pests, among others, which commercial product named spinosad, has been commercialized for ∼250 countries and adopted in integrated pest management programs worldwide. Furthermore, there are reports of endophytic Saccharopolyspora species, although their potential as bioinsecticide has not yet been elucidated (Qin et al., 2011).

There are many medical and agricultural applications for the Azadirachta indica (known as neem) produced compounds (Figure 1). Macrococcus caseolyticus (ALS-1), a member of the Firmicutes, has been reported to produce free radical scavenging compounds. This strain was isolated from Aloe vera in an effort to cultivate bacterial endophytes that could be related to this plant curative and therapeutic uses (Akinsanya et al., 2015). In fact, 80% of the A. vera bacterial endophytes produced 1,1-diphenyl-2-picrylhydrazyl, showing over 75% scavenging properties. The Raphanus sativus (young radish) leaf and root endophytic B. subtilis, Sphingobacterium siyangensis, and P. polymyxa were shown to inhibit the growth of B. cereus, E. coli, P. aeruginosa, and S. aureus, in addition to Salmonella, Shigella, and Listeria species (Liu et al., 2010). Zingiber officinale roots-endophytic Streptomyces sp. was shown to possess antimicrobial activity against B. cereus, B. subtilis, and S. aureus (Taechowisan et al., 2013; Figure 3B and Supplementary Table S1).



GRAM-POSITIVE ENDOPHYTES AGAINST PLANT PATHOGENS

Endophytes found in grapevine (Vitis vinifera) may represent one interesting example of a widely studied crop system. Metatranscriptoma analysis of vineyards prokaryotic microbiome confirmed that two out of three main bacterial phyla detected (Actinobacteria and Firmicutes) belonged to the Gram-positive group, thus reflecting bacterial metabolic assessments to become symbionts (either epiphytes or endophytes) and be distributed along plant tissues. This study demonstrated that the abundance and richness balance between beneficial microorganisms was critical for phytopathogens biocontrol and grapevine management, where the microbiota stability relied on environmental physicochemical conditions; being the soil type, geography and climate crucial factors to favor this crop. Moreover, detection of a specific strain reflected its ability to be established under the host microclimatic conditions, where Bacillus spp. were widely spread in flowers, leaves and grapes (Alaimo et al., 2018). In addition, Haidar et al. (2016) found that B. pumilus conferred systemic resistance against this pathogen, after studying the antagonistic bacteria modes of action for the phytopathogen Phaeomoniella chlamydospora biocontrol in grapevine.

The biological control of plant phytopathogens by endophytes was reported in late 50s where, a Micromonospora isolate from tomato showed antagonistic activity against Fusarium oxysporum f.sp. lycopersici (Manikprabhu and Li, 2016). As previously stated, the most abundant Gram-positive bacterial endophytes found within diverse environments are Bacillus and Streptomyces species (Reinhold-Hurek and Hurek, 2011; Frank et al., 2017), both exhibiting secondary metabolites showing antimicrobial activity also against plant pathogens. In fact, there have been proposed Bacillus spp. endophytes for crop management (Aloo et al., 2018; Figure 2). Similarly, Streptomyces spp. endophytes are widely reported as phytopathogens biocontrol agents (Figures 1, 3). For example, K. nigriscans-endophytic Streptomyces sp. strain NRRL 30562 were recently reported to produce antibiotics as munumbicins A, B, C, and D, active against plant pathogenic bacteria and fungi (Castillo et al., 2002). Leguminose plants-endophytic Streptomyces caeruleatus was reported to be effective against the soybean pathogen X. campestris pv. glycine (Mingma et al., 2014; Figure 3B); whereas metabolites from A. indica- and Nothofagus spp.-endophytic actinomyctes inhibited the plant pathogenic fungi Mycosphaerella fijiensis, Sclerotinia sclerotiorum, and Rhizoctonia solani, and Pythium and Phytophthora species (Castillo et al., 2007; Verma et al., 2009; Figures 1, 3B). Indeed, Castillo et al. (2007) reported Streptomyces spp. endophytic of Nothofagus spp. in southern Patagonia, where the same strain characterized as Streptomyces seoulensis (based on molecular sequenciation and biological activity) was isolated from two different plants (strains coded C2 and C4, respectively); their antifungal activity was then proposed to elucidate the native plants survival mechanisms against plant pathogens within that area (Figures 1, 3B). Similarly, metabolites produced by roots’ endophytic actinomycetes previously described (Matsumoto and Takahashi, 2017), inhibited Kocuria rhizophila strain KB-212, Mucor racemosus strain KF-223, and Xanthomonas campestris pv. oryzae strain KB-88 growth (Figure 1 and Supplementary Table S2).

Zea mays seeds-endophytic B. amyloliquefaciens and B. subtilis were observed to inhibit F. moniliforme fungus growth by producing lipopeptides (Gond et al., 2015); similarly, Bruguiera gymnorrhiza (L.) Lam-endophytic B. amyloliquefaciens was shown to be antagonistic to various bacterial (Ralstonia solanacearum, P. syringae, and X. campestris), and fungal (Colletotrichum musae, F. oxysporum, Phytophthora capsici, and R. solani) pathogens of plants and to be effective in the biocontrol of Capsicum bacterial wilt in pot and field trials (Hu et al., 2010).

