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Abstract: The importance of microbial communities in fish hatcheries for fish health and welfare has
been recognized, with several studies mapping these communities during healthy rearing conditions
and disease outbreaks. In this study, we analyzed the bacteriome of the live feeds, such as microalgae,
rotifers, and Artemia, used in fish hatcheries that produce Mediterranean species. Our goal was
to provide baseline information about their structure, emphasizing in environmental putative fish
pathogenic bacteria. We conducted 16S rRNA amplicon Novaseq sequencing for our analysis, and
we inferred 46,745 taxonomically annotated ASVs. Results showed that incoming environmental
water plays a significant role in the presence of important taxa that constitute presumptive pathogens.
Bio-statistical analyses revealed a relatively stable bacteriome among seasonal samplings for every
hatchery but a diverse bacteriome between sampling stations and a distinct core bacteriome for each
hatchery. Analysis of putative opportunistic fish pathogenic genera revealed some co-occurrence
correlation events and a high average relative abundance of Vibrio, Tenacibaculum, and Photobacterium
genera in live feeds, reaching a grand mean average of up to 7.3% for the hatchery of the Hellenic
Center of Marine Research (HCMR), 12% for Hatchery A, and 11.5% for Hatchery B. Mapping
the bacteriome in live feeds is pivotal for understanding the marine environment and distinct
aquaculture practices and can guide improvements in hatchery management, enhancing fish health
and sustainability in the Mediterranean region.

Keywords: microbial community; metagenomics; microbial ecology; bacteriome; environmental
microbiology

1. Introduction

The significance of the bacteriome in fish hatcheries for maintaining fish health and
welfare has been acknowledged, with numerous studies mapping these communities
under both healthy rearing conditions and during disease outbreaks [1,2]. Modern fish
hatcheries are areas of high biosecurity, and strict protocols are applied to prevent the entry
of microbial pathogens [3–5]. Fish in their early stages of development are particularly
susceptible to infectious diseases because they do not have a fully developed immune
system [6]. Additionally, the existing rearing methodologies rely on live feeds, such as
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microalgae, rotifers, and Artemia, for a significant period, typically starting at 4 days post-
hatching (dph) and ending at 40 dph, depending on the species reared [7,8]. Despite the
strict biosecurity protocols, the entry of pathogens into the rearing tanks through a live
feed is inevitable. Thus, these first days of rearing constitute a critical time window, during
which significant mortality due to bacterial infections can occur [9].

In addition to the risk of disease, this time window is crucial for the development of
a healthy bacteriome in the intestines of fish larvae, which is an invaluable asset for their
subsequent transition to the on-growing stage in the open sea, as the intestinal bacteriome
is linked to growth and health performance [10]. Therefore, knowledge and regulation of
the microbial communities of live feeds should not only be seen as a means for preventing
the occurrence of diseases but also as an opportunity to redefine the quality standards of
the juveniles produced [11].

Microbial relationships and interdependencies in the hatchery environment are com-
plex and poorly understood despite their critical importance in fish health and welfare.
Several scientific articles have highlighted this importance in the past [12,13]. This com-
plexity is particularly evident in marine fish hatcheries, where live feeds are produced in
separate infrastructures, which, in some cases, are able to interact before being administered
to fish [14]. For example, microalgae can be used directly in fish larvae tanks (using the
“green water” technique) and can also be used as a feed for rotifers [15]. Additionally, each
commercial hatchery may use different strains of live feeds, particularly microalgae, as
well as different culture techniques that directly affect the composition and diversity of
host-associated microbial communities.

Host-associated microbial communities exhibit extensive plasticity, determined by
both the host and the environment, and can reflect previous processes. More specifically, the
rearing factors’ procedures and sequence can have a detrimental role on which and when
specific bacterial taxa in a community will affect its structure through colonization/niche
occupation and competition with other microbes [16]. It is well established that only a
small fraction of environmental bacteria can be cultured in vitro, making a comprehensive
analysis difficult. In recent years, this obstacle has been largely overcome with the advent of
new technologies, such as high-throughput sequencing. This approach enables the accurate
profiling of microbial diversity in environmental samples down to the genus level without
the need for isolating and culturing microorganisms [17].

Our study aimed to use a deep sequencing pipeline to provide crucial baseline infor-
mation on the structure and diversity of microbial communities in marine hatcheries. This
information is critical for optimizing the bacteriome modulation of fish larvae, ultimately
leading to the production of high-quality juveniles. The primary objective of the study was
to assess how differences in rearing environments and techniques, as well as in the water
source, influence the microbial composition of the hatchery, with a particular focus on
live feeds. An emphasis on emerging major environmental opportunistic fish pathogenic
bacteria and seasonal correlation also took place.

2. Materials and Methods
2.1. Samples Overview and Hatcheries Involved in the Study

Three Mediterranean marine fish hatcheries located in different regions of Greece
were selected for this study. They were chosen based on their unique water sources and
treatments, as well as their varying levels of intensity in rearing practices (Hellenic Center
of Marine Research (HCMR) hatchery, Hatchery A, Hatchery B; Figure 1; Tables 1 and 2).

We utilized state-of-the-art culture-independent techniques to thoroughly analyze
and track the bacterial communities of live-feed sections over the course of one year. By
conducting a comparative bacteriome analysis, we were able to closely follow the dynamics
of the bacterial communities present in the live feeds of the marine fish hatcheries, with a
particular focus on putative pathogenic opportunistic bacteria, particularly those belonging
to the Vibrio and Tenacibaculum genera [18], which are known to include significant disease
agents for fish larvae. Sampling was carried out seasonally and in triplicates during
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Autumn, Winter, and Spring. The sampling process involved collecting water samples from
five different areas within each hatchery. These areas included inlet water (24 samples),
microalgae (27 samples), rotifers (27 samples), Artemia (24 samples), and outlet water
(27 samples). Artemia samples from the HCMR hatchery were absent during Winter, as
well as inlet water samples during Autumn from Hatchery B, meaning the total number
of analyzed samples was 129. In total, 42 samples were analyzed for the HCMR hatchery,
45 samples for Hatchery A, and 42 samples for Hatchery B. The number of samples in each
sampling point per hatchery is presented in detail in Figure S1. During our monitoring
program, no fish mortality events due to bacterial pathogens were reported.

Figure 1. Geographic location of fish hatcheries. Brief map of Greece and geographical distribution
of the fish hatcheries reported in the present study.

Table 1. Environmental conditions of the 5 sampling stations in the present study.

