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Copepods represent a major source of food for many aquatic species of commercial interest for aquaculture such as mysis shrimp and early stages of fishes. For the purpose of this study, the culturable mesophilic bacterial flora colonizing Acartia tonsa copepod eggs was isolated and identified. A total of 175 isolates were characterized based on their morphological and biochemical traits. The majority of these isolates (70%) were Gram-negative bacteria. Matrix-assisted laser desorption/ionization-time of flight-mass spectrometry (MALDI-TOF-MS) was used for rapid identification of bacterial isolates. Here, 58% of isolates were successfully identified at the genus level and among them, 54% were identified at the species level. These isolates belong to 12 different genera and 29 species. Five strains, identified as Bacillus pumilus, named 18 COPS, 35A COPS, 35R COPS, 38 COPS, and 40A COPS, showed strong antagonisms against several potential fish pathogens including Vibrio alginolyticus, V. anguillarum, Listeria monocytogenes, and Staphylococcus aureus. Furthermore, using a differential approach, we show that the antimicrobial activity of the 35R COPS strain is linked primarily to the production of antimicrobial compounds of the amicoumacin family, as demonstrated by the specific UV-absorbance and the MS/MS fragmentation patterns of these compounds.
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INTRODUCTION

In aquatic ecosystems, basal trophic levels are constituted by microscopic organisms called plankton which consist of a plant part, the phytoplankton, represented by unicellular algae and an animal part, the zooplankton. This latter is the main aquatic compartment in terms of biomass and diversity (Mauchline, 1998) especially for the crustaceans subphylum where the copepod subclass represents the majority of these organisms (Humes, 1994). Copepods could be found in a variety of habitats and are adapted to specific types such as fresh or deep water. They have different feeding regimes and can live freely in the water column or in the sediment (Mauchline, 1998) but can also be parasites, such as sea lice, of aquatic organisms (González et al., 2016). Copepods play an important role in the marine ecosystem given its middle trophic position between primary producers (phytoplankton), microbial food webs and higher trophic levels (Roddie et al., 1984). Copepods are also the focus of many ecological studies because of their key position in marine food webs, being important grazers as well as a food source for higher trophic levels (Souissi et al., 2016).

The order of calanoid copepods is largely abundant in marine and brackish environments and therefore plays a major role in aquatic food webs but also in the diet of many commercial fish species which are dependent on calanoid copepods in either their larval or adult forms. The calanoid copepod Acartia tonsa is recognized as an emerging biological model, a source of live prey for aquaculture purposes (Drillet et al., 2006) and is widely used for evaluation of marine contaminants (Stancheva et al., 2015). They have a good biochemical composition in terms of essential fatty acids. These characteristics make the microflora of these organisms of prime interest to evaluate infection risks and transmission by food intake.

Aquaculture is beset by infectious diseases which are a major impediment to its development and are one of the most significant causes of economic losses. These infectious diseases are caused by different bacterial and viral pathogens. Vibrio species especially V. harveyi, V. alginolyticus, and V. parahaemolyticus are well characterized as major causes of bacterial infections in fish farms (Carbone and Faggio, 2016). Interestingly, several Vibrio species, including pathogenic ones, are also commonly found in a variety of copepods (Colwell and Huq, 1998; Gugliandolo et al., 2008) including A. tonsa which hosts various other bacterial genera like Pseudomonas and Flavobacterium (Roddie et al., 1984). Nonetheless, the microflora of the copepods is poorly documented and the few studies focused on the adult state (Skovgaard et al., 2015). Calanoid copepods from the genus Acartia are well studied because they are promising live feeds in marine larviculture (Hansen et al., 2016). Recently, the use of quiescent eggs of copepods and mainly A. tonsa is suggested as promising technology to be used in hatcheries due to their immediate response to stimulation signals of induction treatments and rapid hatching after the quiescent phase (Drillet et al., 2006; Højgaard et al., 2008; Abate et al., 2015). In fact, we did not find in the literature any study focusing on the pathway of bacteria colonization in copepod eggs. But, some recent studies focusing on late developmental stages of copepods (mainly adults) showed that the colonization pathway could be complicated (Rawlings et al., 2007; Almada and Tarrant, 2016). Moreover, some experimental studies confirmed that some bacterial strains (such as Escherichia coli.) cannot colonize copepods (Dumontet et al., 1996). However, the pathway of bacterial colonization of copepod eggs was not the central element of our study. In fact, we targeted the eggs of the calanoid species A. tonsa as the high potential of using these eggs mostly storage in cold (2–4°C) as quiescent eggs, in aquaculture use is intensively studied. Especially the effect of stocking density on production of A. tonsa eggs was studied and the effect of cold storage duration on the hatching success of eggs was reviewed in (Hansen et al., 2016). Other studies focused on the effect of external conditions (elevated temperature, wavelength, light intensity etc.) on the hatching success of freshly produced or cold-stored eggs of A. tonsa (Hagemann et al., 2016; Hansen et al., 2016; Franco et al., 2017). In order to achieve the great potential of A. tonsa eggs in aquaculture, their microbiome should be studied for two main reasons: (i) in order to screen the presence of pathogens that may introduce any risk in hatchery if no disinfection was used and (ii) to look if some associated strains have positive effect (like probiotic potential) and consequently they have to be maintained with eggs. In fact, some studies already mentioned that encapsulation of probiotic bacteria of genus Bacillus through copepods is very efficient in improving survival of fish larvae such as grouper (Sun et al., 2013). However, to our knowledge the isolation of bacteria strains from copepod eggs (or copepods in general) with high probiotic potential has never been done in the past.