Oryza sativa-endophytic B. cereus and B. mojavensis were observed to exhibit antimicrobial activity against the fungal rice pathogens F. fujikuroi, F. proliferum, F. verticillioides, Magnaporthe grisea, and M. salvinii (Etesami and Alikhani, 2017; Supplementary Table S2).

Young radish-endophytic B. subtilis, Brachybacterium, and P. polymyxa were reported to possess antifungal activity against F. oxysporum, Pythium ultimum, Phytophthora capsici, and R. solani (Seo et al., 2010). An antifungal protein from the wheat-endophytic B. subtilis strain EDR4 inhibited B. cinerea, F. graminearum, F. oxysporum f.sp. vasinfectum, G. graminis var. tritici, Macrophoma kuwatsukai, and R. cerealis growth (Liu et al., 2010; Supplementary Table S2).



METABOLITES FROM GRAM-POSITIVE ENDOPHYTES AS PLANT GROWTH-PROMOTERS

Endophytic bacteria use to protect crops from microbial diseases is relevant, for their potential to promote host growth and antimicrobial activity (Safiyazov et al., 1995; Berg et al., 2005). Plant growth promotion (PGP) and, in most cases, abiotic stress tolerance and disease protection properties induction, are associated with endophytic bacteria potential to produce different compounds. Plants acclimate to environmental stresses by altering their physiology to be able to overcome stress factors such as dehydration, mechanical injury, nutrient deficiency, high solar radiation, or biotic/abiotic factors. It has been observed that plant inoculation with endophytic bacteria leads to accumulation of “protective” compounds, such as proline, carbohydrates, and antioxidants, in addition to antibiotics and fungal cell-wall lytic enzymes, which can inhibit growth of plant pathogens (Brader et al., 2014) or prime plant response to pathogens by induced systemic resistance (ISR) mechanisms (Pieterse et al., 2014).

Bacterial endophytes PGP potential is explained through several proposed mechanisms. Several of which help to increase accessibility to nutrients, e.g., nitrogen and phosphorus or metals, or produce metabolites that could regulate plant growth, development and defense responses, such as the well-known phytohormones abscisic acid, auxins, brassinosteroids, cytokinins, ethylene, gibberellins, jasmonates, and strigolactones (Reinhold-Hurek and Hurek, 2011; Brader et al., 2014; Santoyo et al., 2016; Shahzad et al., 2016; Figures 1–3).

Some examples of Gram-positive PGP bacterial endophytes are B. pumilus strain E2S2, whose treatment increased roots and shoots length and fresh and dry biomass, as compared with untreated sorghum plants, and helped to augment cadmium uptake (Luo et al., 2012). B. amyloliquefaciens strain NBRI-SN13 (SN13) isolated from an alkaline soil of Banthara, Lucknow, India, showed several PGP attributes and to induce solubilization of tricalcium phosphate more efficiently, when inoculated as endophyte (Nautiyal et al., 2013; Figure 2A). Plants treated with B. atrophaeus strain EY6, B. sphaericus GC subgroup B EY30, B. subtilis strain EY2, S. kloosii strain EY37 and K. erythromyxa strain EY43 as endophytes, have been shown to increase strawberry fruit growth and yield (Karlidag et al., 2011; Figure 2).

Interestingly, C. botulinum strain 2301 has been shown to have a significant PGP effect on clover in field experiments (Zeiller et al., 2015); whereas Exiguobacterium acetylicum 1P strain MTCC 8707, a cold tolerant bacterial strain from the Uttarakhand Himalayas, promotes wheat seedlings growth (Selvakumar et al., 2010; Supplementary Table S3).

Brevibacillus brevis strain SVC(II)14 exerted beneficial PGP on cotton crop (Nehra et al., 2016). Bacillus spp. strains CPMO6 and BM17, actinobacteria isolates ACT01 and ACT07, and lactic acid bacteria strain BL06 induce phosphate solubilization more efficiently when present as endophytes in citrus (Giassi et al., 2016).

In recent years, it has also been demonstrated that the entomopathogenic bacteria B. thuringiensis can have PGP attributes. Armada et al. (2016) tested an autochthonous isolate in interaction with native arbuscular mycorrhizal fungi (single or mixture) and found stimulating plant growth, nutrition and drought tolerance responses.

Siderophores production by endophytes improves plant growth by binding to available iron, competing for this element with phytopathogens and protecting the host plant from their infection (Figures 2, 3; Sabaté et al., 2018). B. subtilis strain B26 has been shown to induce drought tolerance in Brachypodium distachyon grass. This was correlated to augmentation of starch, fructose, glucose and total soluble carbohydrates content. However, increase of raffinose-related family carbohydrates (well-known stress response metabolites) was not observed in control and treated plants (Gagné-Bourque et al., 2015). A proline accumulation stimulating effect by endophytic strains of the actinobacteria Arthrobacter sp. and the Firmicutes Bacillus spp. were reported in pepper (Capsicum annuum L., Solanales: Solanaceae) plants in vitro, where their synthesis was related to osmotic stress responses (Sziderics et al., 2007). In addition, plants inoculated with bacterial endophytes, could tolerate abiotic stresses by increasing enzymatic activity. B. cereus strain CSR-B-1, B. marisflavi strain CSR-G-4, B. pumilus strain CSR-B-2, B. saffensis strain CSR-G-5, B. subtilis strain CSR-G-1, and B. thuringiensis strain CSRB-3, induced increment of superoxide dismutase, phenylalanine lyase, catalase, and peroxidase enzymes activity in gladiolus plants under sodium high concentration conditions (Damodaran et al., 2014; Supplementary Table S3).