Inlet Water Rotifer Artemia Microalgae Outlet Water

pH S
(‰)

T
(◦C) pH S

(‰)
T

(◦C) pH S (‰) T
(◦C) pH S

(‰) T (◦C) pH S
(‰)

T
(◦C)

HCMR
hatchery 7.4 34 19 7.5 25 25 7.3–7.8 25–28 25 7.5 34 26.5–29 7.5 34 19–20

Hatchery A 7.1 36 19 7.8–8.5 36 20 7.5 25 25 7.5 36 25 7 36 19
Hatchery B 7.9–8.2 40 14–28 7.8–8.4 40 22–24 7.6 20 26–28 7.5 40 28 7.7–8 40 14–28

Table 2. Main attributes of the hatcheries used in the present study.

Hatchery Name Live Feed Water
Supply

Cultivated
Microalgae Species Type of Hatchery Main Cultivated Fish Species

HCMR
hatchery Borehole water Chlorella minutissima Research Gilthead seabream, European seabass,

meagre, greater amberjack
Hatchery A Borehole water Isochrisis sp. Commercial Gilthead seabream, European seabass
Hatchery B Sea Water Tetraselmis sp. Commercial Gilthead seabream, European seabass

2.2. Sampling Method

Microbial populations were concentrated from water samples using an updated pro-
tocol of isolating environmental DNA [19,20]. Water samples were collected in triplicates
into sterile plastic bottles and preserved at 4 ◦C for a short time. Sample water from the
live feeds was filtered through a fine mesh to remove the planktonic organisms, followed
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by sorvall centrifugation at 500× g rpm for 2 min to remove any residues of the live feeds.
For each sample, at least 2.5 L of water was collected. Following collection, samples were
filtered through a 25 mm diameter, 0.2 µm pore size polycarbonate filter (Whatman plc,
Maidstone, UK) using a vacuum filtration system. The filters were then transferred to
cryovials and stored at −80 ◦C until assayed. All glassware and collection bottles were
cleaned before use with a 2% bleach solution, followed by thorough washing with ethanol
and sterile water.

2.3. DNA Extraction and 16S rRNA Sequencing

Total DNA was extracted using an optimized SDS-based extraction buffer and phenol/
chloroform-based extraction method [21]. The extraction buffer contained 10 mM Tris
(pH 7.2), 0.1 mM EDTA, 2% SDS, b-mercaptoethanol, and proteinase k (Thermo Fisher,
Waltham, MA, USA). Filters were homogenized with liquid nitrogen before adding an
extraction buffer. Samples were then incubated for 2.5 h at 56 ◦C. The liquid phase con-
taining nucleic acids was separated with centrifugation at 11,000× g for 15 min at 4 ◦C.
Total nucleic acids were purified twice by using an equal volume of phenol: chloroform:
isoamyl alcohol (25:24:1) before precipitation from the aquatic phase with isopropanol
overnight at −20 ◦C. Total nucleic acids were washed with absolute and 70% ethanol and
resuspended in ddH2O. An RNAse (Qiagen, Hilden, Germany) step was followed at 37 ◦C
for 1 h, and DNA was purified with a commercial DNA isolation kit (Macherey-Nagel,
Düren, Germany) according to the manufacturer’s protocol. The yield was quantified using
a Nanodrop spectrophotometer (Thermo Fisher, Waltham, MA, USA). DNA quality was
estimated with 0.7% agarose gel.

A total of 50 ng of DNA was amplified following the 16S Metagenomic Sequencing Li-
brary Illumina protocol. In summary, in the first amplification step, primers were designed
containing (1) a universal linker sequence, allowing amplicons for incorporation indexes
and sequencing primers by a Nextera XT Index kit (Illumina, San Diego, CA, USA); (2) 16S
rRNA gene universal primers, amplifying the 16s rRNA region V3–V4 [22]. In the second
and last assay, amplification indexes were included. Amplicon libraries were quantified by
fluorimetry using the Quant-iT™ PicoGreen™ dsDNA Assay Kit (Thermo Fisher, Waltham,
MA, USA). Libraries were pooled prior to sequencing on the NovaSeq 6000 platform system
(Illumina, San Diego, CA, USA) in 250 cycles of paired reads configuration. The size and
quantity of the pool were assessed on the Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA)
and with the Library Quantification Kit for Illumina (Kapa Biosciences, Wilmington, MA,
USA), respectively. The PhiX Control library (v3) (Illumina, San Diego, CA, USA) was
combined with the amplicon library (expected at 20%). Sequencing data were available
within approximately 56 h and with an approximate size of 6 gigabytes.

2.4. Bioinformatics and Bio-Statistics Analysis

Image analysis, base calling, and a data quality assessment were performed on the
NovaSeq instrument (NovaSeq Control Software (NVCS version 1.7)). Raw sequences were
imported into the QIIME2 platform [23]. Cutadapt version 3.4 plugin was used to filter
specific V3–V4 16S rRNA region adapters. Reads were processed using the ‘denoise-paired’
command of the DADA2 plugin [24]. Low-quality reads were filtered by the function
‘filterAndTrim’ and were truncated where they started to lose quality (240 bp for R1, 200 bp
for R2). Error models were generated using the ‘learnErrors’ function, and the DADA2
algorithm was applied using the ‘dada’ function. ASVs (‘Amplicon Sequence Variants’)
generated by R1 and R2 reads were merged using the ‘mergepairs’ function. ASVs analysis
is recommended as an optimal method with the highest comprehensiveness method for
discriminating species, with 99% grouping sequence similarity [25]. Chimeric sequences
were removed using the ‘removeChimeraDenovo’ function. Taxonomy of resulting ASVs
was annotated using blastn v2.2.29+ [26] against a 16S rRNA-specific database from the
NCBI (version August 2021). Assigned taxonomies with an identity percentage lower than
97% were reassigned using the NBAYES algorithm [27] against SILVA v.138. Data were
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normalized using rarefaction [28] in the phyloseq R package [29] to perform an alpha di-
versity analysis. Shannon, Simpson, and Richness indexes were calculated using the vegan
R package (version 2.5-4) [30], and the Wilcox test was used to find significant differences
in alpha diversity between the groups. Pearson’s correlation analysis of opportunistic
fish pathogenic genera and ANOVA statistical significance analysis of the average relative
abundance of bacterial genera (post hoc test LSD) took place with SPSS (version 26.0;
IBM, Armonk, NY, USA). Visualization of ASVs and the average relative abundance of
pathogenic opportunistic fish took place with the Sigma plot (version 14.0; Graffiti LLC,
Irvine, CA, USA).

To estimate the potential sources of microbes in the outlet water, Sourcetracker (version
1.0.1) was used [31] on the averages of the replicate samples under different scenarios:
(a) Sources: inlet water, microalgae, rotifers, Artemia, Sink: outlet water, (b) Sources:
inlet water, microalgae, Sink: rotifer. These scenarios were run for the subset of the
putative pathogen ASVs (species of the Vibrio, Tenacibaculum, Alivibrio, and Photobacterium
genera). In addition, FlashWeave (version 0.19) [32] was used to infer associations between
ASVs in Hatchery B during Winter. All further data analysis was carried out using the R
statistical software version 4.2.0. Alpha diversity analysis (Chao1, Shannon, and Simpson),
core microbiome analysis (detection threshold: 0.001 and prevalence threshold: 0.3), and
visualization of prevalence distributions were performed using the microbiome R package
(v1.19.0) [33]. Classification plots were done using a phyloseq package (v1.41.0) [29] and
principal component analysis (PCA) and using the R stats package (v.3.6.2).

