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Abstract

:

During their entire lifecycle, mariculture animals are farmed in water that contains various microorganisms with which they are in close associations. Microbial exchanges between the animals and their surrounding water can occur. However, little is known about the interactions between shrimp larvae and water, and more especially, about larval bacterial selection and microbiota modulation across ontogeny. To address this gap, using HiSeq sequencing targeting the V4 region of the 16S rRNA molecule, we investigated the active prokaryotic diversity and structure of healthy Penaeus stylirostris larvae and seawater. Comparisons between different larval stages revealed evidence of stage-specific microbiotas and biomarkers, a core microbiota common to all stages, and shared taxa between successive stages, suggesting vertical transmission of bacterial taxa. Comparisons between stage-specific microbiotas and core microbiotas with water storages highlighted that many taxa associated with the larvae were originally present in the natural seawater, underlining horizontal transmission of bacteria from water to larvae. As some of these lineages became active at specific larval stages, we suggest that larvae were able to modulate their microbiota. This study provides insight into larvae-microbiota interactions at the larval stage scale.
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1. Introduction


Aquatic animals are under the influence of their surrounding water and, therefore, of the water microbiota, which is involved in various biogeochemical cycles, such as carbon or nitrogen, and in the animal’s health. Some microorganisms can be pathogenic, while others may act as antipredators or probiotics [1,2,3,4,5,6,7]. Microbial exchanges can occur between water and macroorganisms’ tissues, such as the gut, gill or mantle, and aquatic animals can select specific lineages from the water to enrich their microbiota [2,8,9]. The microbial lineages associated with the host become part of the animal microbiota and form the holobiont. Therefore, the holobiont is a composite organism that encompasses the host, a Eukaryotic species, and the associated microbiota that provides it with more genetic and functional capabilities [10,11]. Indeed, the microbiota can play great roles in a host’s health, immunity, development or fitness [12,13]. Nowadays, it is assumed that microbial–host interactions within the holobiont are mostly driven by genetic co-evolution and ecological relationships [10,11]. Recent studies have also pointed out the importance of both biotic and abiotic interactions on host microbiota composition [14,15]. However, little is known about the processes involved in forming a holobiont and about host–microbiota interactions. Indeed, among these processes, we can cite selection pressures for microbial lineages from the same host, the concept of an “ecosystem on a leash” for animals and plants that promotes growth, and therefore, the activities of microbial lineage that bring beneficial features for host immunity and physiology, as well as overall biotic and abiotic interactions [11,16]. In penaeid–microbiota interactions, the host’s health, developmental stages, molting stages and the use of probiotics are factors known to have a strong influence on shrimp microbiota. Scarce information is available about how microbial lineages are transmitted to the host during the larval stage [1,17,18], even though vertical and horizontal transmissions have been noted from the breeders to the eggs and nauplii but not at later larval stages [19,20]. Therefore, biotic and abiotic factors influencing the microbiota associated with penaeid larvae at a given stage need further consideration, as well as host–microbiota genetic relationships. Indeed, procaryotic communities are influenced by both deterministic and stochastic processes. Deterministic processes are related to abiotic and biotic selection based on environmental conditions such as temperature, pH, nutrient resources, nature of the host habitat and biological interactions such as predation, competition and the host’s age. These factors can impact microbial structure and diversity. On the other hand, stochastic mechanisms involve ecological drift, dispersion or random change in the community (Zhou and Ning, 2017 [21] and references therein). Several studies have shown that these two processes are complementary and occur simultaneously together to shape the microbiota structure [21,22]. Recent studies have demonstrated that the shrimp (Penaeus vannamei) larval microbiota at its early stage was mostly influenced by stochastic processes, mainly through dispersal mechanisms [3]. It has been demonstrated that the microbiota inhabiting the gut of larval shrimps of P. vannamei was driven by variable selections rather than by host ontogeny [23]. The authors also showed that the succession of the prokaryotes inhabiting the larval gut was mainly driven by the age of the shrimps and that the microbiota was inherited from the earliest stages [23].



Shrimp aquaculture is one of the main sectors that provide seafood worldwide [24]. In New Caledonia, Penaeus stylirostris, also known as the Pacific blue shrimp, was introduced at the beginning of the 1970s. Since the 1990s, Pacific blue shrimps have been reared in a semi-intensive way, leading to a current annual production of almost 1500 tons, while the production had reached 2000 tons at the beginning of the 2000s (FAO “Fisheries and Aquaculture”). This decrease is mainly due to two seasonal epizooties involving two Vibrio species that cause dramatic mortalities affecting juveniles and adult shrimps grown in earthen ponds [4,25] and to larval mortality occurring at all larval stages in hatcheries for which no causes have been found yet [26,27,28]. So far, no evidence of larval septicemia has been revealed. Thus, multifactorial causes, as well as dysbiosis of the microbiota of the rearing water and/or of the larvae, have been hypothesized as factors inducing larval death. In previous studies dealing with the microbiota of the rearing water-hosting larvae with contrasted survival rates (from very low survival rates of 15% to 70%), we identified biomarkers specific to good or poor larval survival rates [27,28]. However, we lack data about the microbial diversity and structure associated with healthy Penaeus stylirsotris larvae. In order to fill this gap, this study aimed to (1) access the evolution of the microbial diversity and structure associated with the larvae at each developmental stage, (2) investigate specific and core microbiota that can provide evidence of putative bacterial vertical transmissions between stages as well as horizontal transmissions from the water to the larvae and (3) highlight stage-specific biomarkers of healthy larvae to later develop rearing monitoring tools. Using Illumina HiSeq sequencing targeting the V4 region of the 16S rRNA molecule of the active prokaryotes, we highlighted microbial diversity associated with each larval stage and identified ASVs that were vertically transmitted from one stage to the next one, as well as lineages horizontally transmitted from the seawater to the larvae. We also underlined stage-specific microbiota that seemed to be modulated by the host and specific biomarkers of a given larval stage.




2. Materials and Methods


2.1. Study Design, Samples Collection and Storage


This study was realized in February 2019 in the experimental shrimp hatchery of the Station Aquacole de Saint Vincent, a shrimp farming research facility (Boulouparis, New Caledonia). In the hatchery, the breeding of mature Penaeus stylirostris broodstock was performed by artificially inseminating females, as described previously by Pham et al. (2012) [26]. The water used to fill the hatching and rearing tanks was collected from Saint Vincent Bay after undergoing various treatments, as explained in Callac et al., 2022 and 2023 [27,28]. Briefly, lagoon seawater was pumped using a pumping device located in the Bay, which was a 1 cm-pore-size device, into a first reservoir (ResI). Then, the water circulated through both a sand filter and a 10 µm filter prior to being stored either (1) in second water storage (ResT), where the water was treated using continuous circulation through a skimmer and a sequence of filtration through 10 and 5 µm filters for 3 days before being used to fill the hatching tanks; or (2) directly into a 2 m3 storage container implemented with intensive bubbling (ResNT) before being used for the rearing tanks. On the insemination day (D-1), hatching tanks were filled with water from the secondary reservoir (ResT), and 5 g.m−3 of ethylenediaminetetraacetic acid (EDTA, Merck France, Trosly-Breuil, France) was added in all tanks, as well as intensive bubbling. EDTA is used as a metal chelator in all the hatcheries of the territory to overcome the putative toxicity of high metal concentration in the seawater (personal communication with hatcheries’ managers). In those tanks, female breeders (1 per tank) were left in the dark for a few hours to spawn before their retrieval, as described by Giraud et al., 2022 [19]. The following day, the eggs hatched to give the first larval stage: the nauplii.



The following day, on Day 0 (D0), 100 L rearing tanks were filled with water from the storage container (ResNT). Additionally, 5 g.m−3 of EDTA and 2 ppm of erythromycin were added, along with intensive bubbling, before the nauplii addition. Erythromycin was used under veterinary guidance for prophylactic purposes to impede larval mortalities [24,25]. Prior to their transfer to the rearing tanks, the nauplii were sorted out from egg debris and unhatched eggs, rinsed with water from the secondary reservoir (ResT), and transferred at a density of 180 larvae per liter. During the rearing period, antibiotics were added to the tanks on days 3, 5, 7 and 9 at the same concentration as on D0. Throughout the 10 days of larval rearing, no water exchange was applied. Several times per day, larvae were fed using the following protocol, as described in Callac et al., 2022 and 2023 [27,28]: microparticles were added five times per day, and frozen Tetraselmis sp. were given once a day to feed the larvae at the zoea 1 and 2 stages; then, from zoea 3 to post-larvae, microparticles as well as living Artemia sp. nauplii (between 20 to 40 nauplii per shrimp larvae per day) were given twice a day.



Lagoon seawater from the first water storage (ResI) was collected 3 days before the insemination, while seawater from the other storage containers (ResT and ResNT) was sampled on the insemination day. For each water sample, 1 L of water was filtered on 0.2 µm sterile membrane filters (S-Pak, Millipore, Burlington, MA, USA), and all filters were stored at −80 °C until RNA extractions. On the reproduction day (D-1), after spawning and females’ removal, around 100 eggs were collected using sterilized pliers and stored in sterile microtubes of 2 mL. On Day 0 (D0), just before the larvae were transferred into the rearing tanks, around 100 nauplii were collected using a 120 µm pore size net and sterilized spoon and stored in 2 mL microtubes. During the experimentation, 3 tanks were monitored, and about 100 larvae were sampled every morning in the same way as the nauplii. Similar to the filters, microtubes with eggs and larvae were kept at −80 °C until RNA extractions.




2.2. Quotidian Determination of Larval Survival Rates and Larval Stages


Larval survival rates were assessed daily by taking the average of 3 direct counts of the number of dead and living larvae in 100 mL samples for each rearing tank. This allowed us to define the Larval Survival Rate (LSR) for each day using the following calculation:


LSR = 100 ∗ (counted living larvae/initial number of nauplii added on D0 in each tank).