Tolerance to low temperatures and growth promotion by endophytic activity has been reported as well. Verma et al. (2015), found Bacillus and Bacillus derived genera as wheat (Triticum aestivum) endophytes from the northern hills zone of India, among others. Phosphate and potassium are major essential macronutrients, but soluble phosphate and potassium concentrations in soil for plant intake are usually very low. Plants need zinc at low concentration since it is toxic at high concentration, thus zinc solubilization by endophytes dosifies the plant intake amount in response to plant and microbial nutritional requests. The most efficient phosphate solubilizing Gram-positive bacteria (PSB) belong to the genera Bacillus. Besides, it has been reported that B. amyloliquefasciens, B. megaterium, and Bacillus sp., exhibit phosphorus, potassium, and zinc solubilization (Figure 2; Verma et al., 2015).



ANTICANCER ACTIVITY OF GRAM-POSITIVE ENDOPHYTIC BACTERIA

Cancer prevails as one of the leading causes of death worldwide, in spite of therapy advances (Global Cancer Observatory [GLOBOCAN], 2008; Chen et al., 2013). Conventional chemotherapy and radiotherapy have important disadvantages including drug resistance and serious side effects, which has prompted the search for new antitumor agents with high therapeutic efficacy and marginal or null detrimental effects.

Many endophytic actinomycete compounds were isolated and have found application not only as antimicrobial agents but also as cytotoxic agents against tumor cells (Figures 1, 3). Some members of the Gram-positive bacteria group have been recently found as endophytes in different plant species (Eljounaidi et al., 2016). Endophyte extracts have demonstrated to be a better choice versus chemotherapy agents due to their antitumor activity efficacy and lower side-effects, since they are less toxic to normal cells and more effective against several drug resistant microorganisms. As a consequence, the natural endophyte-derived metabolites have attracted peculiar attention with the purpose of being human cancer-chemopreventive compounds and anticancer chemotherapeutic drugs (Cardoso-Filho, 2018; Figures 3B,C). Endophytic Gram-positive bacterial natural products have emerged as one of the most reliable alternative treatment sources (Gutierrez et al., 2012; Chen et al., 2013), including antitumor agents such as anthracyclines, anthraquinones, aureolic acids, β-glucans, carzinophilin, coumarins, enediynes, flavonoids, glycopeptides, macrotetrolides, mitomycins, naphthoquinones, polysaccharides, and quinoxalines (Waring and Wakelin, 1974; Igarashi et al., 2007; Taechowisan et al., 2007; Chen et al., 2013; Cardoso-Filho, 2018; Figures 3B,C and Supplementary Table S4).

Actinomycetes, including the genera Actinomyces, Actinoplanes, Amycolatopsis, Micromonospora, Saccharopo-lyspora, and Streptomyces are recognized as producers of bioactive metabolites with not only antimicrobial, but also antitumor potential (Renu et al., 2008; Kekuda et al., 2010; Figure 3C and Supplementary Table S4). In this concern, Ophiopogon japonicus-endophytic B. amyloliquefaciens sp. exopolysaccharides were reported to possess antitumor activity against the human gastric carcinoma cell lines MC-4 and SGC-7901 (Chen et al., 2013; Figure 2A). Furthermore, Maytenus hookeri-maytansine-producing endophytic Streptomyces sp. strain Is9131 inhibited human SGC7901 gastric, HL60 leukemia, BEL7402 liver, and A-549 lung tumor cell lines growth (Lu and Shen, 2003; Zhao et al., 2005; Figure 3B and Supplementary Table S4). Alnus glutinosa-endophytic Streptomyces alnumycin was reported to inhibit the growth of K562 human leukemia cells (Bieber et al., 1998; Figure 3C), whereas Ricinus communis-endophytic salaceyins-producing Streptomyces laceyi strain MS53 was observed to be cytotoxic against the human breast cancer cell line SKBR3 (Kim et al., 2006; Figure 3B). In addition, herbaceous and arbor plants-pterocidin-producing endophytic Streptomyces hygroscopicus strain TP-A0451 was reported to inhibit human cancer cell lines NCI-H522, OVCAR-3, SF539, and LOX-IMVI growth (Igarashi et al., 2006; Qin et al., 2011), and Z. officinale 4-arylcoumarins-producing-endophytic Streptomyces aureofaciens strain CMUAc130 was shown to be cytotoxic against murine Lewis lung carcinoma (Taechowisan et al., 2007; Qin et al., 2011; Figure 3C and Supplementary Table S4).