3. Results
3.1. Sequencing, Quality Filtering, and Samples Richness

A total of 129 samples were sequenced using paired-end sequencing, generating
77,054,222 reads with an average of 298,660 reads per sample, an average file size of
74.8 megabytes per sample, an average length of 250.7 base pairs, and an average quality
score of 34.6. After quality filtering, 21,008,815 (~27%) high-quality sequences were retained,
with an average of 162,859 sequences per library. The 46,745 annotated amplicon sequence
variants (ASVs) represented an average of 362 ASVs per sample. Rarefaction analysis
indicated that all samples reached a plateau phase at both genus and ASV levels, suggesting
that additional sequencing would not largely increase the number of annotated taxa or ASV
(Figure S2). In terms of taxonomy, we identified 51 phyla, 322 families, and 801 genera across
all hatcheries. Unmapped and unknown reads accounted for 17.5 ± 1.6% (mean ± SE) at
the family level and 2.7 ± 0.77% (mean ± SE) at the genus level of the total reads. The
richness of samples differed significantly among the three hatcheries across all seasons.
Chao1 richness analysis revealed that the HCMR hatchery had an average value of 30.05
(SE ± 4.01) at the genus level and 32.52 (SE ± 3.23) at the ASVs level. Hatchery A had an
average value of 31.34 (SE ± 3.06) at the genus level and 29.49 (SE ± 2.73) at the ASVs
level. Finally, Hatchery B had the highest average value, with 43.46 (SE ± 3.71) at the genus
level and 44.24 (SE ± 3.98) at the ASVs level, indicating a greater richness of bacterial taxa
compared to the other hatcheries. In general, no important human pathogenic bacterial
genera were detected in our analysis, with the exception of the Pseudomonas genus.

3.2. Diversity, Prevalence, and Core Bacteriome of the Live-Feed Cultures Bacteriome

Principal component analysis (PCA) was conducted separately for each hatchery,
using the most abundant and common genera, and low deviations were observed among
triplicate samples. In HCMR, 9 genera were common across all three live-feed sections
during all sampling seasons, 13 genera in Hatchery A, and 18 in Hatchery B. PCA was
used to monitor the beta-diversity among the samples of each hatchery and identify the
principal genera that contribute to the diversity of the bacteriome (Figures S3 and S4). By
inserting the variables independently and grouping them according to live-feed type and
season, it was observed that triplicates had low variability and were grouped separately
depending on the live-feed sampling site (rotifers, Artemia, microalgae). However, the
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seasonal effect increased the deviation of the bacteriome variability in all hatcheries. PC1
and PC2 were sufficient in distinguishing the bacteriomes of the live feeds for each season,
with an aggregated contribution of 54.97% for HCMR (Figure S3A), 45.2% for Hatchery A
(Figure S3B), and 44.37% for Hatchery B (Figure S3C). This suggests that seasonality could
separate the live feed bacteriomes, mostly in HCMR and Hatchery B, although further ex-
ploration is needed to determine the significance of this bacteriome shift. The PCA loadings
identified the primary genera contributing to the variation in live feeds across all seasons
for all hatcheries (Figure S4). More specifically, for HCMR hatchery, genera such as Vibrio,
Tenacibaculum, Alteromonas, Phaeobacter, and Pseudomoalteromonas contributed the most to
the variation among live feeds and seasons. In Hatchery A, the top contributing genera for
the variation of the samples were Vibrio, Tenacibaculum, Alteromonas, Pseudomoalteromonas,
Marinobacter, Pseudomonas, Clacieola, and Polaribacter, while in Hatchery B, the genera were
Vibrio, Tenacibaculum, Alteromonas, Pseudomoalteromonas, Maribacter, Tritonibacter, Rosevarius,
Brumimicobrium, and Muricauda. To determine the significance of seasonal bacteriome shifts
in terms of bacterial richness, we used alpha diversity metrics (Figure 2), which pinpoint the
richness of different genera and species in the various hatcheries, including the bacteriomes
of the inlet and outlet water. The Shannon index revealed that the sampling season had
a statistically significant effect on rare occasions, with higher values observed at HCMR,
indicating higher bacteriome diversification compared to the other hatcheries (Figure 2).
Moreover, the Shannon index showed that the season had little effect on the genera vari-
ability of the HCMR hatchery, with values ranging between 0.5 and 3.00 and p-values of
0.183, 0.777, and 0.263 when comparing Winter with Spring, Winter with Autumn, and
Spring with Autumn, respectively. At Hatchery A (Figure 2), Shannon index values ranged
between 0.4 and 4.3, indicating a similar genus diversification. However, values differed
among seasons, with a statistically significant increase observed during the Spring season
(p = 0.005 compared to Winter and p = 0.032 compared to Autumn), indicating a significant
increase in bacteriome diversity during this time. We did not observe a statistically signifi-
cant difference between Winter and Autumn (p = 0.457). Finally, Hatchery B (Figure 2) had
Shannon index values ranging from 0.2 to 3.6, with no statistically significant difference
among seasons (p = 0.477, 0.815, and 0.367 when comparing Winter with Spring, Winter
with Autumn, and Spring with Autumn, respectively), aligning with the low genera fluctu-
ation observed at the HCMR hatchery, despite the higher richness values. The Shannon
index indicated that alpha diversity at the species level was relatively consistent among
the three hatcheries studied, with values ranging from 1.8 to 4.0 (Figure 3). The impact
of season on ASVs diversity within each hatchery was found to be minimal according to
statistical analysis. Specifically, there were no significant differences in bacteriome diversity
between seasons in the HCMR hatchery (Figure 3), with p-values of 0.222, 0.056, and 0.445
when comparing Winter with Spring, Winter with Autumn, and Spring with Autumn,
respectively. Hatchery A (Figure 3) showed similar values to the genus level, ranging from
0.5 to 3.9. A statistically significant increase was observed from Spring to Winter (p = 0.024)
and from Spring to Autumn (p = 0.011), similar to what was observed at the genus level.
However, the comparison between Winter and Autumn remained unaffected (p = 0.756).
Finally, Hatchery B (Figure 3) had values between 1.7 and 4, which were consistent with
the genus-level results, and there was no statistically significant difference in diversity
among seasons (p = 0.942, 0.627, and 0.579 when comparing Winter with Spring, Winter
with Autumn, and Spring with Autumn, respectively), following a similar pattern to the
genus-level diversity. The bacteriome composition of all three hatcheries was dominated by
Proteobacteria and Bacteroidetes, as shown in Figure S5. Additionally, Actinobacteria and
Firmicutes were also present, albeit in smaller proportions. Interestingly, the prevalence
of Firmicutes and Actinobacteria varied among the hatcheries, with the HCMR hatchery
having a higher prevalence of Actinobacteria than Firmicutes, while Hatchery A and B
showed an opposite trend. The core bacteriome of the hatcheries, which is presented in
Table 3, was found to be diverse. Hatchery A and B had 12 and 13 genera, respectively,
that were present across all sampling stations and seasons. The HCMR hatchery had nine
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genera that were part of its core bacteriome. Many of these core microbiotas belonged to
typical Mediterranean bacteria genera, such as Alteromonas, Pseudoalteromonas, and Vibrio.
Hatchery B, which uses natural seawater, had additional genera in its core bacteriome, such
as Marinomonas, Catenococcus, and Maribacter. Although opportunistic fish pathogenic bac-
teria genera, such as Vibrios, were present in all three core bacteriomes, the Tenacibaculum
genus was only found in the core bacteriome of Hatchery B.