As in other areas of animal farming, antibiotics have routinely been administered but there have negative impacts on the environment and human health. This includes the emergence of antibiotic-resistant bacterial strains, the accumulation of residues in edible tissues and the depression of immune systems (Carbone and Faggio, 2016). For these reasons, the use of antibiotic treatment in aquaculture was banished in the European Union and is under stringent regulations in the United States of America and in other countries (Carbone and Faggio, 2016). This strict regulation led to the investigation and the development of alternative strategies to disease control. Among these alternative control regimes, vaccination and the use of anti-microbial agents were initially proposed (Austin and Austin, 1993). Probiotic bacteria also appear as an interesting strategy as they can be a natural protective and/or curative treatment, based on their beneficial properties. Probiotics used in aquaculture belong to a number of phylogenetic lineages, but mainly derive from two bacterial divisions: the proteobacteria (especially gammaproteobacteria) and the Firmicutes, among which numerous members of the genus Bacillus have been described (Hong et al., 2005) such as Bacillus subtilis (Moriarty, 1998; Balcázar and Rojas-Luna, 2007; Aly et al., 2008) and B. pumilus (Duc et al., 2004). Although probiotic propensity is not solely related to molecules produced by a strain, B. pumilus species produce structurally diverse classes of secondary metabolites, such as fengycins, surfactants, glycocholic acid, amicoumacins A and B and lipoamides A–C and these structurally polyvalent compounds have effective antimicrobial activity against various pathogens (Lebbadi et al., 1994; Berrue et al., 2009; Xu et al., 2014; Mora et al., 2015).

The aim of the present study was to isolate and characterize the culturable mesophilic bacterial flora colonizing A. tonsa eggs issued from the copepod species collection of the LOG-Marine Station of Wimereux located on northern coast of France. To fulfill this goal, bacterial isolation was performed using nutritive agar medium at 25°C for 48 to 72 h. Gram staining and catalase test were performed prior to further characterization of the isolates. MALDI-TOF-MS was used as main means of bacterial identification, along with some 16S rDNA molecular identification. The antagonism of strains was tested against selected fish pathogens and molecules responsible for antagonisms were characterized by liquid chromatography coupled to mass spectrometry.

MATERIALS AND METHODS

Conditions of Copepod Breeding and Copepod Egg Collection

The A. tonsa strain used in the present study was obtained from Roskilde University (strain code DFH-ATI) and was raised at the marine station of Wimereux for several generations. Copepods were routinely cultivated in 20-L polycarbonate carboys and then upscaled up to 300-L volume by using transparent tanks as described by (Tlili et al., 2016) excepted that copepods were fed every 2 days with an excess of the alga Rhodomonas sp. A. tonsa eggs were collected by sieving the culture water using the same procedure as in Pan et al. (2015). Then eggs were rinsed using sterile sea water and stored at 4°C in dark sterile bottles of 15 mL.

Growth Conditions and Bacillus Isolation

Copepod eggs were washed three times with sterile distilled water and then mixed for 3 min using a homogenizer Ultra-turrax Ika-T25D model (Imlab, Lille, France) in 9 mL of SSB (1 g tryptone, 8.5 g sodium chloride dissolved in 1 L of distilled water), serially diluted in 0.9% (v/v) SSB from 10-1 to 10-6, plated on nutrient agar in Petri dishes (Sigma–Aldrich, St. Quentin Fallavier, France) using the spread plate method and incubated at 25°C for 48 h. Morphological characteristics of isolates were determined using visual assessment of bacterial colonies on nutrient agar plates along with microscopic examination according to the standard procedures described in Bergey’s manual of systematic bacteriology. Gram staining and the catalase test (catalase production) were carried out. Morphologically different colonies were selected from the agar plates, streaked on fresh nutrient agar plates and incubated at 25°C for 48 h. Finally, bacterial isolates were inoculated into nutrient broth (Merck, Germany) and stored in 30% glycerol at -80°C for further analysis.

Bacteria Identification by MALDI-TOF-MS

Mass Spectrometry (MS) Profile Acquisition from Colony Forming Units

Single bacterial colonies were picked up three times with pipette tips and separately smeared as a thin layer onto a ground steel matrix-assisted-laser-desorption/ionization (MALDI) target according to the manufacturer’s instructions (Bruker Daltonics, Bremen, Germany). The on-target deposits were overlaid with 1 μL of 70% formic acid solution, dried at room temperature, overlaid again with 1 μL of matrix solution [10 mg/ml of HCCA dissolved in ACN/water/TFA (50/47.5/2.5; v/v/v)] and dried again (Nacef et al., 2016).