Many plant growth promoter compounds have shown cytotoxicity against tumor cells. Nodules of Lupinus angustifolius-endophytic anthraquinones-producing Micromo-nospora sp. actinomycete significantly inhibited invasion of murine colon 26-L5 carcinoma cells (Igarashi et al., 2007; Qin et al., 2011). Recently, Taechowisan et al. (2017) reported anticancer activity of Boesenbergia rotunda-endophytic biphenyls-producing Streptomyces sp. strain BO-07 against human HepG2 and Huh7 liver, and HeLa cervical tumor cell lines (Figure 3B). Furthermore, Cinnamomum cassia-endophytic Streptomyces cavourensis strain YBQ59 was shown to inhibit human lung adenocarcinoma EGFR-TKI-resistant cells A549 and H1299 growth (Vu et al., 2018; Figure 3C and Supplementary Table S4).



CONCLUSION AND PERSPECTIVES

Since the first reports of the industrial potential use of secondary metabolites produced by endophytes, there is more evidence that endophytic Gram-positive bacteria are one of the most important sources of novel compounds that have proven potential for either agriculture, medical and/or pharmaceutical application, thanks to their PGP, antimicrobial and anticancer activities. Indeed, endophytic Gram-positive bacteria help plants to better survive under biotic and abiotic stress conditions. It is not random that many endophytic Gram-positive have been isolated from medicinal plants from all over the world. In fact, many reports of endophytic Gram-positive bacteria showing such activities have been isolated from mangrove and under extreme environment conditions growing plants, like crops from salty soils and crops and trees from cold areas, where phylogenic analysis of native strains demonstrate they contain genes to produce different metabolites that, all together, are helping the host plant, not just to survive, but also to improve the plant adaptation to these extreme environmental conditions. In general, Bacillus class endophytes have been reported to produce aromatic compounds, lipopeptides, plant hormones, polysaccharides, and several enzymes, thus representing higher potential in agriculture for PGP and crop management strategies (Villarreal-Delgado et al., 2018). Similarly, Actinobacteria class endophytes are being found to produce antimicrobial- and antitumor-like activity metabolites, thus representing high potential for agriculture, medical, and veterinary application. In this minireview, we presented sources and specific isolated strains information, with the aim to provide current research highlights and perspectives for their future applications. These fascinating microorganisms are diverse and greatly adaptable to extreme stress conditions, making them excellent novel metabolites sources, whose application would be important for environmentally friendly and sustainable food and drugs production.
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KS1546

L. garvieae
KS1546-pA2T

L. lactis 1L
1403-pA2T

L. garvieae
KS1546-pMG

L. lactis IL
1403-pMG
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NEB 10-beta
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pABC
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gakF

gakR

gakR1

gakSeqgF
gakseqgF1
gakseqgF2
gakseqgF3
gaksegR
pMGF
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Description

Wild type strain, native GarKS bacteriocin
producer

L. garvieae KS1546 containing the
recombinant plasmid pA2T

L. lactis 1403 containing the recombinant
plasmid pA2T

L. garvieae KS1546 containing the empty
plasmid pMG36e

L. lactis IL 1403 containing the empty plasmid
pMG36e

Subcloning host strain

EmR, E. coli-Lactococcus shuttle vector

pMG36e containing the structural genes

gakABC, EmR
pMG36e containing the entire gak cluster; EmR

5-CGTAATTCGAGCTCCACCTC
TGCTG C-3

5-AGACTTTGCAAGCTTGCAAT
ATTACGTTTGTGGG-3

5-AGACTTTGCAAGC AATCC
TGACTCATCAGATATTC-3'

5'-GTACATAGTACCTCAAAATTAT TTGAGC-3
5-GCAGAGCTTTAGTGTGGGAT-3'
5-CGCTATTGCTTCTGAATATATA GTGGAC-3'
5-GGCACTTTTACAAGAAATAGG ACT-3
5-AGTAATTGCTTTATCAACTGCT GC-3
5-CATCCTCTTCGTCTTGGTAGC-3
5-GGCAGCTGATCTCAACAATG-3'

Source/
reference

(31]

This study

This study

This study

This study

New England
Biolab

(48]
This study

This study

This study

This study

This study

This study
This study
This study
This study
This study
This study
This study
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Bacteriocin
production Cell growth  Specific activity

Strain Growth medium (BU/mI)®  (x108 cells/ml)¢ (BU/108 cells)d
Native producer GM172 80 (1) 30 (1) 2.7(1)
L. garvieae KS1546
MRS? 320 (4) 10(0.3) 32 (12)
BHI2 20 (0.25) 15(0.5) 1.3(0.5)
TH2 20 (0.25) 20 (0.7) 1.0(0.4)
SMP (10%, W) 160 (2) 2(0.1) 80 (30)
Tryptone® (10%, w/v) 80 (1) 3(0.1) 27 (10)
SM-TH? 2600 (32.5) 29 (1) 90 (33)
SM-GM17° 1280 (16) 30 (1) 43 (16)
SM-MRSP 320 (4) 28(0.9) 11 (4.2
SM-BHIP 160 (2) 29 (1) 5.5(2)
SM-TP 2600 (32.5) 30 (1) 87 (32)
SM-T-YEP 1300 (16) 30 (1) 43 (16)
PM-TP 5100 (64) 35(1.2) 146 (54)
The recombinant PM-T® (uncontrolled 20,000 (259) 35(1.2) 570 (210)
producer pH)
L. garvieae
KS1546-pA2T
PM-TP (constant pH 2600 (32,5) 321.1) 81 (30)
5)
PM-TP (constant pH 82,000 (1025) 70 (2.3) 1170 (430)
6)
PM-TP (constant pH 41,000 (512) 65 (2.2) 630 (230)
7)
PM-TP (constant pH 164,000 (2050) 100 (3.3) 1640 (610)