Figure 2. Seasonal variation of bacterial genera. Shannon index of the three hatcheries (HCMR
hatchery, Hatchery A and Hatchery B). Microbiomes’ diversity has been grouped according to
seasonal effect.

Figure 3. Seasonal variation of bacterial ASVs. Shannon index of the three hatcheries (HCMR hatchery,
Hatchery A and Hatchery B). Microbiomes’ diversity has been grouped according to seasonal effect.
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Table 3. Core bacterial structure of all the hatcheries based on common genera among all sampling
points and during all three studied seasons (N/A for not available).

Phylum Class Order Family Genus

Proteobacteria Gammaproteobacteria Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas

HCMR
HATCHERY

Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae Alteromonas
Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Olleya

Actinobacteria Actinomycetia Micrococcales Micrococcaceae Glutamicibacter
Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae Marisediminitalea
Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Tritonibacter
Proteobacteria Alphaproteobacteria Rhodobacterales Roseobacteraceae Nereida
Proteobacteria Alphaproteobacteria Rhodobacterales Roseobacteraceae Phaeobacter
Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Vibrio

Bacteroidetes Bacteroidia Flavobacteriales Flavobacteriaceae N/A

HATCHERY A

Bacteroidetes Bacteroidia Marinilabiliales Prolixibacteraceae Sunxiuqinia
Proteobacteria Alphaproteobacteria Rhodobacterales Roseobacteraceae Phaeobacter
Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Vibrio
Proteobacteria Alphaproteobacteria Rhodobacterales Roseobacteraceae Roseovarius
Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae Alteromonas
Proteobacteria Alphaproteobacteria Rhodobacterales Roseobacteraceae Nereida
Proteobacteria Alphaproteobacteria Rhodobacterales Roseobacteraceae Roseovarius
Patescibacteria Gracilibacteria JGI_0000069-P22 JGI_0000069-P22 JGI 0000069-P22
Bacteroidetes Bacteroidia Flavobacteriales Flavobacteriaceae N/A
Proteobacteria Gammaproteobacteria Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas
Proteobacteria Gammaproteobacteria Alteromonadales Idiomarinaceae Pseudidiomarina

Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Catenococcus

HATCHERY B

Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Vibrio
Proteobacteria Alphaproteobacteria Rhodobacterales Roseobacteraceae Nereida
Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae Alteromonas
Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Maribacter
Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Tritonibacter
Proteobacteria Gammaproteobacteria Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas
Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Tenacibaculum
Proteobacteria Alphaproteobacteria Rhodobacterales Roseobacteraceae Phaeobacter
Proteobacteria Alphaproteobacteria Rhodobacterales Roseobacteraceae Roseovarius
Proteobacteria Alphaproteobacteria Rhodobacterales Roseobacteraceae Donghicola
Proteobacteria Gammaproteobacteria Oceanospirillales Oceanospirillaceae Marinomonas
Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae Alteromonas

3.3. Relative Abundance of the Predominant Marine Bacteria in the Live-Feed Cultures

Figure 4 presents the average relative abundances of bacterial classes in HCMR
hatchery across different sampling stations and seasons. The dominant classes were
Gammaproteobacteria (10–65%), Alphaproteobacteria (10–25%), Flavobacteria (5–15%),
and Actinomycitia (2–15%). Gammaproteobacteria were the most abundant across all
samples, while Alphaproteobacteria were primarily observed in Artemia and outlet water
samples. Flavobacteria were most abundant in microalgae live-feed samples during the
Spring season. At the order level, Alteromonadales, Flavobacteriales, Vibrionales, and
Rhodobacteriales were consistently present in all samples throughout the three seasons.
Family-level abundance analysis revealed higher diversification, represented mainly by
Vibrionaceae, Flavobacteriaceae, and Alteromonadaceae families only present in microalgae
samples during Autumn, inlet water during Winter and Autumn, and microalgae samples
during Winter, respectively.
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Figure 4. Ten most abundant Classes, Orders, Families and Genera of the HCMR hatchery. Average
relative abundances of the 10 most abundant Classes, Orders, Families and Genera of the HCMR
hatchery per season and per sampling point.

In Hatchery A, Gammaproteobacteria (5–95%), Alphaproteobacteria (5–25%), and Bac-
teriodia were the main classes observed across all samples and seasons (Figure 5), which is
different from the HCMR hatchery. Vibrionales, Rhodobacteriales, and Flavobacteriales
were the dominant orders. The Pseudomonadaceae family appeared with significant abun-
dance in microalgae samples during Autumn and Spring. Vibrio and Roseovarius genera
are prevalent across all samples and seasons. However, during Winter and Autumn, the
Pseudomonas genus dominated the microalgae live-feed samples. Two distinct ASVs were
grouped with annotation analysis, showing that Pseudomonas ASV77, with an average
relative abundance of 21.1%, and Pseudomonas ASV14, with an average relative abundance
of ~77.5%, were the two suspected dominant species during Winter. During Autumn,
annotation of the two dominant ASVs identified Pseudomonas ASV89, with an average
relative abundance of 27.3%, and Pseudomonas ASV320, with an average relative abundance
of 5%. Similar to Autumn on inlet water, Alteromonas genera also showed a significant
relative abundance in Hatchery A. Finally, ASV4, which was annotated within Bacillus sp.,
had a significant presence in the bacteriome of the live feed, such as a Bacillus sp. (ASV
analysis annotated it as Bacillus mobilis) in inlet water during the Autumn season, which
constituted an average relative abundance of more than ~97% of the total bacteriome of the
sample, indicating a possible contamination event.