Matrix-assisted laser desorption/ionization-time of flight-mass spectrometry analyses were performed on an Autoflex SpeedTM (Bruker Daltonics) running Flexcontrol 3.4 software. The MALDI-TOF mass spectrometer calibration was performed using the BTS as per Bruker’s recommendations. This calibration kit contains a typical protein extract of E. coli DH5alpha spiked with two additional pure proteins (RNAse A and myoglobin) to cover an overall mass range from 4 to 17 kDa. MALDI-MS profiles were acquired in positive linear mode across the m/z range of 2,000–20,000 Da using the manufacturer’s automatic method MBT_FC.par. Each MALDI-MS profile was the sum of the ions obtained from 480 laser shots performed randomly on different regions of the same spot.

Bacteria Identification Using Biotyper

Mass spectra were processed using Biotyper software (version 3.0; Bruker Daltonics) running with the Biotyper database version DB-5989, containing 5989 reference MALDI-MS profiles (5298 of bacteria, 626 of yeasts and 65 of filamentous fungi) called MSP. The experimental MALDI-MS profiles obtained from bacteria isolates were matched on the reference MALDI-MS profiles and the matches were restituted by Biotyper along with a Log(score) and an associated color code (green, yellow, and red). Briefly, a Biotyper Log(score) exceeding 2.3 (green color) indicates a highly probable identification at the species level. A Log(score) between 2.0 and 2.3 corresponds to highly probable identification at the genus level (green color) and probable identification at the species level. A Log(score) between 1.7 and 2.0 (yellow color) implies only probable genus identification; while score value lower than 1.7 (red color) means no significant similarity between the unknown profile and any of those of the database.

Molecular Biology Experiments

Genomic DNA Extraction

Pure genomic DNA was extracted from each Bacillus strain identified by MALDI-TOF-MS with the Wizard® Genomic DNA Purification Kit (Promega, Charbonnières-les-Bains, France) and then quantified with a Nanodrop Lite (Biowave II, Biochrom WPA, Cambridge, United Kingdom).

Polymerase Chain Reaction (PCR) -Based Amplification of Bacterial 16S Ribosomal DNA (16S rDNA)

The 16S rDNA of the five strains (18 COPS, 35A COPS, 35R COPS, 38 COPS, and 40A COPS) were amplified with 16S forward 5′-AGAGTTTGATCMTGGCTCAG-3′ and 16S reverse 5′-GGMTACCTTGTTACGAYTTC-3′ primers (Drago et al., 2011) using the following PCR program: 94°C/5 min, 29 cycles at 94°C/1 min, 55°C/1 min and 72°C/1 min and finally 72°C/5 min (Al Atya et al., 2015). Amplified products were purified using a PCR purification kit (Qiagen, Courtaboeuf, France) and sequenced by Eurofins Genomics (Munich, Germany). Nucleotide sequences were subjected to homology search using the nucleotide BLAST software of the NCBI. Phylogenetic analysis of 16S rDNA sequences by maximum likelihood analysis method was performed using MEGA 7 according to Hall (Hall, 2013).

Antagonism Assay

Antibacterial activity was assessed against the GNB and GPB listed in Table 1, using two methods: the spot inoculation on agar test and the well-known agar diffusion test slightly modified by Al Atya et al. (2015). The pathogenic bacteria used in this study were handled in a laboratory of microbiological safety level L2 to avoid contamination and to comply with the hygiene and safety of the laboratory according to the safe conditions of use of pathogens.

TABLE 1. Antimicrobial activities of cell free supernatant (CFS) from Bacillus pumilus by well agar diffusion method.
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Assessment of Antimicrobial Activity Based on Spot Inoculation on Agar

The antimicrobial activities of B. pumilus strains named 18 COPS, 35A COPS, 35R COPS, 38 COPS, and 40A COPS and 9 strains of B. subtilis named 181 COPS, 21 COPS, 23 COPS, 24 COPS, 30 COPS, 351 COPS, 401 COPS, 41 COPS, 58 COPS isolated from copepod eggs were determined in triplicates by spot inoculation on agar using 5 μL of B. pumilus and B. subtilis cultures (collected after 48 h of incubation at 25°C) on Mueller Hinton agar plates pre-inoculated with 150 μL of pathogenic strains listed in Table 1. Thereafter, plates were incubated at 25°C for 48 h and the antibacterial activity was determined by measuring the inhibition zone diameters around the spot of B. pumilus and B. subtilis cultures.

Assessment of the Antimicrobial Activity Based on the Agar Diffusion Test

The CFS used for antibacterial activity measurement were obtained by centrifugation (10,000 × g, 10 min, 4°C) from fresh cultures of B. pumilus and B. subtilis grown at 25°C for 24–48 h in nutrient broth. Wells were made within solid Mueller Hinton agar plates, pre-inoculated with 150 μL of pathogenic strains (Table 1) and filled with 50 μL of each B. pumilus and B. subtilis CFS. Agar plates were left at room temperature, in sterile conditions, for 1 h before incubation for 24–48 h at 25°C. Each assay was performed in triplicate. Following incubation, antibacterial activity was assessed by measuring the inhibition zones around the well containing the CFS. The diameter of each zone inhibition was measured in millimeters.