6 and aeration)

The bacteriocin activity and cell growth from complex growth media (a) and milk
based media (b) were measured after 7 and 9 h of incubation, respectively. ©: Values
are average of triplicate assays, numbers in parentheses are fold increased or
decreased in relation to the value in GM17. 9: numbers in parentheses are fold
increased or decreased in relation to the value in GM17.
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Family* Surfactin Iturin Fengycin Kurstakins

Peptide length Heptapeptide  Heptapeptide  Decapeptide Heptapeptide

Chiral sequence LLDLLDL LDDLLDL L.DDDLDLLLL Not described
FA type B-hydroxy FA B-amino FA B-hydroxy FA  B-hydroxy FA or not
FA length 13-15 carbons 14-17 carbons 16-19 carbons ~ 11-14 carbons
Structure Cyclic lactone  Cyclic peptide  Cyclic lactone Cyclic lactone

*FA refers to fatty acid.
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Strain ID

DSM18751
Giwl

Et2/3
Et7/4
HTA426
N-3
Y4.1MC1
FJ8
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44C
WCH70
46C-lla
47C-lb
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6
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2
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T2
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FJAT-2391
KCTC3570
N7

B23
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B4113
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At
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ATCC 12980
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GBlys
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LC300
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w23
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Pss2

PSSt

Accession no.

GCA_002217735.1
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GCA_000948285.1
‘GCA_000009785.1
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GCA_000422025.1
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GCA_000447395.1
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GCA_001620045.1
GCA_001618685.1
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GCA_001610956.1
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GCA_001183885.1
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GCA_000496575.1
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GCA_001544315.

GCA_0004156905.1
GCA_0001730835.1
GCA_001191625.1
GCA_000092445.1
GCA_000691445.1
GCA_000617945.1
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GCA_000744755.1
GCA_000733845.1

Source

Compost

Hydrothermal
samples
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Hot water spring
Bore well isolate
Soil
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Pasteurized milk
Milk powder facility
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Sugar best juice
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Spoilled canned food
Sugar beet juice
Sugar Beet juice
Unknown
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Bioreactor
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Oil wel

Unknown
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Human Microbiome
isolate

Also included is their accession numbers, location and type of bacteriocin predicted by BAGELS3.

Country

Italy
Russia

Chile
Chile
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UsA
Japan
UsA
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UsA
Litunia
Unknown
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Sample type
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Environmental
Environmental
Environmental
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Primer Sequence (5—3)

PriFw GCATGCCTGCAGGTCGACTCTAGAGGAAAGGAGGCCCT
TCAGGTGAGCCCGATTCGCTC

PrRv AATTCGAGCTCGGTACCCGGGGATCTTATGCGTTTTGCTTT
TCAG

YgFw GCATGCCTGCAGGTCGACTCTAGAGGAAAGGAGGCCCTTCA
GATGATTTTAGGCGTACCC

YgRv AATTCGAGCTCGGTACCCGGGGATCCTAAGGGGTGGACG
TCGG

PrDA GCATGCCTGCAGGTCGACTCTAGAGTTCGGTGCCCTCCACG
GCAC

PrDB GGGTAGGTGATTTGAATTTGTGAGTAAAACCTCTCGTCATATC

PrDC ACAAATTCAAATCACCTACCCCCGTAAAGCCCGCTGCAAGG

PrDD AATTCGAGCTCGGTACCCGGGGATCGTAACGATGCAGACCG
CCGG

PrDE CGGTGCCCTCCACGGCACC

PrDF AACGATGCAGACCGCCGGCG

DE31 CTTTTGGCGCTCCAAGTACT

DE32 TCCTCGAGCGATCGAACAAT

X1Fw CATCATAACGGTTCTGGC

X1Rv ATCTTCTCTCATCCGCCA

196F CGCCAGGGTTTTCCCAGTCACGAC

197R AGCGGATAACAATTTCACACAGGA
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gntv
proC
proP
pstC
pstS

Forward

GCGGGCTTGCTTGAGAATCC
AGCTTTGGCTGCTTCAGTAG
GCTGCCAACTCTGCAACCTC
GGCTCTGCCTCCATTCTTTG
CAACGTGAACACGGTGTATC
ATGCTTGCCCTAGGTTGG
ATGACCTGCGGACACTGC
TCCGTCGGTAAAGCCCTAGC
CGCGGCCAACATGAATCCAC
TCGACTGGTGGTGAATATGC
AATGCGAACTCCTCTCAGAC
TCCGCAATGGACTACTTTGG