In Hatchery B, the microbial composition of live feeds showed Gammaproteobacteria
(5–55%) and Flavobacteria (2–30%) as the main classes (Figure 6). Among thedepicted
orders, Alteromonadales (10–50%), especially in rotifer samples, and Vibrionales, which
reached up to 55% in Artemia samples, were the most abundant. At the family level, Vibri-
onaceae and Alteromonadaceae showed a similar pattern of abundance, while Roseobacteriaceae,
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Oceanospiriliceae, and Monodopsidaceae together reached up to 50% in outlet water during
Autumn and Winter. The most prevalent genera were Vibrio, Alteromonas, and Pelagimonas.

Figure 5. Ten most abundant Classes, Orders, Families and Genera of Hatchery A. Average relative
abundances of the 10 most abundant Classes, Orders, Families and Genera of Hatchery A per season
and per sampling point.

Figure 6. Ten most abundant Classes, Orders, Families and Genera of Hatchery B. Average relative
abundances of the 10 most abundant Classes, Orders, Families and Genera of Hatchery B per season
and per sampling point.
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3.4. Correlation of Putative Opportunistic Fish Pathogenic Bacteria with Sampling Points
and Hatcheries

An analysis was performed to specifically focus on the presence of putative fish
pathogens, which was narrowed to species belonging to Vibrio, Tenacibaculum, and Photobac-
terium genera. In the HCMR hatchery, we identified 145, 75, and 7 ASVs associated with
the genera Vibrio, Tenacibaculum, and Photobacterium, respectively. Furthermore, Hatchery
A exhibited 103, 40, and 7 ASVs for the genera Vibrio, Tenacibaculum, and Photobacterium,
respectively, while Hatchery B showed 165, 49, and 10 ASVs for the same genera (Figure 7).
Additionally, as a result of the analysis, we present the grand mean of the average relative
abundance of each opportunistic fish pathogenic genera separately for all seasons (Figure 8;
Supplementary Data) as well the first annotation result of ASVs that correspond to pre-
sumably opportunistic fish pathogenic taxa (Tables S1–S3). At the HCMR hatchery, the
average relative abundance of bacteria belonging to these genera was 7.75%, with Vibrio
spp. representing 4.7%, Tenacibaculum spp. representing 2.6%, and Photobacterium spp. rep-
resenting 0.45%. In Hatchery A, the average relative abundance of putative fish pathogens
was 12.12%, with Vibrio spp. representing 11.7%, Tenacibaculum spp. representing 0.3%, and
Photobacterium spp. representing 0.12%. In Hatchery B, the average relative abundance
of putative fish pathogens was 11.7%, with Vibrio spp. representing 10.2%, Tenacibaculum
spp. representing 1.3%, and Photobacterium spp. representing 0.2%. In the case of sampling
points (Supplementary Data) and the HCMR hatchery, opportunistic pathogenic bacterial
genera were primarily present in the hatchery inlet water (~9.5%) and less in outlet water
(~7.9%). In the case of live feeds, Vibrio spp. ASVs were detected at a significant percentage
in all live-feed samples (3.5–7.2%), contrary to inlet and outlet water, whereas Tenacibaculum
spp. was more abundant. Photobacterium spp. were solely reported in inlet water (~0.7%).
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In Hatchery A, the relative abundance of the Tenacibaculum genus was significantly
lower across all sampling points compared to the HCMR hatchery. Vibrio genus was re-
ported in all sampling points, with the highest being in rotifer samples, reaching 36%. Inlet
and outlet water had an 11 and 3% average relative abundance, respectively. Tenacibaculum
genus was reported in Artemia (~1%) and in outlet water (~0.5%). Photobacterium genus was
detected similarly in rotifer and microalgae samples (~0.1%). Finally, regarding Hatchery B,
Vibrios appeared abundant across all sampling points, with the highest abundance being
31% in Artemia samples. Tenacibaculum spp. was present in both outlet and inlet water,
with an average relative abundance of ~2%, while it was also detected in Artemia samples
(~1.2%). Finally, the Photobacterium genus was detected only in Artemia samples (~0.3%).
These results prompt us to perform a Spearman’s correlation analysis between the abun-
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dance of the putative pathogenic genera and sampling seasons for each Hatchery separately.
This way, we can identify the possible co-occurrence of the abundance of presumably fish
pathogenic genera in a specific period (Figure 9). In the case of the HCMR hatchery, a
positive correlation among all studied genera was reported during the Winter season, with
a statistically significant positive correlation of Tenacibaculum spp. and Photobacterium spp.
(p = 0.003). Spring and Autumn showed no statistical correlation among opportunistic
pathogenic genera. In Hatchery A, an analysis revealed solely negative correlations among
all studied genera across all seasons, although no analysis appeared statistically significant.
Regarding Hatchery B, a positive statistically significant correlation was reported between
Vibrio spp. and Photobacterium spp. (p = 0.000) in Winter samples. During Spring, similar to
the HCMR hatchery, no statistically significant correlations were detected. Interestingly,
during Autumn, all correlations appeared positive, with Vibrio spp. and Photobacterium
spp. showing a statistically significant positive correlation (p = 0.000). These results sug-
gest that the abundance of opportunistic fish pathogenic genera could be correlated in
specific seasons.
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Figure 9. Spearman’s correlation analysis of opportunistic fish pathogenic genera. Co-occurrence
Spearman’s correlation analysis of most abundant opportunistic fish pathogenic genera with their
respected p values. n/a for not available.
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3.5. Source Tracking of Putative Opportunistic Pathogens Among Sampling Points