Larval stages were established by observing 30 larvae per tank using a binocular magnifying glass, as described previously in Callac et al., 2022 and 2023 [27,28]. Each day, using the modified equation of Maddox and Manzi, the calculation of the Larval Stage Index (LSI) was determined as follows:


LSI = (0 × Nii + 1 × Z1 + 2 × Z2 + 3 × Z3 + 4 × M1 + 5 × M2 + 6 × M3 + 7 × PL)/N,








where Nii, Z1, Z2, Z3, M1, M2, M3 and PL correspond, respectively, to the number of larvae observed in the nauplius, zoea 1, zoea 2, zoea 3, mysis 1, mysis 2, mysis 3 and post larvae 1 stages, and N represents the total number of observed larvae.




2.3. RNA Extractions, Reverse Transcriptions, Sequencing and Sequence Processing


Total RNA extractions were conducted using commercial kits and following the manufacturer’s protocols: RNAeasy Powerwater kit (Qiagen, Hilden, Germany) for the filters and RNeasy mini kit (Qiagen, Hilden, Germany) for the eggs and the larvae. The total RNAs were reverse transcripted into complementary DNA (cDNAs) as described previously in Callac et al., 2022 and 2023 [27,28]. Briefly, each reaction was conducted using RNA at 200 ng/µL, M-MLV reverse transcriptase at 200 U/μL (PROMEGA, Madison, WI, USA), 2 µL of random hexamers at 50 µM, 4 µL of Buffer 5X, 2 µL of a mix of dNTP a 10 mM each and 1 µL of Rnase/Dnase free water. The reactions were performed in a VeritiTM instrument (Applied Biosystems, Waltham, MA, USA), with the following program: 10 min at 25 °C, 2 h at 42 °C and 5 min at 85 °C. The cDNAs were stored at −80 °C until shipping to MrDNA (Molecular Research LP, Shallowater, TX, USA), where the sequencing of the V4 region of the 16S rRNA molecule was performed using the universal primer set 515f-806R [29,30], according to the manufacturer’s protocol with a 2 × 150 bp paired-end run. Illumina HiSeq sequencing was conducted with an average sequencing depth of 20 k raw reads.



Prior to reading the treatment, the raw data were demultiplexed using the fastqSplitter available on the MrDNA website (https://www.Mrdnalab.com/mrdnafreesoftware/fastq-splitter.html, accessed on 20 September 2022) [20]. Then, the sequences were treated using the DADA2 [31] package, available in the Rstudio software (version 4.3.1), where we selected all the reads with a quality score (QC) above 30. As described in Callac et al., 2023 [28], the parameters used were a maxEE (maximum expected error) set at 2, a maxN (maximum N) set at 0, and a truncation based on quality scores (truncQ) set at 2. The chimeras were removed using the consensus method. Then, the Silva 138 (SSU Ref NR99 database) was used to assign the taxonomy [32]. Before downstream analysis, we removed sequences that were not affiliated with or assigned to the Eukaryota, Mitochondria or Chloroplasts. All the 16S rRNA data are available in the NCBI SRA repository (BioProject ID PRJNA736535, BioSamples SAMN39924754 to SAMN39924780 for all the samples except samples ResI, ResT, M4_Egg1, M4_Egg2, M4_Nii1 (collected on D0) and M4_Nii2 (collected on D0), respectively, available in SAMN19659073, SAMN19659074, SAMN19659075, SAMN19659076 and sample ResNT available in SRP324193, SAMN31027756).




2.4. Downstream Microbial Analysis


The alpha diversity indexes—Observed, ACE, Shannon and Inverse Simpson (InvSimpson)—were estimated using phyloseq (phyloseq package in RStudio [33]), while the Good’s coverage was calculated using RStudio. Kruskal–Wallis tests (rstatix package in Rstudio) were conducted on the alpha diversity indexes to exhibit statistically significant differences between the rearing day and the larval stage.



As conducted in previous studies, before further downstream microbial analysis, the whole ASV table was normalized using the Count Per Million (CPM) method with the edgeR package under the RStudio software (version 4.3.1) [19,20,27,28]. Beta diversity was visualized by building an NMDS based on a Bray–Curtis dissimilarity matrix using phyloseq packages [33] and ggplot2 [34] in Rstudio. The beta diversity of the whole procaryotic community composition was analyzed according to the rearing days and larval stages using PERMANOVA (non-parametric test, permutational multivariate analysis of variance) with the Adonis function in Rstudio.



LEfSe (Linear Discriminant Analysis (LDA) effect size) [35] was performed to distinguish microbial biomarkers at the genus and ASV phylogenetic level using the microbiomeMarker package [36] in RStudio, with a threshold set at 4. Then, using the microeco package [37], a correlogram based on the Spearman correlation was built between the genera identified in the LEfSe and the larval stages to ensure biomarker identification for each larval stage.



Before constructing the Venn diagram to highlight a core microbiome among the larvae through their larval development, along with specific microbiotas, we defined 5 groups of larvae according to their stage: egg, nauplii D0 (reared in water from the ResT), nauplii D1 (reared in the same water as the larvae, e.g., water from ResNT), zoea and mysis. Then, to untangle the role of the seawater on the larval during the rearing, both core and specific microbiotas were compared to the microbiotas of the water storage. Venn diagrams were built using the Jvenn web application tool [38] (http://bioinfo.genotoul.fr/jvenn/example.html, accessed on 7 November 2023).



Core microbiota from the Venn diagram was used to infer putative microbial functions in larvae according to their stage, using FRAPROTAX: Functional Annotation of Prokaryotic Taxa [39] in the microeco package [37]. As described in Colette et al., 2023 [40], FAPROTAX is a tool that predicts metabolic phenotypes and ecological features and functions based on published data [39,41].





3. Results


3.1. Zootechnical Parameters


The larval survival rates (LSRs) were globally higher than the reference during the first days of rearing (from D0 to D5, except on D1, which could be due to inaccurate counts during larval observations) or comparable to the reference from D6 to D9 (Figure 1 and Table S1). The lowest larval survival rate was on the last day of the experiment (D9), with a larval survival rate value of 71%. Larval observations showed that all the nauplii had metamorphosed to reach the zoea stage on day 2 (D2) and that all the zoea had transformed into mysis on day 7 (D7) (Table S1). The larvae transitioned into post-larvae on D9–D10.




3.2. Dynamic of the Active Microbial Diversity Associated with the Larvae


To characterize the active procaryotic diversity associated with the larvae and the water storages, a metabarcoding approach was used. After removal of the reads affiliated with the Eukaryota, Mitochondria and Chloroplasts, as well as the unassigned sequences, a total of 11,739,853 sequences distributed into 6448 ASVs were obtained from the HiSeq sequencing. The ASVs span into 21 phyla, 2 within Archaea and 28 within Bacteria. The smallest library was composed of 117,085 reads and corresponded to the sample L_D7_B (larvae collected on D7 from tank B), while the largest library, consisting of 552,990 reads, corresponded to the sample L_D9_C (larvae collected on D9 from tank C). The Good’s coverage, calculated using the whole ASV table, revealed an overall average above 99.85% (Table S1), indicating that the sequencing depth was sufficient.



The alpha diversity values, shown in Figure 2 and Table S1, exhibit that the richness estimated using the Observed and ACE indexes globally decreased as the larvae metamorphosed. The microbial richness of the water storage was in the same range as that of the eggs and nauplii. Estimated with both Shannon and Inverse Simpson indexes, the evenness displayed a similar trend to the richness indexes, with higher values at the egg and nauplius stages as well as in the reservoirs. Kruskal–Wallis tests, followed by Dunn tests performed when needed (when significance was observed after Kruskal–Wallis) on the alpha diversity indexes. They exhibited that the Observed and ACE indexes were significantly different, with p-value < 0.05, and were influenced by the stage, especially between the egg and the zoea, the egg and the mysis, the nauplii and the zoea, and the nauplii and the mysis (Table 1). Kruskal–Wallis tests, followed by Dunn tests when needed, conducted on the alpha diversity indexes according to the rearing day, revealed that the rearing day significantly impacted the richness indexes (Observed and ACE indexes, with p-values both at 0.012). The pairwise comparisons indicated that D-1 was significantly different from D2, D3, D5, D6, D7 and D8 (see the pairwise comparison in Table S2). No difference was observed in evenness indexes regarding the larval stage or the rearing day.



The entire normalized ASV table was used to calculate beta diversity using the Bray–Curtis dissimilarity matrix, and sample clusterization was visualized on an NMDS with a stress of 0.008 (Figure 3). The ordination displayed three main clusters. The first one gathered the nauplii samples from D0 and D1. The second grouped the zoea samples collected from D2 to D5. The last cluster encompassed the last samples of zoea (zoea collected on D6) and all the mysis samples (from D7 to D9). Apart from these clusters, the egg and the reservoir samples were separated. The clustering was mostly consistent with the larval stages, except for the zoea on day 6, suggesting a transition phase between the zoea and the mysis stage. To confirm the clusters and the NMDS repartition and evaluate the influence of the larval stage and the rearing day, a PERMANOVA was performed. The PERMANOVA displayed that the day and the stage explained 80% of the variability among the samples (both p-values at 0.001), while 20% were not described by these factors. The factor that accounted for the most in the microbiota variability was the larval stage, explaining 49% of the microbial diversity variability.



The nonmetric multidimensional scaling (NMDS) method and a Bray–Curtis dissimilarity matrix exhibit microbial clustering linked to the larval stage, with stress at 0.008. Each sampling day corresponds to a specific color in the figure, as displayed in the description on the right side of the NMDS, and each symbol corresponds to a larval stage or to water storage. ResI corresponds to the primary reservoir sample, and ResT and ResNT, respectively, stand for the storage reservoir with water treated via continuous circulation through a skimmer and filter (ResT) and water stored directly in the 2 m3 storage container (ResNT).



The active microbiotas of the three water reservoirs were clearly different from each other, suggesting that filtration had an effect on microbial diversity. Also, most of their lineages belonged to genera that were not displayed in Figure 4, as they did not represent more than 1% of the total abundance of the reads in the other samples and were not among the 25 most abundant genera. Among the taxa present in at least 1% of the total abundance in all samples, the Candidatus Actinomarina were highly present in the lagoon seawater, while Paraglaciecola dominated in ResNT and SCGC AAA164-E04 in ResT.