Reverse

TGAAGGCCCAGCCGAGATTG
AGATTCCATGCCGGAACTTG
CCATTCGGGCCTTCTTCCAC
GGTTGTGCCTTGACCTCTTC
CACATCGTCGAATCCGTTTG
CCGAGTGAAGAACTGCACG
TCAGGACAAGACGGTGTAG
CGGTTCCTGGGCATTTGGTG
GGCCATGCTGACCACAACAC
GAATACGCCAACCGAAATCC
AATCCGCCAATACCTTCAGC
AACTGGGCCGATAACGAATG

Gene product
length (bp)
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Strain After growth with After growth with
0 mM NaCl 200 mM NaCl
GSL(PVWEX1-lysDH-proC) 19302 302404
GSL AyggB(PVWEX1-lysDH-proC) 14.0+0.2 208+03
GSLAyggB(PVWEX1-ysDH-proC)(pEKEX3 yggB) 229403 289404

Values represent means and standard deviations. Important strain features are depicted in bold.

Rates of L-PA accumulation
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After growth with
0 mM NaCl

0.97 +£0.04
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1.37 £0.16

After growth with
200 MM NaCl
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1.68+0.14
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Strains and plasmids

Strains
GsL

GSLAyggB
GSLAproP
JJoot

JJoo4
E. coll DH5a.

E. coli $17-1
Plasmids

PVWEXT

PEKEX3
PVWEX1-lysDH-proC

Description

C. glutamicum ATCC13032 with the following modifications: Apck, AsugR, AldhA, pyc™SS,
hom"5%4, two copies of lysCT31", two copies of asd, two copies of dapA, two copies of dapB, two
copies of ddh, two copies of lysA, two copies of iysE, in-frame deletion of prophages CGP1
(cg1507-cg1624), CGP2 (cg1746-cg1752), and CGP3 (cg1890-cg2071)

In-frame deletion of yggB (cg1434) in GSL

In-frame deletion of proP (cg3395) in GSL

C. glutamicum ATCC13082 with the following modifications: AargF; AargR (auxotrophic for
L-arginine); carrying the vector pVWEX1

JJ001 strain carrying the vector PVWEx1-ocdPp(TAA)

Fthi-1 endA1 hsdr17 (r~, m-) supE44 AlacU169 (#80IacZ AM15) recAt gyrA96 relA1
recA, thi, pro, hsd R-M+ (RP4: 2-Te:Mu-:Km, integrated into the chromosome)

Km®, C. glutamicum/E. coli shuttle vector (Ptac, facl, pHM1519 oriVgg)

SpecP, C. glutamicum/E. coli shuttle vector (Ptac, lacl, pBL1 oriVcg)

KmR, pVWEX1 overexpressing fysDH from S. pomeroyi DSS-3 and proC from C. glutamicum ATCC
13032

SpeR, pEKEX3 overexpressing yggB from C. glutamicum ATCC 13032

SpeR, pEKEX3 overexpressing proP from C. glutamicum ATCC 13032

KmP®; E. coliC. glutamicum shuttle vector for construction of insertion and deletion mutants in

C. glutamicum (pK18 oriVEc sacB lacZa)

PEKEX3-yggB
PEKEX3-proP
pK19mobsacB

pK B
K proP

pK with a yggB (cg1434) deletion construct

pK with a proP (cg3395) deletion construct

Source

Pérez-Garcia et al.,, 2016

This work
This work
Jensen and Wendisch, 2013

Jensen and Wendisch, 2013
Hanahan, 1983
Simon et al., 1983

Peters-Wendisch et al., 2001
Stansen et al., 2005
Pérez-Garcia et al., 2016

This work
This work
Schaffer et al., 2001

Lubitz and Wendisch, 2016
This work
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PKS or Compound Antimicrobial activity** References
hybrids
class*
Antibacterial activity Antifungal activity
Macrolides 7-O-malonyl-macrolactin A B. cepacia®, Enterococci faecalis®, F. oxysporum f. sp. cubense® Romero-Tabarez et al.,
R. solanacearum®, S. aureus® 2006; Yuan et al., 2012a
Macrolides 7-O-succinyl-macrolactin F B. subtils®, S. aureus® - Jaruchoktaweechai et al.,
2000; Nagao et al., 2001
Macrolides 7-O-succinyl-macrolactin A B. subtils®, R. solanacearum®, F. oxysporum f. sp. cubense® Jaruchoktaweechai et al.,
S. aureus® 2000; Yuan et al., 2012a
Macrolides Macrolactin A R. solanacearum® F. oxysporum f. sp. cubense® Yuan etal., 2012a
Macrolides Macrolactin D S. aureus® A. solani®, Pyricularia oryzae® Xue et al., 2008
Macrolides Macrolactin F, G, H, I, J, K, B. subtils®, S. aureus® - Jaruchoktaweechai et al.,
LM 2000; Nagao et al., 2001
Macrolides Macrolactin N E. col, S. aureus® - Yoo et al., 2006
Macrolides Macrolactin Q B. subtils®, E. coll®, P aeruginosa®, - Mojid Mondol et al., 2011
S. aureus®
Macrolides Macrolactin § B. subtils®, E. coll®, . aureus® P oryzae® Luetal., 2008
Macrolides Macrolactin T S. aureus® A. solani®, P. oryzae® Xue et al., 2008
Macrolides Macrolactin W B. subtils®, E. coll®, P aeruginosa®, - Mojid Mondol et al., 2011
S. aureus®
Polyenes Bacilaene A B. thuringiensis®, E. col®, Klebsiella Coriolopsis spp.°, Fusarium sp.°, Patel et al,, 1995; Um et al.,
pneumoniae®, M. xanthus®, P, vulgaris®, Pseudoxylaria sp.°, Trichoderma 2013; Milller et al., 2014
Serratia marcescens®, S. aureus® $p.°, Umbelopsis sp.°
Polyenes Difficidin Actinomyces naeslundi®, Bacteroides - Zimmerman et al., 1987;
distasonis®, C. perfringens®, E. Chen et al., 2009; Wu
amylovora®, E. col®, Eubacterium etal, 2015b