Characterization of Molecules Responsible for the Antibacterial Activity

The CFS samples from B. pumilus and B. subtilis cultures were separated by reversed-phase chromatography using an ACQUITY-biocompatible HPLC-system (Waters, Manchester, United Kingdom) equipped with a Phenomenex C18 Kenetex core-shell column (ID 3.0 mm × 150 mm, 2.6 μm, 100 Å). The C18-retained molecule elution was carried out using a linear gradient of ACN containing 0.1% FA (25–95% ACN over 55 min) and a flow rate of 500 μL/min. The HPLC eluent was directly electrosprayed from the column end at an applied voltage of 3 kV, using a desolvation gas (N2) flow of 500 L/h, a nebulier gas flow of 6.5 bar and desolvation temperatures of 150 and 300°C, respectively. The chromatography system was coupled to a SYNAPT-G2-Si mass spectrometer (Waters) operating in data-dependent mode. The full MS survey scans were acquired at a 20,000 (FWHM) resolving power, over the mass range of 300–3,000 m/z. Precursors observed with an intensity over 1,000 counts were selected for ion trap CID fragmentation with an isolation window of 3 amu and subjected to a collision energy ramping from 10 to 20 V for low mass and 40 to 120 V for high mass. The MS/MS spectra were recorded on the 50 to 3000 m/z range. A maximum injection time of 100 ms was used for CID MS2 spectra that were acquired over the same mass range. The method was set to analyze the five most intense ions from the survey scan. Peaks were analyzed using Mass Lynx software (ver.4.1; Waters). Structures were drawn using ChemDraw Ultra (Version 12.0.2.1076, Cambridge, MA, United States).

RESULTS

Isolates and High-Throughput Identification of Bacteria

Bacterial Isolates

Morphological characterization of the A. tonsa egg isolates obtained on nutrient agar revealed that, out of a total of 175 strains, 69% are bacilli forms, 19% cocci and 11% coccobacilli. Concomitantly, 30% of isolates are Gram-positive strains and 70% are Gram-negative strains while 27% of the strains appeared to be catalase positive and 73% catalase negative.

High-Throughput Identification by MALDI-TOF

Out of the 175 isolates obtained from the copepod eggs, 73 isolates (42%) could not be identified by MALDI-TOF-MS, probably due to the absence of reference mass spectra related to these species in the Bruker database. In contrast, 102 (58%) isolates were identified, of which 54% with certainty at the genus and species levels and 46% only at the genus level. The results of MALDI-TOF-MS-based identifications showed a great diversity of bacterial strains belonging to twelve different genera including Gram-positive and Gram-negative (Figure 1), with Vibrio, Staphylococcus and Bacillus as the dominant genera. Amongst the 29 species found, (i) 8 belong to the genus Vibrio, notably V. anguillarum (19 strains), V. pomeroyi (6 strains), V. cyclitrophicus (4 strains), V. alginolyticus (1 strain), V. scophthalmi (2 strains), V. gigantis (1 strain) and V. changasii (1 strain); (ii) 4 species belong to the genus Staphylococcus including S. hominis (10 strains), S. epidermidis (6 strains), S. cohnii (1 strain), and S. capitis (1 stain); (iii) 5 species belong to the genus Bacillus with the species B. subtilis (9 strains), B. pumilus (5 strains), B. licheniformis (3 strains), B. cereus (5 strains), and B. mojavensis (3 strains), and (iv) 3 species of the genus Pseudomonas such as P. putida (9 strains), P. stutzeri (2 strains), and P. anguilliseptica (3 strains). In addition to these dominant genera, other genera such as E. coli, Shewanella algae, Shewanella putrefaciens, Micrococcus luteus, Rhizobium radiobacter, and Neisseria flavescens were also unambiguously identified by MALDI-MS profiling.
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FIGURE 1. Species distribution of bacterial strains identified by MALDI-TOF mass spectrometry isolated from copepod eggs of Acartia tonsa.



Some of these bacteria are pathogenic to both fishes and humans (e.g., Vibrio spp.), some are harmless to fishes but pathogenic to humans (e.g., Listeria, Staphylococcus, and Vibrio) while some can be potential probiotics both for fishes and humans (e.g., Bacillus). Interestingly, in growing condition close to that of rearing fish (25°C), the dominant genera isolated from the eggs of copepod A. tonsa are Vibrio and Bacillus. Therefore, 14 strains of Bacillus genus, including 5 strains of B. pumilus named 18 COPS, 35A COPS, 35R COPS, 38 COPS, 40A COPS, and 9 strains of B. subtilis named 181 COPS, 21 COPS, 23 COPS, 24 COPS, 30 COPS, 351 COPS, 401 COPS, 41 COPS, and 58 COPS were tested against some fish pathogens to evaluate their antagonistic activities.