The egg samples (D-1) were mostly composed of members of the Vibrio, Alteromonas, Aestuaribacter, Thalassotaleae and SCGC AAA164-E04 genera. The nauplii samples (D0 and D1) were quite similar in terms of main taxa but not regarding their prevalence, even though their rearing waters were different between the 2 days. The nauplii on D0 were reared with water from ResT, and the nauplii on D1 were stored in tanks with water from ResNT. They mainly contained taxa affiliated with the Aestuaribacter, Alteromonas, Thalassotalea, Oleiphilus, Candidatus Actinomarina and Salimonas genera and Aureispira for the sample D1 tank C. A shift in microbial diversity occurred between D1 and D2. Then, the microbial genera that prevailed from day 2 to day 5 were Vibrio, Nautella, Marinobacter, Alteromonas, Shimia, Idiomarina and Leisingera, along with an increase in Pseudoalteromonas abundance. On day 6, the main taxa were related to Pseudoalteromonas (especially in tank B), Aureispira, Pseudoterenibacter, Oleiphilus, Spongiimonas and Phaeodactylibacter genera. From day 7 to day 9, the microbial diversity associated with the larvae was mostly made of Pseudoalteromonas, with an increasing abundance of Pseudoterenibacter and a decreasing abundance of Aureispira, Maritalea and Hyphomonas.



Relative abundances of the main prokaryotic genera are displayed as a percentage of the total microbial sequences per sample. Only the 25 most abundant genera are displayed on the barplot; the other genera that were not among the 25 most abundant genera were pooled in the “Others” category. Water stands for water storage: ResI corresponds to the primary reservoir sample, ResT to the secondary reservoir sample, and ResNT to the storage reservoir.




3.3. Specific and Core Microbiotas Associated with the Larval Stages and the Reservoirs


To determine specific ASVs of a given larval stage and shared microbiotas, seven Venn diagrams were built. The first one was constructed to compare the microbiota of the five defined larval groups: egg reared in the water from ResT, nauplii D0 also reared with water from ResT, nauplii D1 reared with water from ResNT, zoea and mysis also reared with water from ResNT (Figure 5A). The diagram displayed that the egg had 248 specific ASVs, 216 for the nauplii D0, 106 for the nauplii D1, only 5 for the zoea and 34 for the mysis. All the larval stages co-owned a core microbiote made of 109 ASVs (Figure 5A). When compared together, the egg and the nauplii samples (D0 and D1) shared 407 common ASVs, while the nauplii and the zoea co-owned 170 ASVs, and the zoea and the mysis gathered 140 common ASVs (Figure 5A and Figure S1). As the larvae were reared using water from different storages, with the egg and nauplii on D0 reared with water from ResT and the nauplii on D1 up to the mysis with water from ResNT, the core microbiota and the stage-specific microbiotas were compared to the microbiota of the three water storages. These three water storages were kept in comparison with the nauplii D1, zoea, mysis and core microbiota. Indeed, as the eggs and nauplii on D0 were reared in the water from ResT, lineages could have been attached or enclosed with the larvae and not yet active at a given stage. The comparison between the eggs and the water storages ResI and ResT highlighted that the eggs shared 121 ASVs with the seawater from ResI and ResT and harbored 127 specific ASVs (Figure 5B). The nauplii collected on D0 exhibited 135 specific ASVs and co-owned 102 ASVs with the water storages ResI and ResT (Figure 5C), while the nauplii collected on D1 shared 72 ASVs with the seawater (ResI, ResT and ResNT) and owned 34 specific ASVs (Figure 5D). No common ASV was found between the microbiota of the zoea and the three water storages, while the zoea owned only five specific ASVs (Figure 5E). The mysis harbored 23 specific ASVs and shared 11 ASVs with the three water storages (Figure 5F). The comparison between the core microbiota of the larvae and the water storages displayed that only 4 ASVs were specific to the core microbiota owned by the larvae, while the other 105 ASVs were common with the reservoirs, and most of these ASVs were present in the first water storage (ResI) (Figure 5G). Together, the Venn diagrams underlined the important role of the water storage microbiotas on the larval microbiota, as numerous ASVs identified in the water storages (ResI, ResT and ResNT) were also detected several times in the larval microbiota.




3.4. Biomarkers Associated with the Larval Stages


Figure 2 highlights a partitioning of the microbial diversity of a given larval stage. In order to investigate the differentially abundant biomarkers associated with the larval stages, we made two LEfSe analyses. The first LEfSe was conducted to examine the ASVs that were statistically more abundant according to the larval stage (Figure S2) and to see if these ASVs were previously found in water storages (ResI, ResT and ResNT). With a threshold set at four (Figure S2), the analysis showed that seven biomarkers were specific to the eggs, six were prevalent at the nauplii stage, five at the zoea stage and seven at the mysis stage. Interestingly, biomarkers related to the Pseudoalteromonas genus were statistically enriched at the egg stage (1 biomarker), at the zoea stage (1 biomarker), and at the mysis stage (2 biomarkers) (Figure S2). The same trend was observed for the biomarkers affiliated with the Marinobacter, with two detected at the egg stage and one at the zoea stage (Figure S2). Biomarkers related to the Auresipra genus were detected once in the nauplii and once at the mysis stage. The other biomarkers were affiliated with unique genera such as SCGC AAA164-E04 for the egg, Candidatus Endobugula for the nauplii, Hyphomonas for the zoea and Pseudoterenibacter for the mysis (Figure S2). By comparison with the water storages, it appeared that all of these ASVs statistically enriched in a given stage were already present in all the water storages except ASV11, which was not detected in ResI nor in ResNT.



Then, in order to untangle which genus was specifically enriched at a specific stage for larval health monitoring purposes, a second LEfSe analysis was conducted (Figure 6A). The analysis revealed that four genera were enriched in the eggs: SCGC AAA164-E04, Maricaulis, OM27 clade and Maribius. The Aestuariibacter, Aureispira, Candidatus Endobugula, Salinimonas and Lewinella were biomarkers of the nauplii. The specific biomarkers of the zoea were Pseudoalteromonas, Nautella, Hyphomonas, Shimia, Spongiimonas and Idiomarina. Four biomarkers were statically enriched in the mysis: Pseudoterenibacter, Maritelea, Roseobacter Clade CHAB-I-5 lineage and Phaeodactylibacter. Thereafter, to determine which biomarker was indeed associated with a given stage with the aim to emphasize specific proxies for healthy larval monitoring, a Pearson correlation was performed using the biomarkers highlighted by the LEfSe at the genus level (Figure 6B). The correlogram exhibited that Maricaulis was greatly positively associated with the eggs as well as SCGC AAA164-E04 and Maribius. The correlogram also displayed that Salinimonas and Candidatus Endobugula were highly positively correlated with the nauplii and, to a lesser proportion, that the nauplii were also associated positively with Lewinella and OM 27 Clade. Weak positive correlations were found between the zoea and the genera Shimia, Nautella and Idiomarina. Maritalea was highly positively correlated with the mysis, as well as the Roseobacter Clade CHAB-I-5 lineage. The correlations support the biomarkers detected with the LEfSe, except for the OM27 clade.




3.5. Putative Functions Associated with the Genera of the Specific and Core Microbiota of the Larvae


The putative functions associated with the genera of the specific and core microbiotas were determined using FRAPROTAX (Figures S3 and S4). Spearman correlations were conducted on the putative functions associated with the core microbiota according to each larval stage (Figure 7). The eggs did not exhibit significant positive correlations with putative functions of the core microbiota, while the nauplii were positively correlated with the cellulolysis function and weakly with the anoxygenic photoautotrophy and photoheterotrophy (Figure 7). The putative functions of the core microbiota associated with the zoea stage exhibited strong negative correlations with four functions: anoxygenic photoautotrophy, photoheterotrophy, dark sulfide oxidation and dark sulfur oxidation. The mysis showed a great positive correlation with aliphatic nonmethane hydrocarbon degradation and, to a lesser extent, with dark sulfur oxidation, as well as with dark sulfite oxidation, while a strong negative correlation was underlined with the cellulolysis function (Figure 7).





4. Discussion


Our study aimed to explore the evolution of the larval microbiota according to the larval stage, investigate the specific and core microbiota of each larval stage, untangle the role of the water storages in establishing the larval microbiota, provide evidence of vertical transmission and detect stage-specific biomarkers of healthy larvae. To reach these objectives, we assessed the active microbial diversity associated with the larvae and the water storages by extracting total RNAs from the collected samples, followed by reverse transcriptions into cDNAs. RNA was chosen over DNA, as its short turnover allows it to monitor recent populations and living assemblages in an ecosystem and perform biological surveys [42,43,44,45].