limosum®, K. pneumontae®, P.
vulgaris®, P2 aeruginosa®,
S. marcescens®, S. aureus®,
Streptococeus faecalis®, X. oryzae®
Polyenes Oxydifficicin A. naeslundi®, B. distasonis®, C. - Zimmerman et al., 1987
perfiingens®, E. col®, E. lmosum®, K.
pneumonae®, P, vulgaris®, P
aeruginosz®, S. marcescens®,
S. aureus, . faecalis®
Hybrids Kanosamine - C. albicans®, Saccharomyces Janiak and Milewski, 2001;
PKs/NRPs cerevisiac? van Straaten et al., 2013

© Activity of isolated compound confirmed by compound purification or mutant deletion,  putative activity of the compound contained in a broth mixture. * Two PKs
classes are reported in this review (macrolides and polyenes) as well as the hybrids between PKs and NRPs. ** —, no activity known.
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Polyketide class Structure description Typical core unit or example structure Reference

Acetogenins Linear 32- or 34-carbon chains with oxygenated Lietal, 2008
functional groups bearing a terminal y-lactone ring

Ansamycins Bridge between an aromatic moiety and an Wiliams, 1975
aliphatic chain
Enediynes Compounds characterized by a core structure R, R Horsman et al., 2009

formed by a double C-C bond conjugated to two
acetylenic groups

Macrolides Large macrocyclic lactone ring with one or more Yuan et al., 2012a

deoxy sugars

Polyenes Poly-unsaturated organic compounds containing at 7 Hertweck, 2009
least three alterning single and double C-C bonds F

Polyethers Polymers containing more than one ether group Hertweck, 2009
/F\/O%\
n

Tetracyclines Compounds family characterized by a typical Rohr, 1992
four-ring system OH a oH o I
OH
“‘ NH;
HO\\\\\\ H H
N.
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Relative concentration' Fold-changes?

Metabolite name Control L. buchneri L. plantarum Log: (B/C) Logz (P/C) Loga(P/B)
Phenylalanine 0.000 0014 0.054 ~13.162 —15.104** —1.942"
Lysine 0.000 0325 0.741 -17.705 —18.804%* ~1.189
Tyrosine 0.000 0.087 0217 —15.809"* —17.125* ~1.315*
Glycine 0.000 0.006 0.006 —11.917* —12.057** —0.141
Oxamic acid 0.000 0.055 0.059 —14.701** —14.794** ~0.093
2-Hydroxybutanoic acid 0.109 0508 0.091 —2.218* 0264 2.482
3-Hydroxypropionic acid 0.000 0010 0010 —15.023"* —15.012* 0011
2-Methylglutaric acid 0018 0.001 0.003 4883 2858 —2.025"
Lauric acid 0.000 0021 0026 —13.724° ~14.069" —0.345
Isocitric acid 0.000 0.029 0.110 ~14.231 —16.145" —1.914
4-Hydroxycinnamic acid 0.000 0299 0323 —17.586"* —17.696"* -0.110
Pentadecanoic acid 0.000 0005 0005 —11.504% 11611 ~0.016
3,4-Dihydroxycinnamic acid 0.000 0.028 0.029 —14.160" —14.197* —0.037
Quinic acid 0011 0.007 0.000 0647 15.988" 15341
Mannose 0.000 0.080 0000 ~15.677 -5911 9.766*
Melibiose 0.058 0.003 0014 4506 2,047 —2.459"
Cellobiose 0.000 0.031 0.039 —14.304"* —14.637* —0.333"
Saccharic acid 0025 0217 0035 -3.128* -0513 25615
2-Keto-L-gulonic acid 0.000 0.054 0.000 —15.127** 3.169 18.297*
Cytosine 0.000 0.000 0.158 3211 —16.669" —19.880"*
Pyrogallol 0.000 0.000 0008 3211 —12.415¢ ~15.625%
Gluconic lactone 0.000 0.005 0.005 —11.753"* —11.543"* 0210
Alpha-D-glucosamine-1-phosphate 0.000 0361 0.000 —17.859" 3.169 21.028*
4-Methyl-5-thiazoleethanol 0.000 0017 0.004 —13.414* —11.367* 2.047*
Conduritol--epoxide 0.000 0016 0010 —13.323" —12.753* 0570
N-Acetyl-D-galactosamine 0.010 0012 0.090 6.134 3.187 —2.947*
Purine riboside 0018 0.000 0012 16.703* 0549 —16.154*
Phytosphingosine 0.005 0.001 0.003 2508 0.807 ~1.696
Tetrahydrocorticosterone 0.000 0.001 0.002 ~9.059 ~10.500"* —1.440
Cholesterol 0.000 0.001 0.000 ~9.500** 3.169 12.669"