Antagonistic Activities of Isolated Bacillus Strains

The antagonistic activities were assessed in triplicates using two methods: the on-site inoculation agar test and the agar diffusion assay, for which the antagonistic activity was quantified using the size of the growth inhibition zone (in mm) around the spot or the well. The spot inoculation agar test revealed that only the B. pumilus strains displayed antagonistic activities against Vibrio, Kocuria, Listeria, and Staphylococcus (data no shown), demonstrating that the cells and CFS are both responsible for such antagonistic activities. To identify if the antimicrobial activity was due to a secreted molecule, the antimicrobial activity of CFS from B. pumilus and B. subtilis was assessed by the agar well diffusion method and the results are gathered in the Table 1.

As expected, the CFS of B. subtilis strains had no activity against our range of pathogens including strains of Vibrio, Listeria, and Staphylococcus. On the other hand, the CFS of B. pumilus strains displayed activities against these pathogens. More precisely, the highest antagonistic activity for the five tested B. pumilus strains was observed against V. alginolyticus CIP103336 and V. alginolyticus 17EMB (previously isolated by ourself from seawater), for which obtained inhibition zones ranged between 10 to 15 mm in size, except for B. pumilus 40A COPS which displayed weaker activity against V. alginolyticus CIP103336. A similar antagonistic activity pattern was observed against Listeria innocua ATCC 51742 and L. monocytogenes 157 with wide inhibition zone (10–15 mm). Interestingly, these antagonisms appeared to be strain specific, as no inhibition zone was observed for the other L. monocytogenes strains tested (L. monocytogenes 158, 161, and 162). The CFS of B. pumilus strains displayed activities against Staphylococcus aureus ATCC 33862, S. aureus ATCC 25923 and V. anguillarum 1 COPS (isolated during this study from copepod eggs), for which the sizes of obtained inhibition zones were close to 6–8 mm. These antagonistic activities were lower than observed activities against V. alginolyticus strains. No activity was observed for any of the methicillin-resistant S. aureus (MRSA) strains tested and the S. epidermidis strain.

Phylogeny of the B. pumilus Isolates

The B. pumilus isolates identified in this study exhibit high activities against pathogenic bacteria both for humans and fishes and especially at larval stages. The gel view (Figure 2A, right panel) of MALDI-TOF-MS profiles of B. pumilus strains shows that the MS profiles are similar in term of intensity and mass over charge ratio (m/z) of mass signals. Moreover, as demonstrated by the dendrogram displayed in Figure 2A (left panel), these B. pumilus MS profiles appear highly similar to the Bruker database reference MS profile for B. pumilus DSM 13835. Additionally, this dendrogram illustrates, based on the strains MS profiles, the phylogenic distance between two other strains: Paenibacillus polymyxa DSM 292 and B. subtilis DSM 5552.
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FIGURE 2. Dendrogram and gel view MALDI-TOF mass spectra comparing the phylogenetic tree of 16S rDNA gene sequences and the phylogeny of Bacillus pumilus strains. (A) Dendrogram and gel view MALDI-TOF-MS profiles created by the Biotyper MSP Dendrogram Creation Standard Method, version 1.4 with default settings as follow: distance measure: correlation; linkage: –300, related-0. Out-grouping was performed with the reference strain B. pumilus DSM1382, B. subtilis DSM 5552 and Paenibacillus polymyxa DSM 292 (B) Neighbor-joining tree and table of alignment scores of 16S rDNA gene sequences of B. pumilus strains isolated from copepod eggs (A. tonsa) using the nucleotide (BLAST) software of NCBI tree generated using MEGA 7 software. Out-grouping was performed with the reference strain B. pumilus ATCC7061, B. subtilis ATCC6633 and Paenibacillus polymyxa KCTC 1663.



To confirm these results, all B pumilus strains were subjected to molecular biology–based bacterial identification. The 16S rDNA amplification and sequencing have also identified the 18 COPS, 35A COPS, 35R COPS, 38 COPS, and 40A COPS strains as B. pumilus. The 16S rDNA sequence have been subjected to Genbank and the accession numbers are MF692772; MF692773; MF692774; MF692775, and MF692776, respectively. With max scores between 1982 and 2617, e-values of 0 and identification scores of 99%, the phylogenetic analysis of 16S rDNA sequences (Figure 2B) shows that these five strains are affiliated and very close to each other, except for the 35R COPS strain which is grouped alone. Furthermore, the 4 strains 18 COPS, 35A COPS, 38 COPS, and 40A COPS seem to form one distinct group, and appear affiliated with the reference strain B. pumilus ATCC7061. Interestingly this group clustered on the same branch from which the 35R COPS strain derived, this strain forming an isolated ramification. The identification score of 96% for 35R COPS strain suggests that it could be new strain that is not in the NCBI database. This finding prompted us to characterize the secondary metabolites produced by this isolate.