A clear dynamic of the active microbial diversity associated with the larvae was evidenced throughout the whole rearing (Figure 3 and Figure 4), as previously shown for the microbial diversity of other penaeids shrimp larvae: Penaeus indicus [46] or P. vannamei [3,47,48]. Strikingly different microbial compositions were observed between D1 (nauplii) and D2 (zoea), between D5 (zoea) and D7 (mysis) with a transition on D6 (zoea), along with the three distinct clusters underlined by the NMDS (Figure 3), regrouping larvae microbiota samples according to the larval stage. Clusters were confirmed with the PERMANOVA, which indicated that 49% of the variability among the samples was influenced by the larval stage. These shifts in the active microbial community, occurring at each important larval metamorphosis to reach a superior stage, highly suggest that the larvae might modulate their microbiota, as shown by Wang et al., 2020 for P. vannamei larvae [3,47]. Along with the PERMANOVA exhibiting the stage effect on the larval microbiota, the decrease in the richness alpha diversity indexes through the larval stages (Figure 2 and Table S1) might indicate that, at each stage, the larvae have performed a microbial selection, especially between the nauplii and the zoea stages. The same pattern was observed in P. vannamei larvae across their life stages, with a drop in the number of lineages between the nauplii and the zoea [3]. Together, this suggests a host selection of microbial taxa throughout larval ontogenesis. Thus, it is not surprising to observe a richness reduction occurring greatly after the nauplii stage, just after the mouth opening. After this stage, the nutritional mode drastically changed for the larvae, going from vitellotroph feeding on their own yolk reserve at the nauplii stage to microparticles and microalgae feeding, as well as predation of nauplii of Artemia sp. at the zoea and mysis stages [3,49]. Thus, the lack of differences in the microbial composition between the eggs and the nauplii (Figure 4 and p-value > 0.05 for all the alpha diversity indexes in Table 1) might rely on their food status and on the absence of an open digestif tract in interaction with the surrounding rearing water. The same observation can be made for the active microbiota associated with the zoea and mysis, where no statistical differences were shown between the alpha diversity indexes (Table 1). Similarly, other studies have noticed that the composition of the shrimp larval microbiota became more homogeneous at the zoea stage, which could be due to the host selection of specific lineages with specific functions [3,47]. The assignation of putative functions of the specific larval stage microbiotas with FRAPROTAX exhibited different profiles according to the stage, with even a marked difference between the nauplii collected on day 0 and on day 1, which corroborates that the host selects specific microbial lineages with specific functions (Figure S2). Even if the profile of the ecological functions of the specific microbiota was stage-specific, common functions such as anaerobic chemoheterotrophy and aerobic heterotrophy were found at every stage. All specific microbiotas encompassed the function “human pathogen septicemia”, and others had “plant pathogen”. This does not mean that such pathogens were part of the larval microbiota. Indeed, FRAPROTAX uses data from cultivation experiments to identify microbial functions, metabolic activities or ecological roles [39,41]. Therefore, if all the cultivated members of the same taxa used for the database perform a given function, this function will be attributed to all cultivated and uncultivated lineages related to that taxa [41]. In the same way, all Vibrio species are not human pathogens.



Another proof that the larvae might select and modulate their active microbiota is shown in the Venn diagram, which displays, for all larval stages, that the larvae had their own specific and unique microbiota alongside a common core microbiota (Figure 5). This was also shown by Giraud et al., 2021 and 2022, who found that the eggs and the nauplii of P. stylirostris larvae had both a specific microbiota and a core microbiota [19,20]. In their studies, these authors also proved that several lineages were shared between the eggs and the nauplii, highly suggesting a potential vertical transmission of specific microbiota [19,20]. The same trend is observed in this study, where direct successive stages shared common lineages, such as the egg and nauplii samples that co-owned 407 active taxa, the nauplii and zoea 170, and the zoea and mysis 140. In addition, 152 common ASVs were co-owned by all stages, from the eggs to the zoea, and a core microbiota of 109 ASV highlights greatly that specific ASVs were retained and transmitted through vertical transmission during the whole larval cycle (Figure 5A and Figure S1). Vertical transmission of specific bacterial taxa from parents to their offspring has also been demonstrated in Rimicaris exoculta, a shrimp species living in hydrothermal vent areas [50,51], as well as in other marine hydrothermal or cold seep organisms such as clams [52] and aquatic macroorganisms such as fish or sponges [53,54]. Among the core microbiota, several lineages such as Alteromonas, Ascidiaceihabitans (formerly Roseobacter), Halomonas, Litoricola, Leisingera, Micrococcus, Pseudoaltermonas, Rhodovulum, Ruegeria and Sulfitobacter might exhibit probiotic or beneficial activities [55,56,57,58,59,60,61,62,63,64]. Others have a putative antimicrobial activity or ixotrophic activity with evidence of ASV related to Aureispira or the OM27 Clade (Bdellovibrionaceae, affiliated with the Bdellovibrio and like organisms) [6,65]. Other taxa from the core microbiota were previously characterized as biomarkers in the rearing water according to the health status of P. stylirostris larvae, with Fabibacter or Marinobacter identified as biomarkers of healthy zoea, Tenacibaculum as a biomarker of healthy mysis, Nautella as a proxy of both healthy zoea and mysis, Idiomarina enriched in healthy zoea and unhealthy mysis, Aestuariicoccus enriched in unhealthy zoea and mysis, or Marivita as a biomarker of unhealthy mysis [28]. Finding common biomarkers in healthy and unhealthy larvae reinforces our hypothesis concerning microbial dysbiosis causing larval mass mortalities. Since core ASVs were already present in the eggs and might have been kept throughout the whole life cycle, we can hypothesize that the larvae and maybe even the breeders have selected particular bacterial communities harboring specific functions to be beneficial for the animal’s health and welfare. Indeed, members of the core microbiota might act as probiotics or be involved in immune homeostasis [66,67]. The putative functions and ecological activities of the core microbiota assigned with FRAPROTAX displayed different abundance profiles according to the larval stage (Figure S4), while the correlogram indicated specific putative functions among the core microbiota according to the larval stage (Figure 7). This might indicate that the core microbiota, by varying bacterial abundance across the larval stage, aimed to maintain specific needed microbial functions for the holobiont and to reinforce others according to the stage.



Owing to the dynamic nature of microbial diversity associated with the larvae during the rearing, we identified stage-specific biomarkers that highlight genera statistically enriched at a given larval developmental stage using both LEfSe and Pearson correlation (Figure 6A,B). The specific biomarkers of the egg stage were the Maricaulis, SCGC AAA164-E04 and Maribius. Members of the Maricaulis genus are generally oligotrophs, with members able to degrade hydrocarbons, and are known to inhabit marine environments with poor nutrient availability [68], suggesting that they were probably present on the surface of the eggs, which contain yolk rich in proteins and lipids [69,70]. A similar suggestion can be made for members of the Maribus genus, as they belong to the Rhodobacteraceae family and encompass marine oligotroph microorganisms, some of which are involved in quorum sensing [71,72]. Scarce information is available about SCGC AAA164-E04; apart from that, they belong to the Verrucomicrobiota phylum and were detected in the water of an oxygen-depleted basin of the Gulf of California, Mexico [73]. Two biomarkers highly related to the nauplius stage are the Salinimonas and Candidatus Endobugula genera. Species related to the Salimonas genus are marine organisms isolated from marine sediments and the tube of deep-sea hydrothermal polychaetes, exhibiting the ability to degrade polysaccharides and aromatic hydrocarbons [74,75,76,77]. Candidatus Endobugula is a well-known bacterial symbiont of the Bryozoan Bugula neritina, and some strains are able to produce bryostatins, bioactive polyketides that are believed to act as antipredator chemical defenses for the bryozoan host larvae [78,79]. We can thus hypothesize that Candidatus Endobugula might have an activity in nauplii defenses against putative predators or pathogens. While members of Salimonas might be involved in food acquisition via macromolecule degradation. Surprisingly, the zoea did not have strong positive correlations with their biomarkers detected via LEfSe: Shimia, Nautella and Idiomarina. The genus Shimia has been found in the gut of P. vannamei, and this genus is correlated with detoxification genes [80,81]. In the juvenile Totoaba macdonaldi, Shimia has been reported to be beneficial for the fish intestine by enhancing the absorption of nutrients and improving fish growth [82]. The genus Nautella as a biomarker is controversial, as it has been detected as a biomarker in both unhealthy larvae of P. vannamei and in the water used for their rearing [1,83]. However, other studies underlined this genus as a biomarker of healthy P. stylirostris larvae in rearing water [28] or of healthy P. vannamei larvae and shrimps [47,84]. In this study, members of the Nautella genus were related to healthy larvae. Idiomarina are generally found in marine environments, saline settings or hydrocarbon-contaminated areas and are able to degrade amino acids to produce exopolysaccharides and biosurfactants [85,86,87]. Members of Idiomarina were also recorded in symbiotic association with the mussel Mactra stultorum, where they are involved in crude oil degradation [88]. Their association with the zoea might indicate a role in food acquisition for the larvae. Maritalea and Roseobacter Clade CHAB-I-5 lineages were mysis biomarkers. Members of the Maritalea genus are marine organisms isolated from ciliates, red algae and sediments trapped in plastic remains in marine areas [89,90,91]. Maritalea were also found in symbiotic association with the nudibranch Rostanga alisae, where this genus is involved in trophic interaction via the transfer of fatty acids to the host [92]. Members of the Roseobacter Clade CHAB-I-5 lineage remain uncultivated, yet the annotation of their metagenomes exhibits genes involved in a photoheterotrophy lifestyle, sulfur oxidation as well as interesting features such as bacterium–bacterium interactions or bacterial–host interaction. Indeed, genes involved in quorum sensing (luxRI gene) and in the type VI secretion system (T6SS) that allows the injection of antibacterial toxin to competitors or pathogens were detected in their genomes [93,94]. Thus, evidence of the Roseobacter Clade CHAB-I-5 lineage as a biomarker of the mysis might indicate their role in larval protection against putative pathogens. These identified genera as stage-specific biomarkers of healthy larvae might be further used as a bio-surveillance tool for monitoring farmed shrimp. Changes in biomarker detection might then indicate an upcoming larval disease and mortality episode, as we have already shown with biomarkers of rearing water inhabiting larvae shrimp [27].



The active microbiota associated with the larvae also seemed to be driven by the microbiota of the water storages (ResI and ResT) used during the early larval stages (egg, nauplii on D0 and D1). Indeed, as displayed in Figure 5, many taxa detected in the specific microbiota of a given larval stage were originally detected in the natural seawater (ResI, ResT and ResNT) used for egg-hatching and nauplii rearing before transfer into the rearing tanks. Antibiotics were added to the rearing tanks on Day 0 (before larval transfer), D3, D5, D7 and D9, and might have affected the microbiota of the rearing water by exerting selective pressure on sensitive taxa [95]. In a previous article dealing with the rearing water microbiota, we had evidence that the addition of erythromycin to the rearing water, before the transfer of the nauplii into the rearing tanks, had only affected the rare biosphere, with less than 3% of the active microbiota being specific to the rearing water with or without antibiotics [27]. We can, therefore, emphasize that without antibiotic addition in the rearing water, more taxa would probably have been shared between a given larval stage and the water storage. The biomarkers identified at the ASV level exhibited the same pattern, as all of them were also detected in the water storages, which showed the great role of the natural seawater (lagoon) microbiota in both the larvae and the larval microbiota establishment. This highly suggests that horizontal transmission of bacterial taxa and/or host selection of specific taxa seem to occur from the water to the larvae. Such microbial transmission between the water storages and the eggs and nauplii of P. stylirostris was previously shown by Giraud et al., 2021 and 2022 [19,20], and microbial exchanges between the water and the animal tissues (gut and gills), as well as host selection of specific microorganisms, has also been shown [8,9,96]. Moreover, many active lineages of the water storages ResI and ResT were detected in the later developmental stages (e.g., zoea or mysis), which might underline that these lineages became active according to the larval development stage. In shrimps, shifts and evolution of the microbial diversity, as well as microbial functions, have been demonstrated to be linked to host ontogeny, physiology or food [3,17,97,98]. These data also highlight that the egg and nauplii had recruited and selected prokaryotes from the rearing water that would later be part of their active microbiota. Thus, complex interactions between the holobiont and the water microbiota seem to occur in the early larval stages, participating to partially shape the host microbiota.




