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Simple Summary: This study evaluated using NGS techniques and bioinformatic analysis the in-
fluence on the microbiota and transcriptomic response of skin mechanically wounded gilthead sea-
bream (S. aurata) specimens fed with a probiotic SpPdp11 supplemented diet. Four group of fish
were established: non-wounded and wounded fed control diet, and non-wounded and wounded
fed a probiotic enriched diet. The wounded group that received the probiotic diet showed a decrease
in the abundance of taxa related to bacterial biofilm formation, and transcriptomic results suggested
that specimens of this same group had a group of genes up-regulated and down-regulated related
differently to those expressed in control group (non-wounded). Then, five genera that presented
significant differences between these groups showed positive correlations with genes related to cell
migration and negative correlations with inflammation and cell proliferation. These results are
promising, and they open new perspectives and possibilities in the use of probiotic SpPdp11 to
improve the skin after an injury, which can happen frequently in farmed specimens.

Abstract: Skin lesions are a frequent fact associated with intensive conditions affecting farmed fish.
Knowing that the use of probiotics can improve fish skin health, SpPdp11 dietary administration
has demonstrated beneficial effects for farmed fish, so its potential on the skin needs to be studied
more deeply. The wounded specimens that received the diet with SpPdp11 showed a decrease in
the abundance of Enterobacteriaceae, Photobacterium and Achromobacter related to bacterial biofilm
formation, as well as the overexpression of genes involved in signaling mechanisms (itpr3), cell mi-
gration and differentiation (panxa, ttbkla, smpd3, vamp5); and repression of genes related to cell pro-
liferation (vstm4a, areg), consistent with a more efficient skin healing processes than that observed
in the wounded control group. In addition, among the groups of damaged skin with different diets,
Achromobacter, f_Ruminococcaceae, p_Bacteroidetes, Fluviicola and Flavobacterium genera with signifi-
cant differences showed positive correlations with genes related to cell migration and negative cor-
relations with inflammation and cell proliferation and may be the target of future studies.
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1. Introduction

The quick development of aquaculture due to the high demand for fish had led to
intensive farming and conditions that have a significant impact on fish’s health [1]. In this
context, the mucosal surfaces of fish play a key role because they are the barriers where
interactions between the host and the aquatic environment take place. The microbiota
housed on these surfaces perform functions relevant to fish health. The epidermis of fish
is involved in the homeostasis of the organism and consists of several layers of living cells
with keratinocytes being the most abundant, and among them are other cell types includ-
ing goblet, sensory and alarm cells. The outer (apical) part of this peculiar epithelium is
covered by a layer of mucus (secreted mainly by goblet cells) and an ex-tense microbiota
above it [2]. In addition, mucus and epithelium contain many antimicrobial factors, such
as proteases, complement, lysozyme, C-reactive protein, antibodies, transferrin, lectins,
polypeptides and antibiotics [3-5]. In addition, the skin microbiota is a complex and di-
verse set of microbial communities that interacts closely with the surrounding environ-
ment and has fundamental activities in the development and maintenance of fish physi-
ology and health [6] defending against pathogens [7,8] and by its interaction with the im-
mune response [9,10]. Skin microbiota is more exposed to the circulating environment.
Factors such as diet and stress can induce changes in the composition [11,12] and in mu-
cosal skin secretions [13]. So it is more susceptible to alterations than the gut microbiota
[14,15]. Understanding the skin microbiome would provide a better understanding of
host-microbe interactions, which would have important implications for prophylactic
measures in aquaculture.

Skin damage is a relatively frequent symptom associated with intensive fish farming
and it is can be associated with a higher susceptibility of the host to disease outbreaks
[16,17], developing skin wounds and/or abrasions, or inflammation of epithelial cells [18].
Damage to the skin of fish has an impact on the economic value of species due to their
reduction of biological productivity and appearance which causes consumers to avoid
buying the product. In injury sites of diseased fish, the mucosal barrier is expected to be
compromised, with a substantial presence of potential pathogens. For these reasons, there
is an increased interest in fish skin health in recent years as it provides mechanical protec-
tion against physical, chemical and biological damage. In this sense, mucus also plays a
relevant ecological role as fish shoaling or alarm signals and in interspecific interactions,
such as prey—predator relationships, parasite-host interactions, and symbiosis [19,20]. In
this context, the analysis of the skin microbiota of fish for the identification of strategies
to enhance the prevention and treatments of skin wounds and seek potential microbial
biomarkers of fish skin health [21].

Many scientific approaches are aimed at understanding skin epithelium processes
and how to reinforce its integrity, as well as the rest of its components [22]. One of these
approaches is the use of probiotics, which can enhance the health of the fish skin [23,24].
Several probiotic mechanisms are known to exert beneficial effects on hosts at the gut
level, but their role on the skin is still unknown [25,26]. Shewanella putrefaciens Pdp11
(SpPdp11) is a probiotic bacteria isolated from healthy skin of S. aurata [27], whose dietary
administration had beneficial effects on farmed fish, such as S. aurata and Solea senegalensis
[28]; studies have addressed the impact of SpPdp11 in the intestinal microbiota of aqua-
culture species [29], observing the ability of the probiotic SpPdp11 to reduce the presence
of species described as potential pathogens [30,31]. However, the potential effect on skin
microbiota after ingestion of this diet has not been studied yet. Some progress as described
by Chen et al., 2020 [23] who reported the effect of the dietary administration of SpPdp11
on the transcription of some genes related to the immune system’s regulation and tissue
repair on wounded skin of S. aurata. Furthermore, the potential changes induced in the
wounded skin microbiota by SpPdp11 and its effect on host’s skin general transcriptomic
response were not analyzed. RNA sequencing (RNA-seq) of healthy and mechanically
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injured skin and its associated microbiota was performed using NGS technologies to pro-
vide new insights into the effect of probiotic administration and possible processes in-
volved in skin repair in their hosts from these same fish.

Therefore, the aim of this study is to observe the effect of a diet supplemented with
the probiotic SpPdpl1 on the skin mucus-associated microbiota and transcriptomic re-
sponse in mechanically wounded S. aurata specimens.

2. Material and Methods
2.1. Bacterial Growth

The SpPdpl1 strain was grown in tryptone soya broth (OXOID Ltd., Basingstoke,
UK) supplemented with 1.5% NaCl (TSBs, 20 h, 20 °C) under continuous shaking. Contant
shaking was used to wash the bacteria that were removed from the plates in sterile phos-
phate-buffered saline (PBS, pH 7.4). The density of the bacterial suspension was resolved
utilizing Coulter Z2 particle counter (BECKMAN Coulter, Barcelona, Spain), and the vol-
ume was adjusted to the target concentration (10° cfu g). This dose was chosen based on
the health benefits in S. aurata and S. senegalensis as reported in previous studies [27,29]

2.2. Animals, Experimental Design, and Sampling

A total of 48 specimens (21.8 + 0.9 g mean body weight) of the hermaphroditic pro-
tandrous seawater teleost gilthead seabream (S. aurata L.) were obtained from a local farm
(Murcia, Spain) and kept in quarantine for four weeks and were fed a commercial pellet
diet (Skretting) at 2% rate of fish biomass per day. Afterwards, the fish were randomly
assigned to four running seawater aquaria in the Marine Fish Facilities at the University
of Murcia (250 L, with continuous aeration and flow rate 900 L h'). Two tanks were fed
twice a day (7 a.m. and 7 p.m.) with control diet and the other two with probiotic diet at
the previous indicated rate. The fish were maintained with an artificial 12 h light/12 h dark
photoperiod and water parameters of 28% salinity and 20 °C. The basal feed was the com-
mercial diet, that was supplemented with equal volumes of phosphate saline buffer (PBS)
or bacterial suspension (10° cfu SpPdp11 g™) to create the control and probiotic diets, re-
spectively.

As shown in Figure 1, after 30 days of assay, eight fish from each diet (four from each
aquarium) were sampled (C and P groups) by taking skin samples from the middle of the
left flank above the lateral line (with an 8 mm diameter biopsy punch and 2 mm deep).
Before sampling, the fish were euthanized with 100 mg L of clove oil (Guinama®). The
remaining fish (eight specimens from each diet, four from each aquarium) were anesthe-
tized (20 mg L of clove oil) and similar 8 mm diameter and 2 mm deep wounds were
made in the middle of the left flank (below the lateral line) on the skin of all of them, with
a circular biopsy punch (Integra™ Miltex™), taking care in avoiding any possible contam-
ination with urinogenital and/or intestinal excretions. This animals remined in their re-
spective aquaria receiving their corresponding diet for an extra seven days. The fish were
fed the initially assigned diet, being the daily rate adjusted accordingly to the fish weight.
Seven days after the wounding, eight specimens from each diet (four by aquarium) were
also sampled (CW and PW groups). Skin samples were obtained from the same body part
of uninjured fish. Skin samples of four fish per experimental group were randomly se-
lected and each sample was divided into two for subsequent RNA and DNA analysis and
kept at -80 °C until use.
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Figure 1. Experimental design. Gilthead seabream were fed for 30 days with a control diet or en-
riched with SpPdp11 10° cfu per g of diet. At 30 days of assay, after sedation, 8 fish per diet (non-
wounded) were sampled by taking skin samples from the middle of the left flank above the lateral
line (with an 8 mm diameter biopsy punch and 2 mm deep) obtaining samples from groups C and
P. The rest of fish on the left flank, similar wounds were made with the same biopsy punch but
below the lateral line and fish were fed for an extra week with assigned diet. After 7 days, 8 fish per
diet were anesthetized and skin samples were taken from the same location described and with the
same procedure as described in the non-wounded fish (groups CW and PW).