"The relative concentration of each metabolite is an average of data from three biological replicates using GC-TOF-MS. ?The fold-changes were calculated using the
formula logz(X/Y). X and Y refer different treatments: C, control; P, Lactobacillus plantarum treatment; B, Lactobacillus buchneri treatment; *0.001 < P < 0.05; **P < 0.001.
The major metabolites were selected based on at least one of fold-changes [logz (B/C), loga (P/C), loga (P/B)] contrast was statistically significant.
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Metabolite name

Phenylethylamine
Catechol

Linoleic acid

Ferulic acid

Myristic acid

Azelaic acid
Arachidonic acid
3-Phenyllactic acid
3,4-Dihydroxybenzoic acid
4-Hydroxybenzoic acid
4-Hydroxybutyrate
4-Aminobutyric acid
Glycolic acid

Relative concentration’

Fold-changes?

Control

0.179
0.037
0216
0.465
0.042
0.019
0.009
0.412
0.409
0.132
0.182
1.446
0.002

L. buchneri

0.1583
0.020
0.077
0.196
0.024
0.020
0.009
0.706
0.247
0.135
0.139
1.194
0.001

L. plantarum

0.101
0.024
0.098
0.242
0.028
0.023
0.008
0.875
0.085
0.145
0173
0576
0.001

Logs (B/C) Logs (P/C)

0.227* —0.831**
5336 ~5.086
3850 -3510°
2.369 —2.065
0801 -0575
3875 ~3.709
3.428 —3.628

~0.779* 1.089*
0.728 —2.268*
3.046 —2.943
0390 -0072
0.276 —1.327**
0.646 —-2.417

Log; (P/B)

—0.604**
0.250
0.340
0.304
0.226
0.167

-0.201*

0.309*

—1.539**

0.103
0.318*
-1.051*
-1.770

"The relative concentration of each metabolite is an average of data from three biological replicates using GC-TOF-MS. 2The fold-changes were calculated using
the formula logy (X/Y). X and Y refer different treatments: C, control; R, Lactobacillus plantarum treatment; B, Lactobacillus buchneri treatment; *0.001 < P < 0.05;
**P < 0.001. The major metabolites were selected based on at least one of fold-changes [loga (B/C), logz (F/C), loga (P/B)] contrast was statistically significant.
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Sample ID

FM.1

FM.2

FM.3

€90.1
€90.2
C90.3
P90.1
P90.2
P90.3
B90.1
B90.2
B90.3

Average length (bp)

1464
1469
1460
1499
1501
1486
1498
1500
1500
1504
1504
1490

Observed species

1007
1314
892
267
200
350
365
386
493
349
448
235

Chaol

27413
4485.7
1935.4
437.0
538.7
7171
701.2
891.6
895.2
640.2
1103.1
398.5

Shannon

8.06
8.13
7.59
1.09
1.89
1.49
3.10
1.79
245
2.30
2.49
219

Simpson

0.99
0.99
0.99
0.21
0.59
0.40
0.76
0.39
0.57
0.56
0.63
057

Goods coverage

0.88
0.88
0.92
1.00
1.00
0.99
0.99
0.99
0.99
0.99
0.99
1.00

FM, fresh material; C, control; B, samples treated with L. buchneri; R samples treated with L. plantarum; samples were fermented for 90 days. Goods coverage is
calculated as C = 1 — (s/n), where s i the number of unique CCSs and n is the number of individuals in the sample. This index gives a relative measure of how well the

sample represents the larger environment.
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Item?

pH

LA g/kg

AA g/kg

PA g/kg

LAB log1g cfu/g FM
Yeast logg cfu/g FM
old log1p cfu/g FM
Aerobic stability h

Treatment!

Control

3.66b
223.1a
45.9b
15.8a
8.03b
3.3a
Ob
136.5a

LP

3.68b
218.7a
41.7b
13.5b
7.81b
Ob
3a
114b

LB

3.74a
175.4b
54.7a
13.6b
8.32a
2.85a
Ob
121.5ab

'LP samples treated with L. plantarum; LB, samples treated with L. buchneri. 2LA,
lactic acid; AA, acetic acid, PA, propionic acid; LAB, lactic acid bacteria. Means
within the same line with different letters are significantly different (P < 0.05).
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Strain Constructs Vectors Genes in the operon
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iSPC + iSE + ISpG + ispA
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