Characterization of Antibacterial Activities

The medium culture (blank data not shown), the CFS issued from the B. pumilus 35R and B. subtilis 23 COPS strains were subjected to a reverse-phase HPLC-MS/MS analysis on an Acquity-Synapt G2-Si device (Waters). The C18-retained molecules were eluted using a linear ACN gradient of around 1.3%/min (25–95% ACN in 55 min). The BPI-chromatograms (normalized to 5 × 106 ions for a better BPI-chromatogram comparison) are depicted in Figures 3A,B, respectively. As expected, the resolution of the C18 core-shell column revealed the presence of many compounds as demonstrated by the number of peaks. The BPI-chromatogram from B. subtilis 23 COPS CFS can be divided into 3 zones: (i) the 1–20 min region corresponds to less hydrophobic compounds and shows only a few peaks, (ii) the 20–35 min region where no mass signals are detected and (iii) the 35–58 min regions which corresponds to the elution of lipopeptides (Kalinovskaya et al., 2002) and during which around seven mass signals corresponding to surfactin isoforms are detected (see Supplementary Table S1 for details). The BPI-chromatogram from B. pumilus (35R COPS) CFS can be divided into four zones: (i) the 1–11 min region which is similar in terms of mass signals to the same region issued from the 23 COPS CFS BPI-chromatogram, (ii) the 11–20 min region characterized by a very high intensity (5 × 1015) of mass signals and which is not present in the 23 COPS CFS BPI-chromatogram, (iii) the 20–46 min region where only a few mass signals are detected and (iv) the 46–58 min region, which also corresponds to the elution zone of lipopeptides, demonstrates that the heavy surfactin isoforms (Supplementary Table S1) produced by the 35R COPS strain are more abundant than in the 23 COPS CFS. Therefore, through this differential approach combining antagonism activity and the HPLC-MS/MS analysis of CFS, we conclude that the antagonism activity of the CFS of B. pumilus 35R COPS is mandatory due to compounds in the 11–20 min region of the BPI-chromatogram.
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FIGURE 3. Base-peak intensity-chromatogram (BPI) of CFS issued from the B. subtilis 23 COPS (A) and B. pumilus 35R (B) strains. The BPI-chromatograms are normalized to 5 × 106 ions for a better BPI-chromatogram comparison. Elution of the C18-retained molecules were performed using a linear ACN gradient of around 1.3%/min (25–95% ACN in 55 min).



Table 2 gathers the main compounds detected by UV-absorbance and mass spectrometry from the 11–20 min region of the BPI-chromatogram. Molecular structures were deduced based on specific UV-absorbance profiles and mass fragmentation patterns (Figure 4) obtained by CID. According to the UV-absorbance profile, phosphoamicoumacin B (m/z = 505.2065; RT = 13.19 min) and A (m/z = 504.2140; RT = 12.86 min) are the most abundant molecular forms. Concomitantly, amicoumacin B (m/z = 425.2271; RT = 14.1 min) and A (m/z = 424.2271; RT = 13.42 min) are also detected in mass spectrometry but their UV-signal calculated abundance is lower.

TABLE 2. List of amicoumacins characterized by UV-absorbance and mass spectrometry from the 11–20 min region of the BPI-chromatogram issued from the CFS of B. pumilus 35R COPS.
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FIGURE 4. Mass fragmentation patterns obtained by CID of the main abundant forms of amicoumacins: (A) amicoumacin A, (B) amicoumacin B, (C) phosphoamicoumacin A, and (D) phosphoamicoumacin B of B. pumilus 35R COPS CSF. The spectra were produced using a SYNAPT-G2-Si mass spectrometer (Waters) operating in data-dependent mode.



Molecular structure elucidation was performed using the CID-fragmentation patterns shown in Figures 4A–D. As illustrated, the fragmentation pattern below the m/z 274.08 is strictly identical from one molecule to another and, combined with the UV-profile common to all compounds, this indicates that all molecules have the same chromophore (3, 4-dihydro-8-hydroxyisocoumarin). The phosphorylated amicoumacins are easily identified by the 98 Da-mass difference, specific to the loss of a phosphoric acid group (H2PO4). Finally, for each compound, the ion fragments detected in the higher m/z values testify to the successive loss, from the pseudo molecular ions, of NH3 and H2O groups and therefore demonstrate the presence of an amide group (amicoumacin A forms) and a carboxylic group (amicoumacin B forms).