2.3. DNA Extraction and Sequencing of the 165 rRNA Gene from the Skin-Associated Microbiota

The skin samples (n = 4 per group), stored at -80 °C were thawed gradually on ice
and the mucus contents were extracted by pressing towards the ends with a sterile object.
After homogenizing, a portion of 50 mg of each mucus sample was used for DNA extrac-
tion. DNA was extracted in all cases following the protocol based on saline precipitation
by [32], with minor modifications [31]. DNA was quantified fluorometrically with Qubit™
dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) and by spectropho-
tometric and electrophoretic methods to study the degree of purity, quality and integrity
of the DNA.

16S rRNA of mucus samples was sequenced on Illumina MiSeq platform (Illumina,
San Diego, CA, USA) with 2 x 250 bp paired-end sequencing in the Ultrasequencing Ser-
vice of Novogene Europe (Cambridge, United Kingdom) following the 16S Metagenomic
Sequencing Library Preparation protocol. Sequencing was carried out using the sense pri-
mers 341F and 806R (5' CCTAYGGGRBGCASCAG 3’ and 5 GGACTACNNGGG-
TATCTAAT 3' respectively) [33,34], directed to the variable regions V3-V4 of the 165
rRNA gene. All [llumina reads were analyzed with FastaQC software (version 0.11.4) and
Q30 score was <92%. Further data processing including trimming and 16S analysis and
visualization was performed with the workflow based on the MOTHUR software package
(version 1.39.5). Paired-end reads of each sample were processed into Mothur (version
1.39.5) to remove low-quality reads and homopolymers strings. The chimeras were de-
tected and removed using UCHIME (version 4.2.) [35]; following, the remaining repre-
sentative, non-chimeric sequences were aligned and clustered into operational taxonomic
units (OTUs) against the Greengenes database (version 13.5) with 97% identity cutoff, the
total count threshold was set at 0.005%. Abundance of operational taxonomic units
(OTUs) of the skin microbiota was processing using phyloseq [36] and vegan library [37] in
R statistical package. Readings were normalized based on rarefaction curves and single-
ton were removed. In addition, it was calculated the coverage using the Good’s coverage
coefficient, as well as the ecological indexes. Alpha diversity is estimated using the Chaol
and the Shannon and Simpson indexes, to assess richness, diversity and dominance, re-
spectively. For statistical analyses between diversity indexes, two-way ANOVA (p <0.05)
was identified. Differential abundance of taxa was carried out using the R package
DESeq2 with a false discovery rate (FDR < 0.05).
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2.4. RNA Isolation, Quality Control and Sequencing

Total RNA was extracted from gilthead seabream skin samples using TRIsure™ (Qi-
agen, Germany) methodology and eluted in nuclease-free water Total RNA concentration
was quantified using a Qubit™ RNA Broad Range Assay Kit (Thermo Scientific, USA)
(1742.09 + 628.12 ng/uL) and stored at —80 °C to posterior analysis. Prior to RNA sequenc-
ing, RNA integrity and quantitation were assessed using RN A Nano 6000 Assay Kit of the
Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). RNA sequencing
libraries were performed by Sequencing Center Novogene (Cambridge, United King-
dom). RNA total library is prepared for UltraTM RNA Library Prep Kit for Illumina®
(NEB, Ipswich, MA, USA) starting from 1 ug of RNA per sample. The twelve libraries
were sequenced using Hiseq2500 Illumina instrument (paired-end length sequencing
150). The raw reads were processed in removing sequencing adapters, poly-N regions and
low-quality reads by CASSAVA software. In addition, the Q20, Q30 and GC content of
the clean data was calculated. All subsequent analyses were performed based on the clean,
high-quality data. Only three of the samples passed the sequencing quality control, so an
n=3 per group was kept for RNA seq analysis.

2.5. Differential Expression Analysis and Functional Enrichment

Paired-end clean reads were mapped to the S. aurata reference genome (fSpaAurl.1,
https://www.ncbi.nlm.nih.gov/assembly/GCF_900880675.1/ (accessed on 30 July 2019))
using HISAT2 software [38]. Transcripts counts were obtained using HTSeq software [39].
The level expression of each gene (counts) was expressed as the number of Fragments Per
Kilobase Million (FPKM). Differential expression studies were carried out using DESeq2
Package R [40]. Candidate to differential expressed transcripts (DEGs) were those with an
absolute log2 fold-change (logFC) value > 1.3 and false discovery rate (FDR) < 0.05, in all
study conditions. DEGs of the comparison PW vs CW were annotated with Ensembl
orthologous genes in D. rerio (Danio rerio, Ensembl genome browser 105) using Full-
LengtherNEXT [41]. These orthologues were used to carry on the enrichment analysis us-
ing ExpHunter Suite [42]. The Gene Ontology (GO), KEGG pathway, and Reactome terms
kept as significant categories were those with a p adjusted value < 0.05.

2.6. Microbiota and Genes Correlation

Previously, three samples of microbiota and RNA-seq were selected from each indi-
vidual. A correlation between OTUs abundances and gene expression level was calculated
for the PW vs CW comparison. For this, 16S marker gene reads filtered by rarefaction
curves and genes expression level matrix (FPKM) were normalized by DESeq2’s median
of ratios. The Spearman rank correlation [43] was calculated using the rcorr function of the
R Hmisc package [44]. Significant OTU-gene correlations were considered at p < 0.05, and
only those correlations were selected with a value of Irl >0.9. Cytoscape v3.8.2 was used
to visualize the significant correlations present in the top 20 genes with the highest rate of
change and OTUs with relative abundance > 0.05%.

2.7. Ethics Approval and Consent to Participate

All fish-related studies were carried out in strict accordance with European Union
(2010/63/UE) and Spanish (RD 1201/2005 and RD 53/2013) guidelines for the use of labor-
atory animals. The experiment with fish were developed at the University of Murcia
(Spain) and were authorized by its Ethical Committee (protocol code A13150104). The
procedures were also approved by the Bioethics and Animal Welfare Committee of the
Institute of Agricultural and Fisheries Research and Training (IFAPA) and given the reg-
istration number 17/11/2016/171 according to the national authorities for regulation of an-
imal care and experimentation.
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3. Results
3.1. Skin Microbiota Analysis

Four replicates were analyzed per group. The sequencer generated a total of 2,166,953
raw. These reads were processed bioinformatically, generating a total of 111,408 valid
reads, being 87,843.44 sample mean, that clustered in 1332 OTUs. The results of alpha
diversity were shown at the level of richness (Chaol), diversity (Shannon) and dominance
(Simpson) index, and non-significant differences were observed among the different ex-
perimental groups (Two-way ANOVA, p > 0.05) (Table 1, see more details in Table S1).

Table 1. Alpha diversity indexes of the microbiota associated with the skin mucosa of Sparus aurata.
Fish feed with control diet without (C) and with wound (CW) and fish feed with probiotic diet
without (P) and with wound (PW).

Chaol Shannon Simpson

C 743.69 +56.03 4.48+0.28 0.97+0.01
P 685.44 +73.15 3.87+1.02 0.88+0.18
CwW 717.13 £93.15 4.02 +0.61 0.93+0.07
PW 689.67 +109.17 3.87+£0.27 0.95+0.01

The values represent the mean + SD. Two-way ANOVA revealed not significant differences (p >
0.05).

The reads were filtered using the rarefaction curves to the minimum value of valid
asymptotic readings (42,673 reads, 1244 OTUs) (Figure S1). Library coverage was calcu-
lated using Good’s coverage with a result of 99 + 0.02 % (SEM = standard deviation). To
eliminate clustering errors, the samples were filtered by removing singleton and double-
ton, a total of 680 OTUs were analyzed. Sequences related to Proteobacteria, Actinobacteria,
and Bacteroidetes phyla were the most abundant, representing approximately 70% of the
total sequences analyzed in all cases (Figures 2 and S2), while Actinobacteria, Acidimicrobia,
a-, -, and y-Proteobacteria were the most frequent classes in all experimental assays (Fig-
ures 3 and S3). Notably, a comparative analysis at genera level (abundance >0.5%) showed

a high value of unidentified genera (Figures 4 and 54).
P cw PW

mk_ Bacteria_unclassified mp_ Bacteroidetes mp_ Proteobacteria p__Firmicutes mp  Acidobacteria
®p_ Actinobacteria mp_ Cyanobacteria ®mp_ Verrucomicrobia mp_ Chloroflexi ®mp  Gemmatimonadetes
mp_ Chlorobi mp_ Planctomycetes mp_ Nitrospirae mETC <0.5%

Figure 2. Relative abundance (%) of bacteria at the phylum in the skin mucus microbiota of fish feed
with control diet without (C) and with wound (CW); fish feed with probiotic diet without (P) and
with wound (PW). ETC: relative abundance < 0.5% in average.
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mc_ Cytophagia

mc_ Bacteroidia mc__Gammaproteobacteria uc_ Clostridia mc__Betaproteobacteria
mc Bacilli mc_ Thermolcophilia mc_ Sphingobacteriia mc_ Flavobacteriia
mc__Alphaproteobacteria Hc__ Saprospirae mp_ Chloroflexi_unclassified ®c__ Anaerolineae

mc_ Acidimicrobiia mc_ Nitrospira mc_ Oscillatoriophycideae mc_OPB56

mc mc_ Phycisphaerae mp  Bacteroidetes_unclassified mETC<0.5%

Figure 3. Relative abundance (%) of bacteria at class in the skin mucus microbiota of fish feed with
control diet without (C) and with wound (CW); fish feed with probiotic diet without (P) and with
wound (PW). ETC: relative abundance < 0.5% in average; c__non taxonomy classify OTUs at this
categorize.