5. Conclusions


Taken together, our data and results reveal that the active microbial diversity associated with the Penaeus stylirostris larvae was dynamic across the larval development, with evidence of both specific lineages of a given larval stage along with a core microbiota common to all stages. Larval ontogeny seems to be partially involved in the microbiota evolution, as major shifts occurred at metamorphosis to reach a superior stage. Our data also suggest a host selection of microbial taxa across larval development, along with the implication of vertical transmission of specific lineages from stage to stage. The holobiont seems to be influenced by the lagoon water microbiota that drove at least a part of the active microbiota associated with the larvae through horizontal transmission. The host–microbiota appears, then, to be shaped via both vertical and horizontal transmission of bacterial lineages, by shrimp ontogeny, and by complex interactions with the natural and probably with the rearing water. Further studies to investigate the host–microbiota–rearing water interactions at each stage through meta-transcriptomic approaches will allow us to untangle the role of ontogeny from that of the rearing water on active microbiota establishment and dynamic. In this study, we have also managed to highlight stage-specific biomarkers of healthy larvae that could later be used as biosurveillance tools to monitor shrimp farming.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/microorganisms12030608/s1, Figure S1: Differentially abundant ASVs according to the larval stage, Figure S2: Relative abundance of the main putative ecological functions assigned with FAPROTAX to the specific microbiota of each larvae stage, Figure S3: Relative abundance of the main putative ecological functions assigned with FAPROTAX to the core microbiota common to all larvae stages; Figure S4: Relative abundance of the main putative ecological functions assigned with FAPROTAX to the core microbiota common to all larvae stages; Table S1: Samples characterization and Alpha diversity indexes, Table S2: Pairwise comparison (Dunn test) on the alpha diversity indexes according to the rearing day.





Author Contributions


Conceptualization, N.C., V.B., N.W. and D.P.; methodology, N.C., V.B., N.W., D.A., C.G. and D.P.; software, N.C. and C.G.; validation, N.C., C.G., V.B., N.W. and D.P.; formal analysis, N.C. and C.G.; data curation, N.C. and C.G.; writing—original draft preparation, N.C.; writing—review and editing, N.C., C.G., N.W., D.P. and V.B. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the RESSAC project (LEAD-NC, Ifremer, New Caledonia) within the framework agreement with the New Caledonian Provinces and Government. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.




Data Availability Statement


The raw HiSeq Illumina sequencing data are available on the NCBI SRA repository (BioProject ID PRJNA736535; BioSamples SAMN39924754 to SAMN39924780 include all the samples except for samples ResI, ResT, M4_Egg1, M4_Egg2, M4_Nii1 (collected on D0) and M4_Nii2 (collected on D0), which are available in SAMN19659073, SAMN19659074, SAMN19659075, SAMN19659076, respectively; sample ResNT is available in SRP324193, SAMN31027756). Metadata about the larval stage and survival are available in Table S1.




Acknowledgments


We sincerely acknowledge all the members of the SASV for their indubitable help during the rearing and experiment analysis, especially for their zootechnical, technical and analytical support. We are grateful to Maxime Beauvais for his great help during sampling and sample processing. We especially acknowledge Jean-Sébastien Lam, Jean-René Maillez and Julien Le Rohellec for their help during the experiment in the hatchery, and to Valentine Ballan, Gwenola Plougoulen, Florence Antypas, Marie-Madeleine Le Gall and Mélanie Sérusier for their great contributiosn during the experiment, including daily sampling and biomolecular supports. We also acknowledge Valérie Perez for her valuable help with bioinformatics.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Zheng, Y.; Yu, M.; Liu, J.; Qiao, Y.; Wang, L.; Li, Z.; Zhang, X.H.; Yu, M. Bacterial Community Associated with Healthy and Diseased Pacific White Shrimp (Litopenaeus vannamei) Larvae and Rearing Water across Different Growth Stages. Front. Microbiol. 2017, 8, 244804. [Google Scholar] [CrossRef]

	



Sun, F.; Wang, Y.; Wang, C.; Zhang, L.; Tu, K.; Zheng, Z. Insights into the Intestinal Microbiota of Several Aquatic Organisms and Association with the Surrounding Environment. Aquaculture 2019, 507, 196–202. [Google Scholar] [CrossRef]

	



Wang, Y.; Wang, K.; Huang, L.; Dong, P.; Wang, S.; Chen, H.; Lu, Z.; Hou, D.; Zhang, D. Fine-Scale Succession Patterns and Assembly Mechanisms of Bacterial Community of Litopenaeus vannamei Larvae across the Developmental Cycle. Microbiome 2020, 8, 106. [Google Scholar] [CrossRef] [PubMed]

	



Goarant, C.; Reynaud, Y.; Ansquer, D.; de Decker, S.; Saulnier, D.; Le Roux, F. Molecular Epidemiology of Vibrio nigripulchritudo, a Pathogen of Cultured Penaeid Shrimp (Litopenaeus stylirostris) in New Caledonia. Syst. Appl. Microbiol. 2006, 29, 570–580. [Google Scholar] [CrossRef] [PubMed]

	



Gomez-Gil, B.; Roque, A.; Turnbull, J.F. The Use and Selection of Probiotic Bacteria for Use in the Culture of Larval Aquatic Organisms. Aquaculture 2000, 191, 259–270. [Google Scholar] [CrossRef]

	



Mookherjee, A.; Jurkevitch, E. Interactions between Bdellovibrio and like Organisms and Bacteria in Biofilms: Beyond Predator–Prey Dynamics. Environ. Microbiol. 2022, 24, 998–1011. [Google Scholar] [CrossRef]

	



Sehnal, L.; Brammer-Robbins, E.; Wormington, A.M.; Blaha, L.; Bisesi, J.; Larkin, I.; Martyniuk, C.J.; Simonin, M.; Adamovsky, O. Microbiome Composition and Function in Aquatic Vertebrates: Small Organisms Making Big Impacts on Aquatic Animal Health. Front. Microbiol. 2021, 12, 567408. [Google Scholar] [CrossRef]

	



Pratte, Z.A.; Besson, M.; Hollman, R.D.; Stewarta, F.J. The Gills of Reef Fish Support a Distinct Microbiome Influenced by Hostspecific Factors. Appl. Environ. Microbiol. 2018, 84, e00063-18. [Google Scholar] [CrossRef]

	



Zhang, Z.; Li, D.; Xu, W.; Tang, R.; Li, L. Microbiome of Co-Cultured Fish Exhibits Host Selection and Niche Differentiation at the Organ Scale. Front. Microbiol. 2019, 10, 481769. [Google Scholar] [CrossRef] [PubMed]

	



Baedke, J.; Fábregas-Tejeda, A.; Nieves Delgado, A. The Holobiont Concept before Margulis. J. Exp. Zool. Part B Mol. Dev. Evol. 2020, 334, 149–155. [Google Scholar] [CrossRef]

	



Singh, B.K.; Liu, H.; Trivedi, P. Eco-Holobiont: A New Concept to Identify Drivers of Host-Associated Microorganisms. Environ. Microbiol. 2020, 22, 564–567. [Google Scholar] [CrossRef]

	



Ansaldo, E.; Farley, T.K.; Belkaid, Y. Control of Immunity by the Microbiota. Annu. Rev. Immunol. 2021, 39, 449–479. [Google Scholar] [CrossRef]

	



Sommer, F.; Bäckhed, F. The Gut Microbiota-Masters of Host Development and Physiology. Nat. Rev. Microbiol. 2013, 11, 227–238. [Google Scholar] [CrossRef]

	



Díaz-Sánchez, S.; Hernández-Jarguín, A.; Torina, A.; Fernández de Mera, I.G.; Estrada-Peña, A.; Villar, M.; La Russa, F.; Blanda, V.; Vicente, J.; Caracappa, S.; et al. Biotic and Abiotic Factors Shape the Microbiota of Wild-Caught Populations of the Arbovirus Vector Culicoides imicola. Insect Mol. Biol. 2018, 27, 847–861. [Google Scholar] [CrossRef]

	



Agler, M.T.; Ruhe, J.; Kroll, S.; Morhenn, C.; Kim, S.T.; Weigel, D.; Kemen, E.M. Microbial Hub Taxa Link Host and Abiotic Factors to Plant Microbiome Variation. PLoS Biol. 2016, 14, e1002352. [Google Scholar] [CrossRef] [PubMed]

	



Foster, K.R.; Schluter, J.; Coyte, K.Z.; Rakoff-Nahoum, S. The Evolution of the Host Microbiome as an Ecosystem on a Leash. Nature 2017, 548, 43–51. [Google Scholar] [CrossRef] [PubMed]

	



Garibay-Valdez, E.; Martínez-Porchas, M.; Calderón, K.; Vargas-Albores, F.; Gollas-Galván, T.; Martínez-Córdova, L. Taxonomic and Functional Changes in the Microbiota of the White Shrimp (Litopenaeus vannamei) Associated with Postlarval Ontogenetic Development. Aquaculture 2020, 518, 734842. [Google Scholar] [CrossRef]

	