DISCUSSION

In this study, using mesophilic culture conditions, 175 bacterial strains were isolated from strains colonizing A. tonsa eggs, among which large majority (70%) of these isolates were GNB and a quarter were catalase positive. MALDI-TOF-MS analysis allowed rapid and reliable identification of most of these isolates, at least at the genus level and often at the species level. In fine although the real numerical relevance can be different compared to a 16S rDNA sequencing that can be directly performed on copepod eggs, a great diversity of bacterial genera was found, including Staphylococcus, Kocuria, and Pseudomonas strains. Although the copepod-egg isolated strains may have as origin the environment (e.g., adult copepods itself: from mating, egg release, fecal pellets; microalgae), some identified strains are known to be opportunistic pathogens for fishes, humans or both such as V. anguillarum, E. coli, or B. cereus. Bacteria that are harmless to fish but pathogenic to humans (Listeria, Staphylococcus, and Vibrio) constitute a threat that is all the more important as fish living in polluted waters can carry Streptococci and fecal coliforms (Gatesoupe and Lésel, 1998). Previously, Hansen and Bech (1996) reported that the microflora of fecal pellets from another copepod species of Northern hemisphere, A. tonsa (Dana) were dominated by Bacillus, Cytophaga/Flavobacterium, Vibrio, and Pseudomonas. These bacteria were mainly found attached to the exoskeleton of copepods and to a lesser extent in the gut as well as internally in skeletal muscle tissue. Once more, we illustrate that these strains are generally associated to the A. tonsa culture, and this from the laying of eggs. Hence, the copepod eggs could be an elegant way for transporting strains of interest. However, a recent study, based on a dual analysis (denaturing gradient gel electrophoresis (DGGE) and pyrosequencing) targeting the bacterial 16S rRNA gene, unveiled that the microbiota of copepods is dominated by Alphaproteobacteria and Gammaproteobacteria and showed the presence, in lower abundance of Actinobacteria, Verrucomicrobia, Firmicutes, and Bacteroidetes (Skovgaard et al., 2015). The identification of the exact pathway of colonization can be developed in future studies by using appropriate experimental protocol. In fact, we did not find in the literature any study focusing on the pathway of bacteria colonization in copepod eggs. But, some recent studies focusing on late developmental stages of copepods (mainly adults) showed that the colonization pathway could be complicated (Dumontet et al., 1996; Rawlings et al., 2007; Almada and Tarrant, 2016). Moreover, some experimental studies confirmed that some bacterial strains (such as E. coli.) cannot colonize copepods (Dumontet et al., 1996). Anyway, the pathway of bacterial colonization of copepod eggs was not the central element of our study.

Here, we focused our attention primarily on five strains belonging to the B. pumilus species (18 COPS, 35A COPS, 35R COPS, 38 COPS, and 40A COPS), initially identified by MALDI-TOF-MS and then confirmed by sequence analysis of the 16S rDNA, for several reasons. First of all B. pumilus had already been described as a potential probiotic bacterium (Duc et al., 2004). Such strains could be easily used in aquaculture, as Bacillus species are known for their ability to adapt easily to diverse habitats (Parvathi et al., 2009). Moreover several species of Bacillus including B. cereus, B. subtilis, and B. pumilus inhabit coastal and marine environments (Parvathi et al., 2009). Finally, B. pumilus has also been reported to be the second most predominant Bacillus species in space crafts (Nicholson et al., 2000).

The antagonism capability of the five strains of B. pumilus isolated in this study was suggested by their antimicrobial activity against several pathogens (V. anguillarum, V. alginolyticus, L. innocua, L. monocytogenes, and S. aureus). Interestingly, the probiotic propensity of B. pumilus strains have been already reported. A recent study showed that B. pumilus H2 isolated from marine sediment, used as probiotic for juvenile shrimp, has strong potential for the prevention or treatment of fish vibriosis in the aquaculture industry (Gao et al., 2017). Previously, Leyton et al. (2012) have shown that B. pumilus, issued from a marine strain of the collection of the Laboratorio de Ecología Microbiana of the Universidad de Antofagasta, produces metabolites that significantly inhibit the growth of the pathogen V. parahaemolyticus. Another example, a B. pumilus strain, isolated from the mid-gut of healthy black tiger shrimp, weakly inhibits the growth of V. parahaemolyticus in cross-streaking assays on solid medium but strongly inhibits those of the marine bacterial pathogens V. alginolyticus, V. mimicus, and V. harveyi, and was thought-out commercial potential as a probiotic (Hill et al., 2009).

Through this study, we illustrate that the CFS collected from the culture of our five B. pumilus strains inhibit the growth of various Vibrio strains. These bacteria are responsible for fish vibriosis which causes lethargy, degeneration of the gills, lymphoid organ, digestive system and epitheliums leading to eventual or rapid mortality (Rasheed, 1989; Deane et al., 2001; Akaylı and Timur, 2002; Haenen et al., 2014). To limit the dissemination of resistant bacteria, the use of antibiotics to fight bacterial diseases in aquaculture farms is now banished or strictly regulated in developed countries (Carbone and Faggio, 2016). Therefore, the use of antagonistic bacteria to limit the development of vibriosis appears as a promising strategy (Carbone and Faggio, 2016), and Bacillus seems to be a good candidate for this purpose. Bacteria belonging to this genus display several advantages including an environmental ubiquity, a persistence and stability in the harsh conditions of the gastrointestinal ecosystem since Bacillus spores can tolerate such environment and are able to germinate and proliferate within the intestine (Tam et al., 2006). Moreover Prieto et al. (2014) have recently recommended that probiotics should be isolated from the gastrointestinal tract to give them the best chance of surviving in and colonizing the intestine.