1-.I

cw PW
W Bacteria_unclassified uf Comamonadaceae_unclassified o__Actinomycetales_unclassified

mg  Achromobacter mg  Acinetobacter mg  Methylobacterium mg  Photobacterium
uc__Alphaproteobacteria_unclassified uf Halomonadaceae_unclassified ®o_ Vibrionales_unclassified mg  Fluviicola
mp_ Chloroflexi_unclassified mg_ Propionibacterium Wc_ Clostridia_unclassified p__Bacteroidetes_unclassified
®c_ Bacilli_unclassified mg  Alishewanella /' Enterobacteriaceae_unclassified g Shewanella
B[ Micrococcaceae_unclassified uf _Ruminococcaceae_unclassified g Thiobacillus B/ Sphingomonadaceae_unclassified
uf Pseudomonadaceae_unclassified f_Caulobacteraceae_unclassified f_Bradyrhizobiaceae_unclassified o__Chroococcales_unclassified

g Ruminococcus g Sediminibacterium mg  Mycobacterium mg  Flavobacterium
®o__Alteromonadales_unclassified mg Idiomarina mg  Alcanivorax mg  Halomonas

mg  Chromohalobacter

wg  Salinisphaera ETC<0.5%

Figure 4. Relative abundance (%) of bacteria at genera level in the skin mucus microbiota of fish
feed with control diet without (C) and with wound (CW); fish feed with probiotic diet without (P)
and with wound (PW). ETC: relative abundance < 0.5% in average; g__non taxonomy classify OTUs
at this categorize.

Differences were not detected between fish (DESeq2, p < 0.05) from C and P groups
or C and CW groups, whereas they were found between P and PW (Table 52) and CW
and PW groups (Figure 5). The significant differences in abundances of OTUs, such as
c_Clostridia unclassified, Ruminococcus, f_Ruminococcaceae, Propionibacterium, Idiomarina,
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Photobacterium, Achromobacter, £_Enterobacteriaceae, Fluviicola and p_Bacteroidetes unclassi-
fied were observed when skin microbiotas of fish from P and PW groups were compared.
In CW and PW comparison, the results also showed a significantly lower abundance of
OTUs associated to phyla as Firmicutes (c_Clostridia unclassified, Ruminococcus and f_Ru-
minococcaceae), Actinobacteria (Propionibacterium) and mainly Proteobacterias (Sali-
nisphaera, Alcanivorax, Idiomarina, Chromohalobacter, Photobacterium, Achromobacter and
f_Enterobacteriaceae). On the other hand, fish of the PW group showed a significantly
higher abundance of OTUs related to Bacteroidetes phylum, such as Sediminibacterium,
Flavobacterium, Fluviicola and p_Bacteroidetes unclassified.

log2FoldChange p adjust

_ g_ Ruminococcus 0.001
_ g Salinisphaera 0.001
_ g_ Idiomarina 0.001
_ g Alcanivorax 0.003
_ g_ Chromohalobacter 0.002
_ c__ Clostridia_mclassified 0.001
_ g Praopiormibacterium 0.002
_ g__ Photobacterium 0.011

_ f_Ruminococcacene wnclassified  0.008
_ g__ Achromobacter 0.009
_ F_Emterobacteriacene_unclassified  1.021
g Sediminibacterium _ 0.034
p__Bacteroidetes_imclassified _ 0.004
g Fluviicola _ 0.001

g Flavobacterium _ 0.032

g 3 i 3

—A -5 —i -3 =3 —

o 2 4 3 &

=1

Figure 5. Significant differences of DESeq2 at the genus level with abundance relative > 0.5%
(DESeq_2, p < 0.05) in the mucus microbiota of the skin. Comparison between the wounded groups
of fish that received the control diet (CW) and probiotic (PW).

3.2. Skin Transcriptome Sequencing and Analysis of Differentially Expressed Genes (DEGs)

A total of 310,183,755 raw reads were recovered with Illumina sequencing of three
replicates per group. The final number of reads per individual ranged 50,971,570.50 +
5,570,365.99 (means + deviation), with a total of 81.67 + 23.28 % reads mapped. The num-
ber of reads in each treatment group was well balanced with over 40 million in each group
(Table S3). FPKM whose with a value greater than 0.3 were taken as valid transcripts,
removing the lower readings. Over 16200 genes were expressed in which approximately
400 genes exceeded the value of 100 FPKM (Figure 6A). The study of FPKM > 0.3 per
sample revealed a clear clustering of the gene expression profile in the case of samples
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from CW group (Figure 6B), while a grouping was observed between most of the samples
from C and PW. On the other hand, samples corresponding to P group were also clearly
clustered (Figure 6B). To identify genes with significantly modified transcription (DEGs)
the RNA-seq profile obtained from fish of C group was compared with specimens of P
and CW groups. Analysis of DEGs revealed that the experimental wounding in the skin
produced the down-regulation of 693 genes and up-regulation of 952 genes (DESeq2, p
adjust < 0.05), while the inclusion in the diet of SpPdp11 (P treatment) caused, in the skin,
the down- or up-regulation of 35 and 137 genes, respectively, (DESeq2, p adjust < 0.05,
Figure S5). CW and PW groups were also confronted; the comparison between these
groups revealed that 44 genes were differentially overexpressed while 72 were down-reg-
ulated (DESeq2, p adjust < 0.05, Figure 6C).

11,366
10652 11,260

- B Hﬁ:_ﬁ _ﬂ S| il

4374 4625

481 499 a4 —_—
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LI || i

M
'l
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Updd -
=
—-— _——
— = i
..... = - ——
Cl1 PW1 P1 P2 P3 CWi CW2 CW3 C2 C3 PW2 Pw3

log2FoldChange

Figure 6. (A) Number of genes expressed during each stage with an average number of reads per
kilobase per million reads (FPKM) of > 0.3. (B) Heatmap by sample using the log10 (FPKM + 1)
value. Red indicates genes with high levels of expression, while blue indicates low levels. The red
to blue color scale represents the log10 (FPKM + 1) value from highest to lowest. (C) Volcano plots
of differentially expressed genes (DEGs) between PW vs. CW comparison, expression data plotted
with correct p value cutoff FDR <0.05 and logz fold change absolute value > 1.3 Fish feed with control
diet without (C) and with wound (CW). Fish feed with probiotic diet without (P) and with wound
(PW). 1-3 represent biological replicates.

3.3. Analysis of DEGs with the Highest Expression Change Value

Wounding did not show significant changes at the skin mucus-associated microbiota
with fish feed with control diet. The group that produced the most significant changes
was the PW, with a different microbial profile to the other study groups. To compare how
diet acted against wounding, the CW and PW comparison was used for the rest of the
analyses. The transcription of top 10 up-regulated and top 10 down-regulated genes in
specimens of PW group in comparison with CW group was studied and the results are
summarized in Table 2. It was possible to observe that in PW there was an up-regulation
of genes involved in: (i) acylation and methylation of histones and gene activation, such
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as brd2a and kmt2cb; (ii) encoding information for proteins implied in cell signaling (ad-
grlla, itpr3 and adamtsl5) and cell migration as smpd3, vamp5, pxna and ttbk1a; (iii) regula-
tion of the innate immune system (like-nlrc3). On the other hand, it is observed that in
these same fish was detected the down-regulation of genes encoding information for
apoliproteins (apoa4b.2, apoeb and apol), enzymes involved in inflammation and tissue re-
pair (chia.l and chia.3), cell proliferation (areg, meltf and vstm4a), regulation of mucus
(gcnt3) and proteins implied in anchoring in extracellular matrix (vwa2) (Table 2).

Table 2. Top 20 genes found to be significantly up- and down- regulated in PW compared to CW.