Imaizumi, K.; Tinwongger, S.; Kondo, H.; Hirono, I. Analysis of Microbiota in the Stomach and Midgut of Two Penaeid Shrimps during Probiotic Feeding. Sci. Rep. 2021, 11, 9936. [Google Scholar] [CrossRef]

	



Giraud, C.; Callac, N.; Boulo, V.; Lam, J.-S.J.S.; Pham, D.; Selmaoui-Folcher, N.; Wabete, N. The Active Microbiota of the Eggs and the Nauplii of the Pacific Blue Shrimp Litopenaeus stylirostris Partially Shaped by a Potential Vertical Transmission. Front. Microbiol. 2022, 13, 886752. [Google Scholar] [CrossRef] [PubMed]

	



Giraud, C.; Callac, N.; Beauvais, M.; Mailliez, J.-R.J.-R.; Ansquer, D.; Selmaoui-Folcher, N.; Pham, D.; Wabete, N.; Boulo, V. Potential Lineage Transmission within the Active Microbiota of the Eggs and the Nauplii of the Shrimp Litopenaeus stylirostris: Possible Influence of the Rearing Water and More. PeerJ 2021, 9, e12241. [Google Scholar] [CrossRef]

	



Zhou, J.; Ning, D. Stochastic Community Assembly: Does It Matter in Microbial Ecology. Microbiol. Mol. Biol. Rev. 2017, 81, 10–128. [Google Scholar] [CrossRef]

	



Van Der Gast, C.J.; Ager, D.; Lilley, A.K. Temporal Scaling of Bacterial Taxa Is Influenced by Both Stochastic and Deterministic Ecological Factors. Environ. Microbiol. 2008, 10, 1411–1418. [Google Scholar] [CrossRef]

	



Zhang, W.; Zhu, Z.; Chen, J.; Qiu, Q.; Xiong, J. Quantifying the Importance of Abiotic and Biotic Factors Governing the Succession of Gut Microbiota Over Shrimp Ontogeny. Front. Microbiol. 2021, 12, 752750. [Google Scholar] [CrossRef] [PubMed]

	



FAO the State of World Fisheries and Aquaculture 2022. Towards Blue Transformation. 2022. Available online: https://www.fao.org/documents/card/en/c/cc0461en (accessed on 19 December 2013).

	



Goarant, C.; Merien, F. Quantification of Vibrio penaeicida, the Etiological Agent of Syndrome 93 in New Caledonian Shrimp, by Real-Time PCR Using SYBR Green I Chemistry. J. Microbiol. Methods 2006, 67, 27–35. [Google Scholar] [CrossRef] [PubMed]

	



Pham, D.; Ansquer, D.; Chevalier, A.; Dauga, C.; Peyramale, A.; Wabete, N.; Labreuche, Y. Selection and Characterization of Potential Probiotic Bacteria for Litopenaeus stylirostris Shrimp Hatcheries in New Caledonia. Aquaculture 2014, 432, 475–482. [Google Scholar] [CrossRef]

	



Callac, N.; Boulo, V.; Giraud, C.; Beauvais, M.; Ansquer, D.; Ballan, V.; Maillez, J.-R.; Wabete, N.; Pham, D. Microbiota of the Rearing Water of Penaeus stylirostris Larvae Influenced by Lagoon Seawater and Specific Key Microbial Lineages of Larval Stage and Survival. Microbiol. Spectr. 2022, 10, e04241-22. [Google Scholar] [CrossRef] [PubMed]

	



Callac, N.; Giraud, C.; Boulo, V.; Wabete, N.; Pham, D. Microbial Biomarker Detection in Shrimp Larvae Rearing Water as Putative Bio-Surveillance Proxies in Shrimp Aquaculture. PeerJ 2023, 11, e15201. [Google Scholar] [CrossRef]

	



Caporaso, J.G.; Lauber, C.L.; Walters, W.A.; Berg-Lyons, D.; Lozupone, C.A.; Turnbaugh, P.J.; Fierer, N.; Knight, R. Global Patterns of 16S RRNA Diversity at a Depth of Millions of Sequences per Sample. Proc. Natl. Acad. Sci. USA 2011, 108, 4516–4522. [Google Scholar] [CrossRef]

	



Hugerth, L.W.; Wefer, H.A.; Lundin, S.; Jakobsson, H.E.; Lindberg, M.; Rodin, S.; Engstrand, L.; Andersson, A.F. DegePrime, a Program for Degenerate Primer Design for Broad-Taxonomic-Range PCR in Microbial Ecology Studies. Appl. Environ. Microbiol. 2014, 80, 5116–5123. [Google Scholar] [CrossRef]

	



Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-Resolution Sample Inference from Illumina Amplicon Data. Nat. Methods 2016, 13, 581–583. [Google Scholar] [CrossRef]

	



Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA Ribosomal RNA Gene Database Project: Improved Data Processing and Web-Based Tools. Nucleic Acids Res. 2013, 41, 590–596. [Google Scholar] [CrossRef]

	



McMurdie, P.J.; Holmes, S. Phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census Data. PLoS ONE 2013, 8, e61217. [Google Scholar] [CrossRef]

	



Wickham, H.; Chang, W. Package Ggplot2: An Implementation of the Grammar of Graphics. Creat. Elegant Data Vis. Using Gramm. Graph. 2016, 2, 1–189. [Google Scholar]

	



Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic Biomarker Discovery and Explanation. Genome Biol. 2011, 12, R60. [Google Scholar] [CrossRef] [PubMed]

	



Cao, Y.; Dong, Q.; Wang, D.; Zhang, P.; Liu, Y.; Niu, C. Microbiome Marker: An R/Bioconductor package for microbiome marker identification and visualization. Bioinformatics 2022, 38, 4027–4029. [Google Scholar] [CrossRef]

	



Liu, C.; Cui, Y.; Li, X.; Yao, M. Microeco: An R Package for Data Mining in Microbial Community Ecology. FEMS Microbiol. Ecol. 2021, 97, fiaa255. [Google Scholar] [CrossRef]

	



Bardou, P.; Mariette, J.; Escudié, F.; Djemiel, C.; Klopp, C. SOFTWARE Open Access Jvenn: An Interactive Venn Diagram Viewer. BMC Bioinform. 2014, 15, 293. [Google Scholar] [CrossRef]

	



Louca, S.; Parfrey, L.W.; Doebeli, M. Decoupling Function and Taxonomy in the Global Ocean Microbiome. Science 2016, 353, 1272–1277. [Google Scholar] [CrossRef]

	



Colette, M.; Guentas, L.; Patrona, L.D.; Ansquer, D.; Callac, N. Dynamic of Active Microbial Diversity in Rhizosphere Sediments of Halophytes Used for Bioremediation of Earthen Shrimp Ponds. Environ. Microbiome 2023, 18, 58. [Google Scholar] [CrossRef] [PubMed]

	



Sansupa, C.; Wahdan, S.F.M.; Hossen, S.; Disayathanoowat, T.; Wubet, T.; Purahong, W. Can We Use Functional Annotation of Prokaryotic Taxa (FAPROTAX) to Assign the Ecological Functions of Soil Bacteria? Appl. Sci. 2021, 11, 688. [Google Scholar] [CrossRef]

	



Cristescu, M.E. Can Environmental RNA Revolutionize Biodiversity Science? Trends Ecol. Evol. 2019, 34, 694–697. [Google Scholar] [CrossRef] [PubMed]

	



Marshall, N.T.; Vanderploeg, H.A.; Chaganti, S.R. Environmental (e)RNA Advances the Reliability of EDNA by Predicting Its Age. Sci. Rep. 2021, 11, 2769. [Google Scholar] [CrossRef] [PubMed]

	



Jesser, K.J.; Noble, R.T. Vibrio ecology in the Neuse River Estuary, North Carolina, characterized by next-generation amplicon sequencing of the gene encoding heat shock protein 60 (hsp60). Appl. Environ. Microbiol. 2018, 84, e00333-18. [Google Scholar] [CrossRef] [PubMed]

	



Miyata, K.; Inoue, Y.; Amano, Y.; Nishioka, T.; Yamane, M.; Kawaguchi, T.; Morita, O.; Honda, H. Fish Environmental RNA Enables Precise Ecological Surveys with High Positive Predictivity. Ecol. Indic. 2021, 128, 107796. [Google Scholar] [CrossRef]

	



Vinay, T.N.; Patil, P.K.; Aravind, R.; Anand, P.S.S.; Baskaran, V.; Balasubramanian, C.P. Microbial Community Composition Associated with Early Developmental Stages of the Indian White Shrimp, Penaeus indicus. Mol. Genet. Genom. 2022, 297, 495–505. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Huang, J.; Wang, P.; Li, T. Insights into the Microbiota of Larval and Postlarval Pacific White Shrimp (Penaeus vannamei) along Early Developmental Stages: A Case in Pond Level. Mol. Genet. Genom. 2020, 295, 1517–1528. [Google Scholar] [CrossRef]

	



Xue, M.; Wu, L.; He, Y.; Liang, H.; Wen, C. Biases during DNA Extraction Affect Characterization of the Microbiota Associated with Larvae of the Pacific White Shrimp, Litopenaeus vannamei. PeerJ 2018, 2018, e5257. [Google Scholar] [CrossRef]

	



Chim, L.; Brun, H.L.; Le Moullac, G. Marine Shrimp Farming. Fish. Aquac. J. 2009, 4, 28–54. [Google Scholar]

	



Methou, P.; Hernández-Ávila, I.; Aube, J.; Cueff-Gauchard, V.; Gayet, N.; Amand, L.; Shillito, B.; Pradillon, F.; Cambon-Bonavita, M.A. Is It First the Egg or the Shrimp?—Diversity and Variation in Microbial Communities Colonizing Broods of the Vent Shrimp Rimicaris exoculata during Embryonic Development. Front. Microbiol. 2019, 10, 441978. [Google Scholar] [CrossRef] [PubMed]

	



Guri, M.; Durand, L.; Cueff-Gauchard, V.; Zbinden, M.; Crassous, P.; Shillito, B.; Cambon-Bonavita, M.A. Acquisition of Epibiotic Bacteria along the Life Cycle of the Hydrothermal Shrimp Rimicaris exoculata. ISME J. 2012, 6, 597–609. [Google Scholar] [CrossRef] [PubMed]