We also identified which sources were contributing the most to the abundance of the
putative opportunistic fish pathogenic bacteria found in outlet water samples. Results pre-
sented in Figure 10A show that HCMR hatchery inlet water, rotifer, microalgae, and Artemia
do not contribute significantly to the outlet water bacteriome regarding opportunistic fish
pathogen ASVs. Only 4.46%, 4.27%, and 1.54% of the total opportunistic fish pathogen
ASVs for Spring, Autumn, and Winter, respectively, were found to be sourced from the rest
of the sampling points. On the other hand, these percentages are significant in Hatchery A,
whereas 14.6%, 15.32%, and 4.91% of the total opportunistic fish pathogen ASVs for Spring,
Autumn, and Winter, respectively, were found to be sourced by the rest of the sampling
points. Interestingly, Hatchery B presented a greater increase, especially during Autumn
and Winter, whereas the percentages were 4.9%, 88.6%, and 91.65% of the total opportunis-
tic fish pathogen ASVs for Spring, Autumn, and Winter, respectively. More specifically, inlet
water contributes the most, with 87.37% and 90.46% of the opportunistic fish pathogens
being tracked during Autumn and Winter, respectively. These results demonstrate that the
presence of opportunistic fish pathogens in the outlet water of live feeds is dependent on
both the Hatchery and the season. Focusing on rotifers samples, we examined how much
the inlet water and the microalgae contribute to the abundance of the opportunistic fish
pathogenic bacteria described earlier. Results presented in Figure 10B show that in the
HCMR hatchery, 0.32%, 0.16%, and 2.09% of inlet water contribute to the opportunistic fish
pathogens of the rotifer during Spring, Autumn, and Winter, respectively. Similar results
were recorded in Hatchery A, where only traces of opportunistic fish pathogens in rotifer
samples were able to be tracked in inlet water and microalgae, with percentages being
0.57%, 0.46%, and 0.46% for Spring, Autumn, and Winter, respectively. A different picture
was observed in Hatchery B during Winter, where 0.62%, 1.68%, and 36.79% of the total
opportunistic fish pathogens were tracked in inlet water and microalgae during Spring,
Autumn, and Winter, respectively. A total of 36.6% of the opportunistic fish pathogens
during Winter were tracked from microalgae samples. We also identified which ASVs were
the ones tracked from microalgae during Winter in Hatchery B. The results identified ASVs
belonging to the Vibrio genus, and more specifically, they were ASV65, ASV355, ASV2271,
ASV3220, ASV3220, ASV4418, ASV4545, ASV5346, ASV28, ASV5, ASV65, ASV355, ASV2271,
ASV3220, ASV4418, ASV4545, ASV5346, ASV80, ASV170, ASV732, ASV3983, ASV38, ASV54,
ASV55, ASV107, ASV168, ASV235, ASV271, ASV368, ASV426, ASV505, ASV563, ASV632,
ASV819, ASV989, ASV992, ASV1006, ASV1446, ASV1560, ASV1647, ASV1887, ASV2914,
ASV3007, ASV3343, ASV3503, ASV3568, ASV3765, ASV3789, ASV3829, ASV3838, ASV3889,
ASV4159, ASV4600, ASV5050, ASV5422, ASV5899, ASV6271, ASV6511, ASV7040, ASV7042,
ASV7202, ASV7765, ASV8248, ASV8250, and ASV50. Additionally, the results identified
ASVs belonging to the Tenacibaculum genus, and more specifically, ASV20 and ASV7226.
These results show that inlet water and microalgae could potentially shape the rotifer’s
bacteriome communities under specific regimes.
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Figure 10. Source tracking of opportunistic fish pathogenic bacteria across seasons and hatcheries.
The percentages of the potential sources of pathogen ASVs as derived by the SourceTracker analysis
for every hatchery and season, separately. (A) Sources: Inlet water, microalgae, rotifers, Artemia,
Sink: Outlet water; (B) Sources: Inlet water, microalgae, Sink: rotifer.

4. Discussion

Mediterranean fish hatcheries face frequent bacterial outbreaks that are primarily
caused by environmental endemic species [34]. As a result, commercial units invest re-
sources in preventive measures to reduce the presence of fish pathogenic bacteria in their
production line [34]. However, modern aquaculture systems rely on in-house systems
to maintain or cultivate most of the live feeds used in the early stages of fish rearing,
aiming for the development of a healthy fish gut bacteriome [35,36]. These systems can
introduce endemic bacteria from the aquaculture environment as well as bacterial species
from microalgae or zooplankton producers located far from Mediterranean ecosystems [7].
The high organic load that accumulates in microalgae live-feed production due to carbon
fixation contributes significantly to bacterial growth and results in high bacterial titers [37].
Therefore, deep sequencing to characterize the microbiota of live feeds in Mediterranean
aquaculture can offer valuable insights to update and improve rearing methodologies. To
the best of our knowledge, only one recent work has been published involving Mediter-
ranean fish hatcheries, describing their bacteriome profile by performing a deep sequencing
analysis [38].

4.1. The Diversity of Microbiota of Fish Hatchery Live Feeds Is Distinctive and Depends on
Multiple Factors

In our study, we examined three geographically distant Mediterranean closed fish
hatchery systems with stable environmental conditions and found that although the reared
fish species are typical of a Mediterranean aquaculture, the bacteriome structure can be
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unique and significantly divergent, and it is probably shaped by multiple industry-related
factors, the inlet water, and the geographic location [38]. These features are likely to have a
significant impact on the bacteriome of the produced juveniles, leading to differences in
quality traits such as growth, survival, and robustness [39].

Several aspects of the analysis presented here lean towards a unique bacteriome
structure developed in every hatchery. Although all three hatcheries are Mediterranean,
a variation in terms of richness and diversity was observed from Chao1 and Shannon-
index results, with Hatchery B (the only one using natural seawater) having a significantly
richer and more diverse bacteriome structure when compared to the other two. Generally,
environmental bacterial richness, especially from marine samples, can be predicted [40],
but for samples taken from industrial cultures, such as live feeds, estimating any bacteria
abundance is difficult. Typically, Mediterranean marine water Shannon index values of
free-living bacteria have been reported above 3.9 [41,42], even reaching 6.1 [43], though in
every analysis, we must consider the season, area, sequencing methodology and analysis,
and other factors in order to compare diversity [44]. Nevertheless, in our case, we report
relatively low Shannon diversity values in both genera and species levels, indicating an
apparent lower bacterial diversity than would be typically expected in Mediterranean habi-
tats. A major contributing factor to the reduced diversity observed is also the sterilization
and filtration of the incoming water. All hatcheries, including the ones participating in
our study, use UV sterilization to reduce the risk of bacterial contamination. It is obvious,
however, that these systems cannot exclude the entrance of environmental bacteria into the
hatchery system. On the other hand, they can reduce the overall number of bacterial titers
and select bacterial species that are less sensitive to the sterilization process. This could be
evidence of the selective enrichment of specific bacteria genera and species during live-feed
cultivation, shifting the microbial diversity from a typical Mediterranean profile. Addition-
ally, unique environmental conditions in every hatchery (Table 2), including the source of
the inlet water (borehole water vs. natural seawater) and their geographic location, could
potentially affect the bacteriome structure.

Geographic location has been proven to be an important factor when reporting micro-
biomes of fish larvae [45,46], but in the closed live-feed systems, its role remains unknown.
The uniqueness of the bacteriome structures of fish hatcheries hints that their geographic
location could have some effect [38]. It is also plausible to assume that the initial source
of rotifer and Artemia batches, as well as microalgae inoculums, could be crucial factors
for shaping a hatchery’s bacteriome diversity. In addition, the seasonal effect does not
affect diversity greatly, as also previously concluded [38], and only in Hatchery B was a
statistically significant increase observed during Spring compared to Winter and Autumn
in both genus and ASV levels. Generally, seasonal effects and CO2 availability can greatly
affect the Mediterranean’s bacteria diversity in the sea and natural environments [47,48],
which is not the case in a controlled live-feed cultivation system, whereas conditions are
optimized for juveniles’ healthcare and fitness.