The mode of action of probiotics in in vivo conditions remains unclear with a number of potentially synergistic or complementary mechanisms proposed, including immunostimulation (Díaz-Rosales et al., 2006; Scharek et al., 2007), inhibition or competition with potential pathogens (Vine et al., 2004; Balcázar and Rojas-Luna, 2007; Decamp et al., 2008) or simply maintenance of healthy and diverse intestinal microbiota. In our case the five isolated strains of B. pumilus display antagonism which could be associated with the production of two major families of antimicrobial compounds, the fengycins and the surfactins (Lebbadi et al., 1994; Xu et al., 2014; Mora et al., 2015). The presence of the genes coding for these two lipopeptides was established and could be considered as one of the main mechanisms implicated in the antagonistic effects on the pathogens tested. HPLC-MS/MS analyses performed on the most active CFS from by B. pumilus and the inactive CFS from B. subtilis isolated in this study reveals that no molecule of the fengycin family is produced by both strains. Concomitantly, the population of surfactin molecules is not so different between each strain and, as demonstrated by HPLC-MS/MS data, only B. pumilus produces heavier surfactin isoforms. Similarly, Berrue et al. (2009) have isolated a B. pumilus strain (SP21) from a sediment sample collected in the Bahamas and reported its antagonism against S. aureus ATCC 10832, Pseudomonas aeruginosa ATCC 14210 and Candida albicans ATCC 14053. As characterized by spectroscopic methods including 2D-NMR and MS, this strain SP21 produces 5 surfactin analogs, the glycocholic acid, the amicoumacins A and B in addition to 3 lipoamides A–C.

Some strains of the Bacillus genus produce natural compounds displaying antagonistic activities against many bacterial, fungal pathogens and are often used as agents for the treatment and/or prevention of different plant and animal infections (Ongena and Jacques, 2008; Lee and Kim, 2011). Their antimicrobial activities are mainly attributed to the production of antibiotic peptide derivatives of the lipopeptide family (Berrue et al., 2009). B. pumilus strains have been reported as producing another antimicrobial peptides called pumilucidins which are active against a wide range of microorganisms (Naruse et al., 1990). In this study, we reported that two major families of antimicrobial compounds are produced by the B. pumilus strain named 35R COPS associated to copepod eggs: the surfactin and the amicoumacin families.

The amicoumacins A, B, and C are a family of structurally diverse products that possess a broad range of pharmacological properties such as antibacterial, anti-inflammatory, antiulcer, gastroprotective, and anti-Helicobacter pylori (Itoh et al., 1981; Hashimoto et al., 2007). A recent study has shown that B. pumilus H2 isolated from marine sediment produces an active molecule against Vibrio species (Gao et al., 2017). This active molecule was identified as the amicoumacin A, indicating that this B. pumilus strain has a strong potential application in the prevention or control of fish vibriosis. In 2007, the MU313B B. pumilus strain isolated from a soil sample collected in Japan was shown to produce amicoumacins A, B and their 8′-phospho derivatives. These molecules have been reported to play a crucial role in the anti-S. aureus and anti-MRSA activities (Hashimoto et al., 2007). The potential probiotic traits of the B. pumilus 35R COPS strain associated to copepod eggs should be investigated further and confirmed by in vivo study to establish their efficacy in live animals.

CONCLUSION

Copepods are a natural, economical, equilibrated and safe food source for the growth of fish larvae in larviculture. Moreover, through their microbiote (acquired or innate), copepods appear as a natural way of probiotics administration for the fish larvae. Here, from copepod eggs (isolation site) and using the modern, fast, accurate MALDI-TOF-profiling approach, we reported the bacterial identification of 102 (58%) over 175 isolates obtained according to mesophilic culture conditions. Thirty-four strains belong to Vibrio genus, 18 to Staphylococcus genus, 14 to Pseudomonas genus, 25 to Bacillus genus. Among the latter, B. pumilus and B. subtilis strains were subjected to two antagonism tests. The CFS of B. pumilus displayed an antagonistic activity against certain species of the Vibrio, Kocuria, Listeria, and Staphylococcus genera in contrast to those of B. subtilis. These differences in antimicrobial activities have been used for a rapid discrimination of the compounds responsible for the antagonism. Therefore, their CFS compounds were resolved and compared through a differential HPLC-ESI-MS/MS approach. Using this approach, the surfactin family molecules found in each CFS have been rapidly excluded as candidate and compounds found exclusively in the B. pumilus CFS, eluted in the 11–20 min region, were characterized using their specific UV-absorbance profiles and their MS/MS fragmentation patterns. Hence, the antagonism activity of B. pumilus CFS was indirectly shown to be due to members of the amicoumacin family: the amicoumacin A, the amicoumacin B, the phosphoamicoumacin A and the phosphoamicoumacin B. The potential probiotic propensity of the 35R COPS strain stays still clearly to establish in the future initially through the determination of its in vitro survival in gastric and intestinal environments, the determination of hydrophobicity percentage but also other added values and the search of the genes coding for the members of the amicoumacin family.
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