	



Craig Cary, S.; Giovannoni, S.J. Transovarial Inheritance of Endosymbiotic Bacteria in Clams Inhabiting Deep-Sea Hydrothermal Vents and Cold Seeps. Proc. Natl. Acad. Sci. USA 1993, 90, 5695–5699. [Google Scholar] [CrossRef] [PubMed]

	



Schmitt, S.; Weisz, J.B.; Lindquist, N.; Hentschel, U. Vertical Transmission of a Phylogenetically Complex Microbial Consortium in the Viviparous Sponge Ircinia felix. Appl. Environ. Microbiol. 2007, 73, 2067–2078. [Google Scholar] [CrossRef] [PubMed]

	



Nyholm, S.V. In the Beginning: Egg-Microbe Interactions and Consequences for Animal Hosts. Philos. Trans. R. Soc. B Biol. Sci. 2020, 375, 20190593. [Google Scholar] [CrossRef] [PubMed]

	



Lauzon, H.L.; Gudmundsdottir, S.; Petursdottir, S.K.; Reynisson, E.; Steinarsson, A.; Oddgeirsson, M.; Bjornsdottir, R.; Gudmundsdottir, B.K. Microbiota of Atlantic Cod (Gadus morhua L.) Rearing Systems at Pre- and Posthatch Stages and the Effect of Different Treatments. J. Appl. Microbiol. 2010, 109, 1775–1789. [Google Scholar] [CrossRef] [PubMed]

	



Kesarcodi-Watson, A.; Kaspar, H.; Lategan, M.J.; Gibson, L. Alteromonas macleodii 0444 and Neptunomonas sp. 0536, Two Novel Probiotics for Hatchery-Reared GreenshellTM Mussel Larvae, Perna canaliculus. Aquaculture 2010, 309, 49–55. [Google Scholar] [CrossRef]

	



Huang, F.; Pan, L.; Song, M.; Tian, C.; Gao, S. Microbiota Assemblages of Water, Sediment, and Intestine and Their Associations with Environmental Factors and Shrimp Physiological Health. Appl. Microbiol. Biotechnol. 2018, 102, 8585–8598. [Google Scholar] [CrossRef]

	



Suantika, G.; Aditiawati, P.; Indriani Astuti, D.; Khotimah, Z.F. The Use of Indigenous Probiotic Halomonas aquamarina and Shewanella algae for White Shrimp (Litopenaeus vannamei Boone) Hatchery Productivity in Zero Water Discharge System. J. Aquac. Res. Dev. 2013, 4, 5. [Google Scholar] [CrossRef]

	



Sorieul, L.; Rückert, C.; Al-Dilaimi, A.; Winkler, A.; Kalinowski, J.; Pham, D.; Wabete, N.; Boulo, V. Whole-Genome Sequence of Pseudoalteromonas sp. NC201, a Probiotic Strain for Litopenaeus stylirostris Hatcheries in New Caledonia. Microbiol. Resour. Announc. 2019, 8, e00477-19. [Google Scholar] [CrossRef]

	



Gromek, S.M.; Suria, A.M.; Fullmer, M.S.; Garcia, J.L.; Gogarten, J.P.; Nyholm, S.V.; Balunas, M.J. Leisingera sp. JC1, a Bacterial Isolate from Hawaiian Bobtail Squid Eggs, Produces Indigoidine and Differentially Inhibits Vibrios. Front. Microbiol. 2016, 7, 210965. [Google Scholar] [CrossRef]

	



Abd El-Rhman, A.M.; Khattab, Y.A.E.; Shalaby, A.M.E. Micrococcus luteus and Pseudomonas Species as Probiotics for Promoting the Growth Performance and Health of Nile Tilapia, Oreochromis niloticus. Fish Shellfish Immunol. 2009, 27, 175–180. [Google Scholar] [CrossRef]

	



Koga, A.; Goto, M.; Hayashi, S.; Yamamoto, S.; Miyasaka, H. Probiotic Effects of a Marine Purple Non-Sulfur Bacterium, Rhodovulum sulfidophilum KKMI01, on Kuruma Shrimp (Marsupenaeus japonicus). Microorganisms 2022, 10, 244. [Google Scholar] [CrossRef] [PubMed]

	



Kitamura, R.; Miura, N.; Ito, M.; Takagi, T.; Yamashiro, H.; Nishikawa, Y.; Nishimura, Y.; Kobayashi, K.; Kataoka, M. Specific Detection of Coral-Associated Ruegeria, a Potential Probiotic Bacterium, in Corals and Subtropical Seawater. Mar. Biotechnol. 2021, 23, 576–589. [Google Scholar] [CrossRef] [PubMed]

	



Yu, J.; Jiang, C.; Yamano, R.; Koike, S.; Sakai, Y.; Mino, S.; Sawabe, T. Unveiling the Early Life Core Microbiome of the Sea Cucumber Apostichopus japonicus and the Unexpected Abundance of the Growth-Promoting Sulfitobacter. Anim. Microbiome 2023, 5, 54. [Google Scholar] [CrossRef] [PubMed]

	



Furusawa, G.; Hartzell, P.L.; Navaratnam, V. Calcium Is Required for Ixotrophy of Aureispira sp. CCB-QB1. Microbiology 2015, 161, 1933–1941. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, S.; Sun, X. Core Gut Microbiota of Shrimp Function as a Regulator to Maintain Immune Homeostasis in Response to WSSV Infection. Microbiol. Spectr. 2022, 10, e02465-21. [Google Scholar] [CrossRef]

	



Hossain, M.S.; Dai, J.; Qiu, D. Dysbiosis of the Shrimp (Penaeus monodon) Gut Microbiome with AHPND Outbreaks Revealed by 16S RRNA Metagenomics Analysis. Aquac. Res. 2021, 52, 3336–3349. [Google Scholar] [CrossRef]

	



Abraham, W. Maricaulis. In Bergey’s Manual of Systematics of Archaea and Bacteria; Wiley: Hoboken, NJ, USA, 2020; pp. 1–8. [Google Scholar] [CrossRef]

	



Scott Quackenbusho, L. Yolk Synthesis in the Marine Shrimp, Penaeus vannamei. Am. Zool. 2001, 41, 458–464. [Google Scholar] [CrossRef]

	



Palacios, E.; Palacios, E.; Racotta, I.S.; Racotta, I.S.; Heras, H.; Heras, H.; Moal, J.; Moal, J. Relation between Lipid and Fatty Acid Composition of Eggs and Larval Survival in White Paci c Shrimp (Penaeus vannamei, Boone, 1931). Aquac. Int. 2002, 9, 531–543. [Google Scholar] [CrossRef]

	



Doberva, M.; Stien, D.; Sorres, J.; Hue, N.; Sanchez-Ferandin, S.; Eparvier, V.; Ferandin, Y.; Lebaron, P.; Lami, R. Large Diversity and Original Structures of Acyl-Homoserine Lactones in Strain MOLA 401, a Marine Rhodobacteraceae Bacterium. Front. Microbiol. 2017, 8, 254028. [Google Scholar] [CrossRef]

	



Barnier, C.; Clerissi, C.; Lami, R.; Intertaglia, L.; Lebaron, P.; Grimaud, R.; Urios, L. Description of Palleronia rufa sp. nov., a Biofilm-Forming and AHL-Producing Rhodobacteraceae, Reclassification of Hwanghaeicola aestuarii as Palleronia aestuarii comb. nov., Maribius pontilimi as Palleronia pontilimi comb. nov., Maribius salinus as Palleronia pelagia comb. nov. and emended description of the genus Palleronia. Syst. Appl. Microbiol. 2020, 43, 126018. [Google Scholar] [CrossRef]

	



Pajares, S. Unraveling the Distribution Patterns of Bacterioplankton in a Mesoscale Cyclonic Eddy Confined to an Oxygen-Depleted Basin. Aquat. Microb. Ecol. 2021, 87, 151–166. [Google Scholar] [CrossRef]

	



Yoon, J.H.; Kang, S.J.; Lee, S.Y. Salinimonas lutimaris sp. nov., a Polysaccharide-Degrading Bacterium Isolated from a Tidal Flat. Antonie Van Leeuwenhoek Int. J. Gen. Mol. Microbiol. 2012, 101, 803–810. [Google Scholar] [CrossRef] [PubMed]

	



Xue, J.; Fang, J.; Zhang, H.; Wei, Y.; Wang, L.; Liu, R.; Cao, J. Complete Genome Sequence of a Piezophilic Bacterium Salinimonas sediminis N102T, Isolated from Deep-Sea Sediment of the New Britain Trench. Mar. Genom. 2021, 56, 100807. [Google Scholar] [CrossRef]

	



Gago, J.F.; Viver, T.; Urdiain, M.; Pastor, S.; Kämpfer, P.; Ferreira, E.; Rossello-Mora, R. Description of Three New Alteromonas Species Alteromonas antoniana sp. nov., Alteromonas lipotrueae sp. nov. and Alteromonas lipotrueiana sp. nov. Isolated from Marine Environments, and Proposal for Reclassification of the Genus Salinimonas as Alteromonas. Syst. Appl. Microbiol. 2021, 44, 126226. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Wang, H.; Cao, L.; Chen, H.; Wang, M.; Lian, C.; Zhong, Z.; Li, C. Salinimonas iocasae sp. nov., a Halophilic Bacterium Isolated from a Polychaete Tube in a Hydrothermal Field. Int. J. Syst. Evol. Microbiol. 2020, 70, 3899–3904. [Google Scholar] [CrossRef]

	



Li, H.; Mishra, M.; Ding, S.; Miyamoto, M.M. Diversity and Dynamics of “Candidatus Endobugula” and Other Symbiotic Bacteria in Chinese Populations of the Bryozoan, Bugula neritina. Microb. Ecol. 2019, 77, 243–256. [Google Scholar] [CrossRef]

	