S.aurata IDs D. renio Ensembl IDs logFC  Symbol Gene Description

Like NLRCS3, negative reg-

rlzr:z;er LOC115567352  ENSDARG00000105739 4535 LOC101883187 ulator of the innate im-
P mune response
LOCI15579326  ENSDARGO0000022280 4847 brd2a Bromodomain
containing 2a
Replication ~ LOCI115569844  ENSDARGO0000075560  2.548 kmt2ch Lysine (K)-specific
methyltransferase 2Cb
Adhesion G protein-cou-
LOC115575230 ENSDARG00000089292 2.361 adgrlla
pled receptor L1a
Celular adamtsl5 ENSDARG00000052118 3.74 adamtsl5 ADAMTS like 5
signal itpr3 ENSDARG00000061741  3.227 itpr3 Inositol 1,4,5-trisphos-
phate receptor, type 3
hi li
smpd3 ENSDARG00000098226 ~ 3.658 smpd3 Sphingomyelin
phosphodiesterase 3
Celular Vesicle-associated mem-
. . LOC115582399 ENSDARG00000068262 3.237 vampb .
Migration brane protein 5
LOC115581334 ENSDARG00000109620 3.061 pxna Paxillin a
ttbk1 ENSDARG00000056019 2.96 ttbkla Tau tubulin kinase 1a
LOC115578371  ENSDARGO0000020866  —6.008  apoadb.2 Apolipoprotein A1V b,
Apoliprotein tandem duplicate 2
pPotip LOC115579335 ENSDARG00000040295 -5.883 apoeb Apolipoprotein Eb
LOC115574970 ENSDARG00000073718  -4.828 apol Apolipoprotein L
OQuinases LOC115583589 ENSDARG00000009612  -5.773 chia.3 Chitinase, acidic.3
LOC115583106 ENSDARG00000100635  -5.216 chia.1 Chitinase, acidic.1
LOC115581553 ENSDARG00000076853 -4.973 areg Amphiregulin
Cell meltf ENSDARG00000075159  -5.649 meltf Melanotransferrin
roliferation V-setand
P LOC115590067 ENSDARG00000010154 -4.216 vstm4a transmembrane
domain containing 4a
Mucin Glucosaminyl
. . gent3 ENSDARG00000060471 -4.399 gent3 (N-acetyl) transferase 3,
biosynthesis .
mucin type
Cell LOC115570587  ENSDARGO0000075441 4.3 vwa2 Von Willebrand factor A
structure domain containing 2

3.4. Enrichment Analysis of S. aurata Transcriptome and Its Differentially Expressed Genes

Based on the objective of this work, the DEGs between the damaged groups CW and
PW was studied in detail using DEgenes hunter workflow. From the 12.288 sequences of
the S.aurata transcriptome, 83.01% were related with a D. rerio orthologue. The 116 DEGs
obtained from the comparison between fish from CW and PW groups were analyzed with
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GO, KEGG and Reactome databases. Different GO categories were enriched. “Cell sub-
strate binding” represented a significant functional enrichment in “Biological Processes”
(p adjust <0.05, Figure S6A). Genes related with calcium channel activities and motor pro-
teins, such as myosin were overexpressed, although only extracellular matrix binding
function was significant in the “Molecular function” category (p adjust < 0.05, Figure 7).
In addition, in the “Cellular Component” category were repressed in relation to the extra-
cellular matrix containing collagen, and the polymer cytoskeleton fiber (p adjust < 0.05,
Figure S6B). Regarding the KEGG categories,the enriched functional analysis did not
show significant categories (p adjust > 0.05) (Figure S7) while in Reactome analysis the
insulin-like growth factor-binding protein (IGFBP) genes have a significant enriched p ad-
just <0.05 (Figure S8).

inositol 1,4,5 trisphosphate binding
ligand-gated calcium channel activity

itprib
N evplb
itpr3 myhz1.2
myo5aa
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Figure 7. Significant functional enrichment network of the Biological process GO (adjusted p <0.05),
from the DEGs obtained in the comparison of the CW vs PW skin. Brown nodes indicates functional
categories. Red to blue nodes indicate the log: fold change values.

3.5. Correlation between the Skin Mucus-Associated Microbiota and the Most Up- or Down-Reg-
ulated Genes in Wounded S. aurata

A total of 116 DEGs and 680 genera showed a total 733 significant correlations (Spear-
man, p <0.05 and Irl <0.9, Table S4), but a study in detail was carried out correlating the
20 DEGs showing the highest up- and down-regulations in PW group in comparison with
CW group and the OTUs obtained in the microbiota comparative analysis of skin of PW
and CW groups (abundances < 0.5%). In Figure 8 are represented the 11 OTUs and 11
DEGs showing 24 significant correlations (11 positive and 13 negative). ttbk1 and like-nlrc3
genes were those showing the highest number of correlations with different OTUs, spe-
cifically 5 (all negative) in the case of ttbk1 and 4 (3 negative and 1 positive) from like-
nlrc3. A total of 5 out of 11 OTUs (Achromobacter, f Ruminococcaceae, p_Bacteroidetes, Flu-
viicola and Flavobacterium) showed significantly different abundances between specimens
from CW and PW groups, while Achromobacter and f Ruminococcaceae showed signifi-
cantly decreased abundances in PW specimens, the abundances of p_Bacteroidetes, Flu-
viicola and Flavobacterium were significantly increased in specimens of this same group.
These OTUs included 45.83% out of 24 correlations stablished, specifically 6 positive (with
chia.1, gent3, vstmda, vampb, itpr3 and adamtsl5 genes) and 5 negative (two correlation with
ttbk1 and chia.3 and one with like-nlrc3 genes) correlations.
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Figure 8. Correlation network gene (green nodes)—OTU (orange nodes) significant (Spearman, p <
0.05and r < 10.91, p <0.05) based on DEG with the highest change value in the PW vs. CW compar-
ison. Red lines indicate positive correlations while blue lines show negative correlations.

4. Discussion

Analysis of the skin mucus-associated microbiota of the different groups of fish
showed that dietary administration of SpPdp11 and mechanical wounding did not induce
significant changes in alpha diversity (Two-Way ANOVA, p <0.05) regardless of the treat-
ment analyzed. In contrast with these result where the mucus skin was not directly of the
wound, others studies the diversity of the microbiota associated with the fish skin
wounded by microbial infection was increased [1,21]. It possible that the realization of a
mechanical wound does not imply changes in microbial diversity indirectly, that does
happen when ulcers are produced by biological agents and its interactions with the mi-
crobiota.

The taxonomical composition to phylum level was very similar in all treatments ap-
plied, being Proteobacteria, Actinobacteria and Bacteroidetes the most abundant groups.
These results agree with previous studies carried out to analyze the skin microbiota of S.
aurata even in those specimens with artificially damaged skin [45]. The mechanically in-
duced wound or the dietary administration of SpPdpll did not induced significant
changes on the skin mucus-associated microbiota of S. aurata specimens. On the contrary,
when wound was induced to fish receiving the probiotic diet (PW) a significant modula-
tion of their skin microbiota was observed in comparison with specimens of P and CW
groups. PW showed a decreasing OTUs abundances, such as Clostridia class, and unclas-
sified Ruminococcaceae and Enterobacteriaceae families, and Idiomarina, Photobacterium,
Achromobacter and Ruminococcus genera. In humans, some of the mentioned genera are
facultative anaerobes, especially these microorganisms have been reported to be signifi-
cantly associated with wounds and their presence is considered as a pessimistic prognosis
regarding healing in the wound microbiome [46]. On the other hand, PW fish showed
significant decreases of Propionibacterium. This genus is known by its capability to produce
propionic acid [47], which is associated with delay in the wounded healing [48,49]. In ad-
dition, the presence of taxa related to Enterobacteriaceae [50], Photobacterium [51,52] and
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Achromobacter [53] are related to form bacterial biofilm. In previous studies, biofilm has an
important factor affecting healing by inhibition of proliferation and migration of epithelial
cells [54]. This fact has not been studied in Sparus aurata but in the future, some studies
could be focused to corroborate the relation between the presence of those taxa and epi-
thelial cell proliferation. This decrease could be due to the high level of proteases on
wounded S. aurata after being fed with SpPdpl1 supplemented diet, as previously de-
scribed [23]. Authors discussed proteases might affect bacteria involved in skin damage
production, cleaving their proteins, interfering in their adhesive capability, and affecting
their survival [2].

Wound repair is a complex biological phenomenon, dependent upon protein synthe-
sis, matrix deposition, cellular migration, and replication [55]. These processes are guided
by signals of extracellular matrix molecules and peptide growth factors. In this context,
the comparison between CW and PW showed a decrease of DEGs related to the collagen
matrix and cytoskeleton in fish of PW group, that are essential in wound repair [56-58].
On the contrary, specimens of the PW group showed up-regulation of genes involved in
the calcium metabolism, such as itpr3 encoding receptors for inositol 1,4,5-trisphosphate
that mediates intracellular calcium release with a relevant effect in the normal homeosta-
sis of skin [59-61]. In addition, these same fish of PW group showed the up-regulation of
genes, such as panxa, ttbkla, smpd3 and vamp5 involved in cell migration [62,63], in protein
localization [64] and in the regulation of cell proliferation [65]. Similarity, adgrlla and
adamtsl5 genes, involved in cell interaction and signaling were also up-regulated in PW
fish [66,67].