4.2. Towards a Common Mediterranean Live-Feed Bacteriome

Some bacterial communities were consistently prevalent across different sampling
points within the fish hatcheries studied, regardless of geographical location or season.
Thus, Proteobacteria and Bacteroidetes were the most prevalent phyla in all three live-feed
hatcheries studied, with Actinobacteria and Firmicutes contributing at a secondary level
to the hatcheries’ diversity. Alteromonas, Pseudoalteromonas, Nereida, and Phaeobacter were
the common genera among all three hatcheries studied. Alteromonas has been extensively
studied due to the typing of deep-sea species of Alteromonas macleodii found in environ-
mental bacteriome studies in the Mediterranean [49]. Pseudoalteromonas is abundant in
the Mediterranean Sea [50], with some species, such as Pseudoalteromonas marina, being
referred from Yellow Sea marine samples [51] and with Pseudoalteromonas gelatinilytica in
samples in the East Pacific [52]. On the other hand, Nereida is a genus commonly found in
Mediterranean marine waters, with its more common representative being Nereida ignava,
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cultivated and described in 2005 for the first time [47]. Finally, Phaeobacter is well-known by
its representative species in the Mediterranean and North Sea, namely, Phaeobacter portioli,
Phaeobacter italicus, and Phaeobacter piscinae [53–55], while other members of the genus,
like P. piscinae and P. inhibens, display strong probiotic activities because they produce
tropodithietic acid (TDA), a tropolone with antibacterial properties [56]. The presence of
the Phaeobacter species within the live feed of fish hatcheries could contribute towards a
microbial equilibrium, especially against opportunistic fish pathogenic genera. Interest-
ingly, in vitro studies have highlighted the efficacy of Phaeobacter sp. against Vibrios [57,58].
The presence or incorporation of the Phaeobacter species within closed aquaculture systems
could stabilize the seawater bacteriome [59]. Vibrios were found abundant in our core
bacteriome analysis and prevalent as a common genus among all hatcheries. The Vibrio
genus is represented by a large number of species in the Mediterranean Sea, posing a
potential threat to aquaculture [60] despite the fact that they occur naturally in the gut of
cultivated Mediterranean fish species [61]. Opportunistic pathogenic bacteria genera have
also been reported as part of the core microbiota in other cases of Mediterranean hatcheries
as well [38]. Reporting common bacteriomes among geographically distant hatcheries
could set national-wide baseline information for improving hatchery management and,
subsequently, fish health.

4.3. Putative Opportunistic Fish Pathogenic Genera Abundance Depends on Different Hatchery
Strategies and Protocols

Three major bacterial genera known to include fish pathogens were detected in our
samples. Several representative ASVs of the Vibrio genus were mainly detected in rotifers,
microalgae, and Artemia. Although the 16s rDNA analysis on a species level is of low
confidence, especially in genetically similar species such as Vibrio, our curated 16S database
corresponded ASVs to some opportunistic important fish pathogenic Vibrio species, such
as Vibrio alginolyticus and its genetically close relative, Vibrio diabolicus [62], which stand
out as common fish pathogens among Mediterranean hatcheries and is one of the leading
causative agents of vibriosis in Mediterranean aquaculture [63], with reported resistance to
antibiotics [64] and implications as a zoonotic human pathogen through the food chain,
also emerging partially due to climate change [65]. ASVs analysis also corresponded
Vibrio anguillarum and Vibrio harveyi, which have exhibited a high potential risk against
Mediterranean aquaculture [66,67]. Additionally, Vibrio parahaemolyticus is a human-related
pathogen and a major concern in seafood safety [68]. Also, Splendidus clade within Vibrio
is known to contain important pathogens for many aquatic animals, including fish [69].
Other possible species could be Vibrio galatheae, a recently described new member of the
Vibrionaceae family, isolated initially during the Galathea 3 expedition in the Danish Sea from
mussels [70], Vibrio fortis, a bacterium strongly related to dermatitis and enteric incidents in
marine animals [71], and Vibrio neptunis, Vibrio xuii, and Vibrio brasiliensis species, which
are highly associated with aquaculture live feeds, especially Artemia and rotifer [72]. Apart
from opportunistic fish pathogenic Vibrio species, presumable oyster pathogenic bacteria
could also be present in the HCMR hatchery, such as Vibrio tubiashi and Vibrio coralliilyticus,
expanding the pathogenic capacity of the live feed beyond fish, concluding some of the
Vibrio ASVs that corresponded to species as first result.

Apart from Vibrio, several species belonging to the Tenacibaculum and Photobacterium
genera could emerge as important fish pathogens. Photobacteria are members of the
Vibrionacae family, with two species being significant fish pathogens, including Photobac-
terium damselae, which has two subspecies, P. damselae subsp. piscicida, a causative agent
of photobacteriosis (formerly known as pasteurellosis), and P. damselae subsp. damselae
(formerly known as Vibrio damsela), an alternative causative agent of vibriosis. These two
subspecies of P. damselae, although genetically close, have distinct phenotypes and can pose
an immediate threat to marine animals [73]. Although, with ASV analysis, we could not
distinguish between Photobacterium species or strains, in general, Photobacterium spp. was
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detected in all three hatcheries in relatively low abundance but in different seasons and
sample sites, whereas HCMR had a higher abundance in inlet water during Spring.

In recent years, the emergence of specific Tenacibaculum species has posed a significant
threat to aquacultures, which may also be influenced by climate change. Our analysis
revealed that all three hatcheries showed a significant presence of Tenacibaculum spp., with
ASVs corresponding to potent species such as Tenacibaculum adriaticum, Tenacibaculum
aestivarium, and Tenacibaculum aiptasiae in their inlet and outlet water samples. The HCMR
hatchery had a notably higher relative abundance of this genus in general despite it not
being included in its core bacteriome. Moreover, Tenacibaculum spp., which could be
identified either as Tenacibaculum mesophilum or Tenacibaculum maritimum, was found to be
abundant in Artemia live feeds of Hatchery B, two closely genetically related putative fish
pathogens [74].

Similarly to our Vibrio analysis, other possible Tenacibaculum species that our cu-
rated database showed were Tenacibaculum adriaticum, a newly described opportunistic
fish pathogen [75], and Tenacibaculum aestivarium, which, although it has not yet been
reported as a fish pathogen, Park et al. [76] identified it as a novel isolate from marine
water, which, according to its genetically close relatives Tenacibaculum dicentrarchi, Tenacibac-
ulum soleae, and Tenacibaculum ovolyticum, should be studied in detail as a potential threat
for aquaculture.

However, the pathogenic potential of members of the Tenacibaculum genus is still under
investigation due to significant difficulties in their isolation and identification, which limits
the understanding of their actual role in clinical manifestations and hinders the routine fish
diagnostic labs’ capabilities to identify them.