Lim, G.E.; Haygood, M.G. “Candidatus Endobugula Glebosa”, a Specific Bacterial Symbiont of the Marine Bryozoan Bugula simplex. Appl. Environ. Microbiol. 2004, 70, 4921–4929. [Google Scholar] [CrossRef]

	



Fu, Z.; Han, F.; Huang, K.; Zhang, J.; Qin, J.G.; Chen, L.; Li, E. Combined Toxic Effects of Thiamethoxam on Intestinal Flora, Transcriptome and Physiology of Pacific White Shrimp Litopenaeus vannamei. Sci. Total Environ. 2022, 830, 154799. [Google Scholar] [CrossRef]

	



Quintino-Rivera, J.G.; Elizondo-González, R.; Gamboa-Delgado, J.; Guzmán-Villanueva, L.T.; Peña-Rodriguez, A. Metabolic Turnover Rate, Digestive Enzyme Activities, and Bacterial Communities in the White Shrimp Litopenaeus vannamei under Compensatory Growth. PeerJ 2023, 11, e14747. [Google Scholar] [CrossRef]

	



Barreto-Curiel, F.; Ramirez-Puebla, S.T.; Ringø, E.; Escobar-Zepeda, A.; Godoy-Lozano, E.; Vazquez-Duhalt, R.; Sanchez-Flores, A.; Viana, M.T. Effects of Extruded Aquafeed on Growth Performance and Gut Microbiome of Juvenile Totoaba macdonaldi. Anim. Feed Sci. Technol. 2018, 245, 91–103. [Google Scholar] [CrossRef]

	



Zheng, Y.; Yu, M.; Liu, Y.; Su, Y.; Xu, T.; Yu, M.; Zhang, X.H. Comparison of Cultivable Bacterial Communities Associated with Pacific White Shrimp (Litopenaeus vannamei) Larvae at Different Health Statuses and Growth Stages. Aquaculture 2016, 451, 163–169. [Google Scholar] [CrossRef]

	



Restrepo, L.; Domínguez-Borbor, C.; Bajaña, L.; Betancourt, I.; Rodríguez, J.; Bayot, B.; Reyes, A. Microbial Community Characterization of Shrimp Survivors to AHPND Challenge Test Treated with an Effective Shrimp Probiotic (Vibrio diabolicus). Microbiome 2021, 9, 88. [Google Scholar] [CrossRef] [PubMed]

	



Donachie, S.P.; Hou, S.; Gregory, T.S.; Malahoff, A.; Alam, M. Idiomarina loihiensis sp. nov., a Halophilic γ-Proteobacterium from the Lō’ihi Submarine Volcano, Hawai’i. Int. J. Syst. Evol. Microbiol. 2003, 53, 1873–1879. [Google Scholar] [CrossRef] [PubMed]

	



Rizzo, C.; Papale, M.; Lo Giudice, A. Idiomarina sp. Isolates from Cold and Temperate Environments as Biosurfactant Producers. J. Mar. Sci. Eng. 2022, 10, 1135. [Google Scholar] [CrossRef]

	



Rizzo, C.; Michaud, L.; Hörmann, B.; Gerçe, B.; Syldatk, C.; Hausmann, R.; De Domenico, E.; Lo Giudice, A. Bacteria Associated with Sabellids (Polychaeta: Annelida) as a Novel Source of Surface Active Compounds. Mar. Pollut. Bull. 2013, 70, 125–133. [Google Scholar] [CrossRef]

	



Bayat, Z.; Hassanshahian, M.; Hesni, M.A. Study the Symbiotic Crude Oil-Degrading Bacteria in the Mussel Mactra stultorum Collected from the Persian Gulf. Mar. Pollut. Bull. 2016, 105, 120–124. [Google Scholar] [CrossRef]

	



Vidal-Verdú, À.; Molina-Menor, E.; Satari, L.; Pascual, J.; Peretó, J.; Porcar, M. Maritalea mediterranea sp. nov., Isolated from Marine Plastic Residues. Int. J. Syst. Evol. Microbiol. 2023, 73, 005677. [Google Scholar] [CrossRef]

	



Fukui, Y.; Abe, M.; Kobayashi, M.; Ishihara, K.; Oikawa, H.; Yano, Y.; Satomi, M. Maritalea porphyrae sp. nov., Isolated from a Red Alga (Porphyra yezoensis), and Transfer of Zhangella mobilis to Maritalea mobilis comb. nov. Int. J. Syst. Evol. Microbiol. 2011, 62, 43–48. [Google Scholar] [CrossRef]

	



Hwang, C.Y.; Cho, K.D.; Yih, W.; Cho, B.C. Maritalea myrionectae gen. nov., sp. nov., Isolated from a Culture of the Marine Ciliate Myrionecta rubra. Int. J. Syst. Evol. Microbiol. 2009, 59, 609–614. [Google Scholar] [CrossRef]

	



Zhukova, N.V.; Eliseikina, M.G.; Balakirev, E.S.; Ayala, F.J. Multiple Bacterial Partners in Symbiosis with the Nudibranch Mollusk Rostanga alisae. Sci. Rep. 2022, 12, 169. [Google Scholar] [CrossRef]

	



Zhang, Y.; Sun, Y.; Jiao, N.; Stepanauskas, R.; Luo, H. Ecological Genomics of the Uncultivated Marine Roseobacter Lineage CHAB-I-5. Appl. Environ. Microbiol. 2016, 82, 2100–2111. [Google Scholar] [CrossRef] [PubMed]

	



Coulthurst, S.J. The Type VI Secretion System—A Widespread and Versatile Cell Targeting System. Res. Microbiol. 2013, 164, 640–654. [Google Scholar] [CrossRef]

	



Griffith, R.S.; Black, H.R. Erythromycin. Med. Clin. N. Am. 1970, 54, 1199–1215. [Google Scholar] [CrossRef]

	



Bakke, I.; Coward, E.; Andersen, T.; Vadstein, O. Selection in the Host Structures the Microbiota Associated with Developing Cod Larvae (Gadus Morhua). Environ. Microbiol. 2015, 17, 3914–3924. [Google Scholar] [CrossRef]

	



Cicala, F.; Lago-Lestón, A.; Gomez-Gil, B.; Gollas-Galván, T.; Chong-Robles, J.; Cortés-Jacinto, E.; Martínez-Porchas, M. Gut Microbiota Shifts in the Giant Tiger Shrimp, Penaeus monodon, during the Postlarvae, Juvenile, and Adult Stages. Aquac. Int. 2020, 28, 1421–1433. [Google Scholar] [CrossRef]

	



Angthong, P.; Uengwetwanit, T.; Arayamethakorn, S.; Chaitongsakul, P.; Karoonuthaisiri, N.; Rungrassamee, W. Bacterial Analysis in the Early Developmental Stages of the Black Tiger Shrimp (Penaeus monodon). Sci. Rep. 2020, 10, 4896. [Google Scholar] [CrossRef] [PubMed]








[image: Microorganisms 12 00608 g001] 





Figure 1. Mean percent of larval survival in the 3 tanks through the 10 days of the rearing, shown in grey, compared to the reference in black. The reference corresponds to the larval survival and stages obtained for a given day. For each day, the reference was calculated using data from 10 years of successful larval rearing (Ifremer data, personal communication with Pham). 
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Figure 2. Alpha diversity indexes of the microbial diversity associated with the larvae. (A) Observed, (B) ACE, (C) Shannon and (D) Inverse Simpson. Turquoise stand for the egg samples, light blue for the nauplii, medium blue for the zoea and navy blue for the mysis samples. Data are available in Table S1. 
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Figure 3. Ordination of the microbial diversity associated with the larvae. 
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Figure 4. Microbial composition of the larvae throughout the rearing period and of the water storage. 
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Figure 5. Specific and core microbiotas of the larvae according to their larval stages and comparison with the water storages. (A) Venn diagram of commons ASVs among all the larvae samples; (B,C) Venn diagrams of commons ASVs between the water storages ResI and ResT, and (B) the eggs and (C) the nauplii collected on D0, (D–F) Venn diagrams of commons ASVs between the specific ASVs of the water storages ResI, ResT and ResNT, and (D) the nauplii collected on D1, (E) the zoea, (F) the mysis; (G) Venn diagram of the core microbiota of the larvae and the ASVs of the water storages. Colored ellipses are related to specific ASVs, in blue = eggs, turquoise = nauplii collected on D0, light red = nauplii collected on D1, light green = zoea, orange = mysis, light orange = larval core microbiota, brown ellipse = primary reservoir ResI, grey = secondary reservoir ResT and khaki = the storage reservoir ResNT. The core microbiota, made of 109 ASVs shared by all the samples, is represented by the overlapping of all the ellipses. Numbers inside the ellipses and in the overlapping represent the number of ASVs of a given condition. 
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Figure 6. Differentially abundant genera according to the larval stage. (A) LEfSe displaying the genera which were statistically more abundant according to each larval stage. (B) Correlogram of the biomarkers detected via the LEfSe according to the larval stage. Heatmap color gradient is linked to Spearman correlation coefficient intensity: red stands for positive correlation, while blue corresponds to negative correlation. Significant correlations are noted with an asterisk (*), with no asterisk: p > 0.05, *: p ≤ 0.05, ***: p ≤ 0.001. 
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Figure 7. Correlogram of putative ecological functions assigned with FAPROTAX to the core microbiotas of all the larvae. The heatmap color gradient related to Spearman correlation coefficient intensity: red for positive and blue for negative correlations. Significant correlations are denoted with an asterisk (*), no asterisk: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001. 
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Table 1. Pairwise comparison (Dunn test) on the alpha diversity indexes showing a significant p-value after the Kruskal–Wallis test, according to the larval stage. Significant differences (p < 0.05) are indicated in bold.
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Observed

	
ACE






	
Egg

	
Nauplii

	
0.631

	
0.829




	
Egg

	
Zoea

	
0.009

	
0.026




	
Egg

	
Mysis

	
0.015

	
0.007




	
Nauplii

	
Zoea

	
0.002

	
0.004




	
Nauplii

	
Mysis

	
0.007

	
0.001




	
Zoea

	
Mysis

	
0.882

	
0.297
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