On the other hand, genes related to the epigenetic effect, such as the histone acetyla-
tion (brd2a) [68,69] and methylation (kmi2cb) [70] were also up-regulated in PW specimens.
It could have a key effect in epidermal stratification, proliferation, and differentiation
modulating keratinocytes during skin healing. In addition, the protein encoded by brd2
acts as a transcriptional activator by the acetylation marks on histones by bromodomain
(BRD) proteins with strong anti-inflammatory properties [71,72]. However, PW showed a
reduction of DEGs related to apoliproteins (apoeb, apoa4b.2 and apol), chitinases (chia.3,
chia.1) involved in immunological response, wound healing by interfering with inflam-
mation and tissue repair [73,74] and other genes, such as meltf, areg, gcnt3, vwa2, and
vstm4a. Some of these genes have been linked to intestinal tissue regeneration [75], early
healing [76] and cell proliferation [77-79]. Chen et al. (2020) reported a significant down-
regulation of the transcription of genes encoding proinflammatory cytokines (il-14, il-8)
and anti-inflammatory cytokine (tgf-p) in the skin of wounded S. aurata specimens fed a
diet supplemented with SpPdp11 in agreement with our study, whose chitinases have
been repressed in the fish of PW group.

The correlations can help to distinguish possible relations between bacterial taxa and
changes in number of host cell transcripts. This does not imply causality but is a good
starting point and, in the future, the effect of manipulating specific bacterial taxa on the
expression of these genes could be studied. In this context, when correlation between mi-
crobiota and the top 20 genes was stablished, it was possible to determine that 11 OTUs
were associated to positive or negative correlations with the expression of these genes,
and 3 of them, Achromobacter, Fluviicola, f _Ruminocacceae and p_Bacteriodetes, showing sig-
nificant differences of their abundances when microbiota of PW group was compared
with microbiotas from CW and P groups. ttbk1 and nlrc3 were the gene with the highest
number of interactions. The transcription of nlrc3 that encodes a protein that inhibits the
activation of NF-kf3 factor, playing an inhibitory role during the inflammation [80] and
blocking the cell proliferation [81], was positively correlated with DA10 genus, while it
was negatively correlated with Methylobacterium, f __Ruminocacceae and Paracoccus. As pre-
viously explained, this gene encodes a protein that plays an inhibitory role during the
inflammation and blocks the cell proliferation. Related to these results, it has been re-
ported that Paracoccus was positively correlated to the systemic transcription of proinflam-
matory cytokines, such as I1-8 and TNFq, in specimens fed diets containing novel protein
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sources [82]. These results agree with the lower abundances of this genus detected in the
skin microbiota of fish from the PW group compared to those detected in those from the
CW group. OTUs related to Methylobacterium, f __Ruminocacceae and Paracoccus besides to
f__Halomonadaceae and Achromobacter, with abundances significantly different between
fish of CW vs. PW groups, were negatively correlated with the transcription of ¢tbk1 in-
volved in cell migration [83]. Achromobacter forms biofilm an important factor by to inhibit
the migration of epithelial cells [54]. The significant reduction of the abundance of this
genus in the skin microbiota of fish from PW could be related with the higher transcription
of this gene in these fish. In addition, Achromobacter produces metalloproteases, such as
collagenases [84,85] which can inhibit the cell migration [86].

The presence of f_Sphingomonadaceae unclassified showed a positive correlation with
areg and apoa4b, genes involved in early healing [76]. In other study, Sphingomonas was
informed as one of the proinflammatory genus whose abundance was reduced in a mu-
rine wound healing model treated with collagen peptides isolated from fish skin [87]. Flu-
viicola (a Bacteroidetes genus) and Bacteroidetes unclassified phylum, with abundances in-
creased in PW group vs. CW, exhibited negative and positive correlation with chia-1 and
vampb, respectively, whereas Achromobacter showed a positive correlation with the tran-
scription of chia-1 and vstm4 and gcnt3, gene involved in cell proliferation and inflamma-
tion and tissue reparation. Bousbaine et al. (2022) [88] described a 3-hexosaminidase, a
conserved enzyme of the Bacteroidetes phylum, that in a mouse model of colitis, protected
against intestinal inflammation, and it could be related to the negative correlation ob-
served with regard to the transcription of chia-1 gene. On the contrary, Achromobacter spe-
cies have been associated with inflammation [89], and it could be related with the produc-
tion of biofilm by this genus, ability related with the possibility to induce inflammation
[90].

On the other hand, Flavobacterium showed positive correlation with the transcription
of adamts15 and itpr3, genes encoding proteins involved in cell signaling. There are micro-
organisms that can stimulate cell calcium flux in response to messengers by ITRP3
through bacterial pore-forming proteins (PFPs) [91]. Some species of Flavobacterium have
been reported as producers of PFPs [92] and the increases of abundances of Flavobacterium
in fish from PW group could be involved in this stimulation of the calcium flux in skin
cells.

Naya-Catala et al. (2021)[82] reported a systemic effect of intestinal microbiota in spe-
cimens of S. aurata fed different diets based on correlations of the transcriptomic of liver
and head kidney with changes in the intestinal microbiota. SpPdp11 has demonstrated
capability to modulate gut microbiota of S. aurata. In this study, it has been possible to
stablish that the dietary inclusion of the probiotic SpPdp11 had a modulator effect on the
microbiota and transcriptomic response of wounded skin of S. aurata and it could suggest
the existence of a gut-skin axis as well as it has been described in mammals [93,94]. How-
ever, more research is necessary to demonstrate this suggestion, such as increasing the
number of replicates in the study.

5. Conclusions

In summary, analysis of the skin mucus-associated microbiota in mechanically
wounded S. aurata specimens reveled there was no effect of fish feed on the wound with
the control diet. On the contrary, the probiotic SpPdpll diet showed a modulation on
wounded fish (PW), especially by increases of abundances of OTUs related to Bacteroide-
tes and decreases of abundances of OTUs related to Achromobacter, Paracoccus, Photobacte-
rium, Propionibacterium, Idiomarina and Ruminococcus, among others. On the other hand,
differences in skin transcriptomic of genes involved especially in cell migration, cell pro-
liferation and inflammation were also observed between CW vs. PW groups. Finally, sev-
eral genera that showed significant differences in their abundances in PW showed posi-
tive correlations with genes related to cell migration and negative correlations with in-
flammation and cell proliferation.



Animals 2023, 13, 193

16 of 21

Author Contributions: LM.C. performed DNA extraction and contributed to the bioinformatics
analysis and writing of the manuscript. O.P.-G., R.B. and P.S. carried out the bioinformatic analysis
and presented the results. M.A.E. participated in sampling, fish maintenance and aquatic food prep-
aration. M.C.B., M.A.M. and S.T.T.-P. performed interpretation of the results and drafted the man-
uscript. M.C.B.,, M.A.M. and S.T.T.-P. designed the paper. All authors contributed to the discussion
and the final version of the manuscript. All authors have read and agreed to the published version
of the manuscript.

Supplementary Materials: The following supporting information can be downloaded at https://ze-
nodo.org/record/74705204.Y7NtP3bMLrd, Figure S1. Rarefaction curves of microbiota skin samples;
Figure S2. Relative abundance (%) of bacteria at the phylum in the skin mucus microbiota of fish
feed with control diet without (C) and with wound (CW); fish feed with probiotic diet without (P)
and with wound (PW); Figure S3. Relative abundance (%) of bacteria at class in the skin mucus
microbiota of fish feed with control diet without (C) and with wound (CW); fish feed with probiotic
diet without (P) and with wound (PW). c__ non taxonomy classify OTUs at this categorise; Figure
S4. Relative abundance (%) of bacteria at genera level in the skin mucus microbiota of fish feed with
control diet without (C) and with wound (CW); fish feed with probiotic diet without (P) and with
wound (PW). g__non taxonomy classify OTUs at this categorise; Figure S5. Volcano plots of differ-
entially expressed genes (DEGs) between groups, expression data plotted with correct p value cutoff
FDR < 0.05 and log2 fold change absolute value >= 1.3. Fish feed with control diet without (C) and
with wound (CW). Fish feed with probiotic diet without (P) and with wound (PW).; Figure S6. Sig-
nificant functional enrichment network (A) of the "Cellular Component" and (B) "Molecular Func-
tion" GO categories (with their adjusted p) , from the DEGs obtained in the comparison of PW vs
CW. Brown nodes indicates functional categories. Red to blue nodes indicate the log2 fold change
values.; Figure S7. Functional enrichment network of the KEGG terms from the DEGs obtained in
the comparison of PW vs CW. The brown nodes indicate the KEGG categories, red and blue nodes
show the repression overexpression and repression genes in the skin of the ulcerated probiotic
group.; Figure S8. Functional enrichment network of the Reactome categories from the DEGs ob-
tained in the comparison of PW vs CW. The brown nodes indicate the Reactome categories, red and
blue nodes show the repression overexpression and repression genes in the skin of the ulcerated
probiotic group. Histogram shows that the categories were significantly enriched (p adjust > 0.05).;
Table S1. Results for two-way ANOVA calculation of alpha diversity indices between groups. Fish
feed with control diet without (C - N) and with wound (C - W). Fish feed with probiotic diet without
(P - N) and with wound (P - W). Non significance differences were showed (p > 0.05); Table S2.
DESeq?2 results in P vs PW comparison at OTU level, all the taxonomy categories were showed;
Table S3. RNA-seq reads summary. 1-3 biological replicate of fish feed with control diet without (C)
and with wound (CW). Fish feed with probiotic diet without (P) and with wound (PW). % Respect
to total reads in each case.; Table S4. Correlations of CW-PW DEGs with the genera of skin microbi-
ota in the same tissue.