In the past, the co-occurrence of Tenacibaculum and Vibrio genera has been indicative
of possible disease states in Atlantic Salmon hatcheries [77]; thus, studying their potential
co-occurrence in bacteriome studies could be useful for preventing measures. Moreover,
their correlation with seasonal variations could be useful for understanding when this
co-occurrence is taking place with possible outbreak scenarios [78,79]. Herein, we identified
a correlation abundance among the ASVs of three putative opportunistic pathogenic genera;
namely, Vibrio spp., Tenacibaculum spp., and Photobacterium spp. Abundance correlation and
co-occurrence of Vibrio and Tenacibaculum ASVs have been reported and linked with disease
outbreaks in the aquaculture industry [77]. It is worth noting that during our monitoring
program, no Vibriosis or Tenacibaculosis events were reported at the time samplings took
place. Correlation analysis of opportunistic fish pathogenic abundance, either at the genera
or ASVs level, could be utilized in the future as an important predictive tool.

Typically, the bacteriomes of aquaculture live-feed systems are highly regulated and
controlled for the optimal growth and maintenance of live-feed organisms, and therefore,
seasonality is not expected to significantly impact them [80–82]. However, changes in
bacterial abundance are often observed, possibly due to the use of different water sources,
the adoption of different batches of live feeds with varying qualities to meet industrial
needs, seasonal preferences for marine animal rearing, and disinfection strategies for fish
eggs, as also previously discussed and shown in Mediterranean hatcheries [38]. In our case,
in regard to the HCMR hatchery (research-oriented hatchery), no disinfection of initial
fish eggs took place, a strategy which could explain the high abundance of opportunistic
fish pathogenic genera, which were not sourced from other sampling points, as seen in
Figure 10 [83]. Additionally, our analysis of inlet water in Hatchery B revealed that during
Winter and Autumn, it could be a source of opportunistic fish pathogenic genera, especially
considering that this particular hatchery is using seawater (Figure 10; Table 2) compared to
borehole water on the other hatcheries, which is known to pose some risks due to numerous
factors [84].

Microalgae biomass can also contribute to the bacteriome structure of rotifers and
could represent an important entry point for many bacterial species [85]. This is evident
emphatically in the case of Hatchery B during Winter, as shown in Figure 10, while a
significant contribution of inlet water and microalgae biomass in the observed rotifers’
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bacteriome is also shown in other hatcheries as well. Nevertheless, it is already documented
that rotifers’ and Artemia bacterial loads depend on the quality of the initial source [7,86]
and can vary independently of the inlet water, the infrastructure, and the microalgae feed.
Additionally, presence of Vibrios in live-feed cultures does not de facto mean that they
will also appear in the outlet water, possibly due to antagonistic phenomena that have
been well-described in eutrophic ecosystems among Alteromonas, Pseudoalteromonas, and
Vibrio spp. [87–91]. It is, therefore, reasonable to hypothesize that similar antagonistic
phenomena could occur in close eutrophic systems, such as live-feed aquaculture. This is
supported by the presence of high abundances of the Phaeobacter genus, which are known
to be antagonistic to Vibrios and were found in the studied hatcheries. The absence of
disease outbreaks in the fish larval rearing tanks suggests a possible state of microbial
equilibrium in all systems. However, putative fish pathogens could be present in the
outlet water of all hatcheries, originating from inlet water, rotifers, Artemia, and microalgae
in varying percentages of live feeds, which also may be part of a healthy bacteriome
status rather than posing any direct risk of disease. This underscores the importance
of monitoring potential Mediterranean fish pathogens throughout all stages of live-feed
in-house cultivation pipelines.

5. Conclusions

Live feeds are critical for the health and resilience of fish larvae, and as such, they
can significantly impact the quality and quantity of aquaculture production [92]. It has
been shown that advanced molecular techniques can be instrumental in screening the
bacteriome of large-scale live-feed cultures, enabling the identification of potential disease-
related agents and the development of eco-friendly disinfection strategies [38]. Our research
highlights the importance of studying the bacteriome of Mediterranean fish hatcheries,
underlying that seasonality plays a secondary role. Furthermore, a diverse bacteriome
can contain antagonistic organisms that inhibit the growth of fish pathogens, leading to
better performance of fish larvae. This study presents a comprehensive analysis of the live-
feed bacteriome of Mediterranean industrial hatcheries, utilizing the latest bioinformatics
tools for future focus on well-known opportunistic fish pathogenic bacteria. Our findings
provide valuable insights for promoting a more sustainable and less drug-dependent
aquaculture sector.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/microorganisms12112281/s1, Figure S1. Schematic representation
of the sampling stations, the number of samples per season and per hatchery, as well as how inlet
water, live feeds (microalgae, rotifers and Artemia) and outlet water interact with of each other
including the fish larval rearing tanks in all three hatcheries studied. Figure S2. Rarefaction curves of
the annotated sequences generated from Novaseq sequencing corresponding in genera and ASVs
level. Figure S3. Principal component analysis (PCA) of genera abundance in live feeds of (A)
HCMR hatchery, (B) Hatchery A, (C) Hatchery B. Figure S4. Loadings of PCAs from Figure S3,
genera relative abundances in live feeds of (A) HCMR hatchery, (B) Hatchery A, (C) Hatchery B.
Figure S5. Phyla of most prevalent bacteria in (A) HCMR hatchery, (B) Hatchery A and (C) Hatchery
B. Figure S6. Spearman’s correlation between the most abundant opportunistic fish pathogens and
seasons (W for Winter, S for Spring and A for Autumn) within the HCMR hatchery’s sampling points.
Figure S7. Spearman’s correlation between the most abundant putative opportunistic fish pathogens
and seasons (W for Winter, S for Spring and A for Autumn) within the Hatchery B’s sampling
points. Figure S8. Spearman’s correlation between the most abundant putative opportunistic fish
pathogens and seasons (W for Winter, S for Spring and A for Autumn) within the Hatchery B’s
sampling points. Supplementary Data. Average Relative abundances of most abundant genera in
all hatcheries. Supplemental Meta Data of Metagenomic Libraries. Information regarding the the
raw sequence files of this study, which aare submitted to the European Nucleotide Archive (ENA).
Table S1. Grand Mean and Standard Error of Means (SEM) of relative abundances of the presumably
opportunistic fish pathogenic species after our ASV blast analysis (first result) in HCMR hatchery
among (a) sampling point and (b) among seasons. Different superscript letters indicate where the

https://www.mdpi.com/article/10.3390/microorganisms12112281/s1
https://www.mdpi.com/article/10.3390/microorganisms12112281/s1
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statistically significant difference occurs (One-way ANOVA, p ≤ 0.05, Post-hoc test LSD; n/a for not
available). Table S2. Grand Mean and Standard Error of Means (SEM) of relative abundances of the
presumably opportunistic fish pathogenic species after our ASV blast analysis (first result) in Hatchery
A among (a) sampling point and (b) among seasons. Table S3. Grand Mean and Standard Error of
Means (SEM) of relative abundances of the presumably opportunistic fish pathogenic species after
our ASV blast analysis (first result) in Hatchery B among (a) sampling point and (b) among seasons.
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