Funding: This study was supported by grants from the Ministerio de Economia y Competitividad
(MINECO) (AGL-2017-83370-C1-R and AGL-2017-83370-C3-R).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw FASTQ files are currently available at the National Centre
for Biotechnology Information (NCBI) BioProjects under the accession numbers PRJNA828434 and
PRJNA862713.

Acknowledgments: This work would not have been possible without the computer resources and
the technical support provided by the Plataforma Andaluza de Bioinformitica of the University of Ma-
laga.

Conlflicts of Interest: The authors declare no conflict of interest. The authors alone are responsible
for the content and the writing of the paper.



Animals 2023, 13, 193 17 of 21

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Karlsen, C.; Ottem, K.F.; Brevik, @.].; Davey, M.; Serum, H.; Winther-Larsen, H.C. The Environmental and Host-Associated
Bacterial Microbiota of Arctic Seawater-Farmed Atlantic Salmon with Ulcerative Disorders. . Fish Dis. 2017, 40, 1645-1663.
https://doi.org/10.1111/JFD.12632.

Guardiola, F.A.; Mabrok, M.; Machado, M.; Azeredo, R.; Afonso, A.; Esteban, M.A.; Costas, B. Mucosal and Systemic Immune
Responses in Senegalese Sole (Solea senegalensis Kaup) Bath Challenged with Tenacibaculum maritimum: A Time-Course Study.
Fish Shellfish Immunol. 2019, 87, 744-754. https://doi.org/10.1016/].FS1.2019.02.015.

Angeles Esteban, M.; Editors, A.; Bensussan, A.; Flafio, E.; Hayball, ].D.; Puccetti, P. An Overview of the Immunological De-
fenses in Fish Skin. Int. Sch. Res. Netw. ISRN Immunol. 2012, 2012, 853470. https://doi.org/10.5402/2012/853470.

Fast, M.D.; Sims, D.E.; Burka, J.F.; Mustafa, A.; Ross, N.W. Skin Morphology and Humoral Non-Specific Defence Parameters of
Mucus and Plasma in Rainbow Trout, Coho and Atlantic Salmon. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2002, 132,
645-657. https://doi.org/10.1016/51095-6433(02)00109-5.

Ellis, A.E. Immunity to Bacteria in Fish. Fish Shellfish Immunol. 1999, 9, 291-308. https://doi.org/10.1006/FSIM.1998.0192.

Grice, E.A,; Segre, ].A. The Skin Microbiome. Nat. Rev. Microbiol. 2011, 9, 244-253. https://doi.org/10.1038/nrmicro2537.
Balcazar, J.L.; Vendrell, D.; de Blas, I.; Ruiz-Zarzuela, L; Gironés, O.; Mtizquiz, J.L. In Vitro Competitive Adhesion and Produc-
tion of Antagonistic Compounds by Lactic Acid Bacteria against Fish Pathogens. Vet. Microbiol. 2007, 122, 373-380.
https://doi.org/10.1016/]. VETMIC.2007.01.023.

Peatman, E.; Lange, M.; Zhao, H.; Beck, B.H. Physiology and Immunology of Mucosal Barriers in Catfish (Ictalurus spp.). Tissue
Barriers 2015, 3, €1068907. https://doi.org/10.1080/21688370.2015.1068907.

Kelly, C.; Salinas, I. Under Pressure: Interactions between Commensal Microbiota and the Teleost Immune System. Front. Im-
munol. 2017, 8, 559. https://doi.org/10.3389/FIMMU.2017.00559/BIBTEX.

Hoseinifar, S.H.; Shakouri, M.; Yousefi, S.; Van Doan, H.; Shafiei, S.; Yousefi, M.; Mazandarani, M.; Torfi Mozanzadeh, M.;
Tulino, M.G.; Faggio, C. Humoral and Skin Mucosal Immune Parameters, Intestinal Immune Related Genes Expression and
Antioxidant Defense in Rainbow Trout (Oncorhynchus mykiss) Fed Olive (Olea europea L.) Waste. Fish Shellfish Immunol. 2020,
100, 171-178. https://doi.org/10.1016/].FS1.2020.02.067.

Sylvain, F.E.; Derome, N. Vertically and Horizontally Transmitted Microbial Symbionts Shape the Gut Microbiota Ontogenesis
of a Skin-Mucus Feeding Discus Fish Progeny. Sci. Rep. 2017, 7, 5263. https://doi.org/10.1038/s41598-017-05662-w.

Gajardo, K.; Jaramillo-Torres, A.; Kortner, T.M.; Merrifield, D.L.; Tinsley, J.; Bakke, A.M.; Krogdahl, A. Alternative Protein
Sources in the Diet Modulate Microbiota and Functionality in the Distal Intestine of Atlantic Salmon (Salmo salar). Appl. Environ.
Microbiol. 2017, 83. €02615-16. https://doi.org/10.1128/ AEM.02615-16.

Landeira-Dabarca, A.; Sieiro, C.; Alvarez, M. Change in Food Ingestion Induces Rapid Shifts in the Diversity of Microbiota
Associated with Cutaneous Mucus of Atlantic Salmon Salmo salar. ]. Fish Biol. 2013, 82, 893-906.
https://doi.org/10.1111/JFB.12025.

Wu, HJ; Wu, E. The Role of Gut Microbiota in Immune Homeostasis and Autoimmunity. Gut Microbes 2012, 3, 4-14.
https://doi.org/10.4161/GMIC.19320.

Legrand, T.P.R.A.; Catalano, S.R.; Wos-Oxley, M.L.; Stephens, F.; Landos, M.; Bansemer, M.S.; Stone, D.A.].; Qin, J.G.; Oxley,
A.P.A. The Inner Workings of the Outer Surface: Skin and Gill Microbiota as Indicators of Changing Gut Health in Yellowtail
Kingfish. Front. Microbiol. 2018, 8, 2664. https://doi.org/10.3389/FMICB.2017.02664/BIBTEX.

Mohammed, H.H.; Arias, C.R. Potassium Permanganate Elicits a Shift of the External Fish Microbiome and Increases Host
Susceptibility to Columnaris Disease. Vet. Res. 2015, 46, 82. https://doi.org/10.1186/513567-015-0215-Y.

Lokesh, J.; Kiron, V. Transition from Freshwater to Seawater Reshapes the Skin-Associated Microbiota of Atlantic Salmon. Sci.
Rep. 2016, 6, 19707. https://doi.org/10.1038/srep19707.

Mateus, A.P.; Mourad, M.; Power, D.M. Skin Damage Caused by Scale Loss Modifies the Intestine of Chronically Stressed
Gilthead Sea Bream (Sparus aurata, L.). Dev. Comp. Immunol. 2021, 118, 103989. https://doi.org/10.1016/].DCI.2020.103989.
Merrifield, D.L.; Rodiles, A. The Fish Microbiome and Its Interactions with Mucosal Tissues. Mucosal Health Aquac. 2015, 10,
273-295. https://doi.org/10.1016/B978-0-12-417186-2.00010-8.

Reverter, M.; Tapissier-Bontemps, N.; Lecchini, D.; Banaigs, B.; Sasal, P. Biological and Ecological Roles of External Fish Mucus:
A Review. Fishes 2018, 3, 41. https://doi.org/10.3390/FISHES3040041.

Camara-Ruiz, M.; Cerezo, .M.; Guardiola, F.A.; Garcia-Beltran, ].M.; Balebona, M.C.; Morifiigo, M.A.; Esteban, M. A. Alteration
of the Immune Response and the Microbiota of the Skin during a Natural Infection by Vibrio harveyi in European Seabass (Di-
centrarchus labrax). Microorganisms 2021, 9, 964. https://doi.org/10.3390/MICROORGANISMS9050964.

Segner, H.; Sundh, H.; Buchmann, K.; Douxfils, J.; Sundell, K.S.; Mathieu, C.; Ruane, N.; Jutfelt, F.; Toften, H.; Vaughan, L.
Health of Farmed Fish: Its Relation to Fish Welfare and Its Utility as Welfare Indicator. Fish Physiol. Biochem. 2012, 38, 85-105.
https://doi.org/10.1007/510695-011-9517-9/TABLES/5.

Chen, Z.; Ceballos-Francisco, D.; Guardiola, F.A.; Esteban, M.A. Dietary Administration of the Probiotic Shewanella putrefaciens
to Experimentally Wounded Gilthead Seabream (Sparus aurata L.) Facilitates the Skin Wound Healing. Sci. Rep. 2020, 10, 11029.
https://doi.org/10.1038/s41598-020-68024-z.

Hu, C; Liu, M,; Tang, L.; Liu, H.; Sun, B.; Chen, L. Probiotic Intervention Mitigates the Metabolic Disturbances of Perfluorobu-
tanesulfonate along the Gut-Liver Axis of Zebrafish. Chemosphere 2021, 284, 131374. https://doi.org/10.1016/].CHEMO-
SPHERE.2021.131374.



Animals 2023, 13, 193 18 of 21

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Simén, R.; Docando, F.; Nufiez-Ortiz, N.; Tafalla, C.; Diaz-Rosales, P. Mechanisms Used by Probiotics to Confer Pathogen Re-
sistance to Teleost Fish. Front. Immunol. 2021, 12, 653025. https://doi.org/10.3389/FIMMU.2021.653025.

Wouertz, S.; Schroeder, A.; Wanka, K.M. Probiotics in Fish Nutrition—Long-Standing Household Remedy or Native Nutraceu-
ticals? Water 2021, 13, 1348. https://doi.org/10.3390/W13101348.

Diaz-Rosales, P.; Salinas, I.; Rodriguez, A.; Cuesta, A.; Chabrillén, M.; Balebona, M.C.; Morifigo, M.A.; Esteban, M.A ; Meseguer,
J. Gilthead Seabream (Sparus aurata L.) Innate Immune Response after Dietary Administration of Heat-Inactivated Potential
Probiotics. Fish Shellfish Immunol. 2006, 20, 482-492. https://doi.org/10.1016/].FSI.2005.06.007.

Dominguez-Maqueda, M.; Cerezo, I.M.; Tapia-Paniagua, S.T.; De La Banda, I.G.; Moreno-Ventas, X.; Morifiigo, M.A_; Balebona,
M.C. A Tentative Study of the Effects of Heat-Inactivation of the Probiotic Strain Shewanella putrefaciens Ppd11 on Senegalese
Sole (Solea senegalensis) Intestinal Microbiota and Immune Response. Microorganisms 2021, 9, 808. https://doi.org/10.3390/MI-
CROORGANISMS9040808.

Cémara-Ruiz, M.; Balebona, M.C.; Esteban, M.A.; Morifigo, M.A. Probiotic Shewanella putrefaciens (SpPdp11) as a Fish Health
Modulator: A Review. Microorganisms 2020, 8, 1990. https://doi.org/10.3390/MICROORGANISMS8121990.

Tapia-Paniagua, S.T.; Vidal, S.; Lobo, C,; Prieto-Alamo, M.].; Jurado, J.; Cordero, H.; Cerezuela, R.; Garcia de la Banda, I; Esteban,
M.A.; Balebona, M.C,; et al. The Treatment with the Probiotic Shewanella putrefaciens Pdp11 of Specimens of Solea senegalensis
Exposed to High Stocking Densities to Enhance Their Resistance to Disease. Fish Shellfish Immunol. 2014, 41, 209-221.
https://doi.org/10.1016/].FSI.2014.08.019.

Tapia-Paniagua, S.T.; Chabrillon, M.; Diaz-Rosales, P.; de la Banda, I.G.; Lobo, C.; Balebona, M.C.; Morifigo, M.A. Intestinal
Microbiota Diversity of the Flat Fish Solea senegalensis (Kaup, 1858) Following Probiotic Administration. Microb. Ecol. 2010, 60,
310-319. https://doi.org/10.1007/S00248-010-9680-Z.

Martinez, G.; Shaw, E.M.; Carrillo, M.; Zanuy, S. Protein Salting-out Method Applied to Genomic DNA Isolation from Fish
Whole Blood. Biotechniques 1998, 24, 238-239. https://doi.org/10.2144/98242BM14.

Klindworth, A.; Pruesse, E.; Schweer, T.; Peplies, ].; Quast, C.; Horn, M.; Glockner, F.O. Evaluation of General 165 Ribosomal
RNA Gene PCR Primers for Classical and Next-Generation Sequencing-Based Diversity Studies. Nucleic Acids Res. 2013, 41, el.
https://doi.org/10.1093/NAR/GKS808.

Thijs, S.; De Beeck, M.O.; Beckers, B.; Truyens, S.; Stevens, V.; Van Hamme, ].D.; Weyens, N.; Vangronsveld, J. Comparative
Evaluation of Four Bacteria-Specific Primer Pairs for 16S RRNA Gene Surveys. Front. Microbiol. 2017, 8, 494.
https://doi.org/10.3389/FMICB.2017.00494.

Edgar, R.C.; Haas, B.].; Clemente, J.C.; Quince, C.; Knight, R. UCHIME Improves Sensitivity and Speed of Chimera Detection.
Bioinformatics 2011, 27, 2194-2200. https://doi.org/10.1093/bioinformatics/btr381.

McMurdie, P.J.; Holmes, S. Phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census
Data. PLoS ONE 2013, 8, e61217. https://doi.org/10.1371/journal.pone.0061217.

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’'Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H.
and Wagner, H. (2014) Vegan: Community Ecology Package. R Package Version 2.2-0. http://CRAN.Rproject.org/package=ve-
gan

Kim, D.; Paggi, ] M,; Park, C.; Bennett, C.; Salzberg, S.L. Graph-Based Genome Alignment and Genotyping with HISAT2 and
HISAT-Genotype. Nat. Biotechnol. 2019, 37, 907-915. https://doi.org/10.1038/s41587-019-0201-4.

Anders, S.; Pyl, P.T.; Huber, W. HTSeq— A Python Framework to Work with High-Throughput Sequencing Data. Bioinformatics
2015, 31, 166-169. https://doi.org/10.1093/BIOINFORMATICS/BTU638.

Varet, H.; Brillet-Guéguen, L.; Coppée, ].Y.; Dillies, M.A. SARTools: A DESeq2- and EdgeR-Based R Pipeline for Comprehensive
Differential Analysis of RNA-Seq Data. PLoS ONE 2016, 11, e0157022. https://doi.org/10.1371/JOURNAL.PONE.0157022.
Cordoba-Caballero, J.; Seoane, P.; Jabato, F.M.; Perkins, ].R.; Manchado, M.; Claros, M.G. An Improved de Novo Assembling
and Polishing of Solea senegalensis Transcriptome Shed Light on Retinoic Acid Signalling in Larvae. Sci. Rep. 2020, 10, 20654.
https://doi.org/10.1038/s41598-020-77201-z.

Jabato, F.M.; Cérdoba-Caballero, J.; Rojano, E.; Roma-Mateo, C.; Sanz, P.; Pérez, B.; Gallego, D.; Seoane, P.; Ranea, ].A.G.; Perkins,
J.R. Gene Expression Analysis Method Integration and Co-Expression Module Detection Applied to Rare Glucide Metabolism
Disorders Using ExpHunterSuite. Sci. Rep. 2021, 11, 15062. https://doi.org/10.1038/s41598-021-94343-w.

Weiss, S.; Van Treuren, W.; Lozupone, C.; Faust, K.; Friedman, J.; Deng, Y.; Xia, L.C.; Xu, Z.Z; Ursell, L.; Alm, E.J.; et al. Corre-
lation Detection Strategies in Microbial Data Sets Vary Widely in Sensitivity and Precision. ISME ]. 2016, 10, 1669-1681.
https://doi.org/10.1038/isme;j.2015.235.

Alzola CF, Harrell FE (2004): An Introduction to S and the Hmisc and Design Libraries at https://hbiostat.org/R/doc/sintro.pdf
for extensive documentation and examples for the Hmisc package.

Tapia-Paniagua, S.T.; Ceballos-Francisco, D.; Balebona, M.C.; Esteban, M.A; Morinigo, M.A. Mucus Glycosylation, Immunity
and Bacterial Microbiota Associated to the Skin of Experimentally Ulcered Gilthead Seabream (Sparus aurata). Fish Shellfish
Immunol. 2018, 75, 381-390. https://doi.org/10.1016/].FSI1.2018.02.006.

Verbanic, S.; Shen, Y.; Lee, J.; Deacon, ].M.; Chen, I.A. Microbial Predictors of Healing and Short-Term Effect of Debridement
on the Microbiome of Chronic Wounds. npj Biofilms Microbiomes 2020, 6, 21. https://doi.org/10.1038/s41522-020-0130-5.

Tax, G.; Urban, E.; Palotas, Z.; Puskas, R.; Kénya, Z.; Bir6, T.; Kemény, L.; Szabd, K. Propionic Acid Produced by Propionibac-
terium Acnes Strains Contributes to Their Pathogenicity. Acta Derm. Venereol. 2016, 96, 43—49. https://doi.org/10.2340/00015555-
2154.



Animals 2023, 13, 193 19 of 21

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

de Carvalho, M. de F. P.; Pereira, C.S.B.; Fregnani, ].H.; Ribeiro, F. de A. Q. Comparative Histological Study on Wound Healing
on Rat's Skin Treated with Mitomycin C or Clobetasol Propionate. Acta Cirirgica Bras. 2015, 30, 593-597.
https://doi.org/10.1590/S0102-865020150090000002.

Tomic-Canic, M.; Burgess, J.L.; O'Neill, K.E.; Strbo, N.; Pastar, I. Skin Microbiota and Its Interplay with Wound Healing. Am. ].
Clin. Dermatol. 2020, 21, 36—43. https://doi.org/10.1007/S40257-020-00536-W/FIGURES/2.

Ramos-Vivas, J.; Chapartegui-Gonzalez,S 1.; Fernandez-Martinez, M.; Gonzalez-Rico, C.; Forttn, J.; Escudero, R.; Marco, F.;
Linares, L.; Montejo, M.; Aranzamendi, M.; et al. Biofilm Formation by Multidrug Resistant Enterobacteriaceae Strains Isolated
from Solid Organ Transplant Recipients. Sci. Rep. 2019, 9, 8928. https://doi.org/10.1038/s41598-019-45060-y.

Khouadja, S.; Lamari, F.; Bakhrouf, A.; Gaddour, K. Virulence Properties, Biofilm Formation and Random Amplified Polymor-
phic DNA Analysis of Photobacterium Damselae Subsp. Damselae Isolates from Cultured Sea Bream (Sparus aurata) and Sea
Bass (Dicentrarchus labrax). Microb. Pathog. 2014, 69-70, 13-19. https://doi.org/10.1016/] MICPATH.2014.03.007.
Remuzgo-Martinez, S.; Lazaro-Diez, M.; Padilla, D.; Vega, B.; El Aamri, F.; Icardo, ].M.; Acosta, F.; Ramos-Vivas, ]. New Aspects
in the Biology of Photobacterium damselae subsp. piscicida: Pili, Motility and Adherence to Solid Surfaces. Vet. Microbiol. 2014, 174,
247-254. https://doi.org/10.1016/]. VETMIC.2014.08.005.

Cameron, L.C.; Bonis, B.; Phan, C.Q.; Kent, L.A.; Lee, A.K.; Hunter, R.C. A Putative Enoyl-CoA Hydratase Contributes to Biofilm
Formation and the Antibiotic Tolerance of Achromobacter Xylosoxidans. npj Biofilms Microbiomes 2019, 5, 20.
https://doi.org/10.1038/s41522-019-0093-6.

Gajula, B.; Munnamgji, S.; Basu, S. How Bacterial Biofilms Affect Chronic Wound Healing: A Narrative Review. Int. |. Surg. Glob.
Health 2020, 3, e16. https://doi.org/10.1097/GH9.0000000000000016.

Eming SA, Martin P, Tomic-Canic M. Wound repair and regeneration: mechanisms, signaling, and translation. Sci Transl Med.
2014 Dec 3;6(265):265sr6. doi: 10.1126/scitranslmed.3009337

Abreu-Blanco, M.T.; Verboon, ].M,; Liu, R.; Watts, ].].; Parkhurst, S.M. Drosophila Embryos Close Epithelial Wounds Using a
Combination of Cellular Protrusions and an Actomyosin Purse String. . Cell Sci. 2012, 125, 5984-5997.
https://doi.org/10.1242/]CS.109066/VIDEO-3.

Xue, M.; Jackson, C.J. Extracellular Matrix Reorganization During Wound Healing and Its Impact on Abnormal Scarring. Adv.
Wound Care 2015, 4, 119-136. https://doi.org/10.1089/WOUND.2013.0485.

Schultz, G.S.; Wysocki, A. Interactions between Extracellular Matrix and Growth Factors in Wound Healing. Wound Repair Regen.
2009, 17, 153-162. https://doi.org/10.1111/].1524-475X.2009.00466.X.

Lansdown, A.B.G. Calcium: A Potential Central Regulator in Wound Healing in the Skin. Wound Repair Regen. 2002, 10, 271-
285. https://doi.org/10.1046/j.1524-475X.2002.10502.x.

Caterina, M.].; Pang, Z.; Szallasi, A.; Huang, S.M. TRP Channels in Skin Biology and Pathophysiology. Pharmaceuticals 2016, 9,
77. https://doi.org/10.3390/PH9040077.

Yuspa, S.H.; Hennings, H.; Tucker, O.W.; Jaken, S.; Kilkenny, A.E.; Roop, D.R. Signal Transduction for Proliferation and Differ-
entiation in Keratinocytes. Ann. N. Y. Acad. Sci. 1988, 548, 191-196. https://doi.org/10.1111/j.1749-6632.1988.tb18806.x.

Sero, J.E.; Thodeti, C.K.; Mammoto, A.; Bakal, C.; Thomas, S.; Ingber, D.E. Paxillin Mediates Sensing of Physical Cues and Reg-
ulates Directional Cell Motility by Controlling Lamellipodia Positioning. PLoS ONE 2011, 6, e28303.
https://doi.org/10.1371/JOURNAL.PONE.0028303.

Than, U.T.T.; Guanzon, D.; Leavesley, D.; Parker, T. Association of Extracellular Membrane Vesicles with Cutaneous Wound
Healing. Int. J. Mol. Sci. 2017, 18, 956. https://doi.org/10.3390/IJ]MS18050956.

Lopez-Colomé, A.M.; Lee-Rivera, I.; Benavides-Hidalgo, R.; Lopez, E. Paxillin: A Crossroad in Pathological Cell Migration. J.
Hematol. Oncol. 2017, 10, 50. https://doi.org/10.1186/S13045-017-0418-Y.

Borodzicz, S.; Rudnicka, L.; Mirowska-Guzel, D.; Cudnoch-Jedrzejewska, A. The Role of Epidermal Sphingolipids in Dermato-
logic Diseases. Lipids Health Dis. 2016, 15, 13. https://doi.org/10.1186/512944-016-0178-7.

Edwards, D.R.; Handsley, M.M.; Pennington, C.]. The ADAM Metalloproteinases. Mol. Aspects Med. 2008, 29, 258-289.
https://doi.org/10.1016/].MAM.2008.08.001.

Zuko, A.; Oguro-Ando, A.; Post, H.; Taggenbrock, R.L.R.E.; van Dijk, R.E.; Altelaar, A.F.M.; Heck, A.].R.; Petrenko, A.G.; van
der Zwaag, B.; Shimoda, Y.; et al. Association of Cell Adhesion Molecules Contactin-6 and Latrophilin-1 Regulates Neuronal
Apoptosis. Front. Mol. Neurosci. 2016, 9, 143. https://doi.org/10.3389/FNMOL.2016.00143/BIBTEX.

Klein, K. Bromodomain Protein Inhibition: A Novel Therapeutic Strategy in Rheumatic Diseases. RMD Open 2018, 4, e000744.
https://doi.org/10.1136/RMDOPEN-2018-000744.

Wang, N.; Wu, R.; Tang, D.; Kang, R. The BET Family in Immunity and Disease. Signal Transduct. Target. Ther. 2021, 6, 23.
https://doi.org/10.1038/s41392-020-00384-4.

Sen, G.L.; Webster, D.E.; Barragan, D.I.; Chang, H.Y.; Khavari, P.A. Control of Differentiation in a Self-Renewing Mammalian
Tissue by the Histone Demethylase J]MJD3. Genes Dev. 2008, 22, 1865-1870. https://doi.org/10.1101/GAD.1673508.

Huang, H.; Zhang, J.; Shen, W.; Wang, X.; Wu, J.; Wu, J.; Shi, Y. Solution Structure of the Second Bromodomain of Brd2 and Its
Specific Interaction with Acetylated Histone Tails. BMC Struct. Biol. 2007, 7, 57. https://doi.org/10.1186/1472-6807-7-57.

Tang, L.; Nogales, E.; Ciferri, C. Structure and Function of SWI/SNF Chromatin Remodeling Complexes and Mechanistic Im-
plications for Transcription. Prog. Biophys. Mol. Biol. 2010, 102, 122-128. https://doi.org/10.1016/]. PBIOMOLBIO.2010.05.001.



Animals 2023, 13, 193 20 of 21

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Gordts, 5.C.; Muthuramu, I.; Amin, R.; Jacobs, F.; De Geest, B. The Impact of Lipoproteins on Wound Healing: Topical HDL
Therapy Corrects Delayed Wound Healing in Apolipoprotein E Deficient Mice. Pharmaceuticals 2014, 7, 419-432.
https://doi.org/10.3390/PH7040419.

Xu, N; Bo, Q.; Shao, R; Liang, J.; Zhai, Y.; Yang, S.; Wang, F.; Sun, X. Chitinase-3-Like-1 Promotes M2 Macrophage Differenti-
ation and Induces Choroidal Neovascularization in Neovascular Age-Related Macular Degeneration. Investig. Ophthalmol. Vis.
Sci. 2019, 60, 4596—4605. https://doi.org/10.1167/I0OVS.19-27493.

Hernandez-Pasos, J.; Valentin-Tirado, G.; Garcia-Arraras, J.E. Melanotransferrin: New Homolog Genes and Their Differential
Expression during Intestinal Regeneration in the Sea Cucumber Holothuria Glaberrima. J. Exp. Zool. Part B Mol. Dev. Evol. 2017,
328, 259-274. https://doi.org/10.1002/JEZ.B.22731.

Bryant, D.M.; Sousounis, K.; Payzin-Dogru, D.; Bryant, S.; Sandoval, A.G.W.; Martinez Fernandez, J.; Mariano, R.; Oshiro, R.;
Wong, A.Y,; Leigh, N.D; et al. Identification of Regenerative Roadblocks via Repeat Deployment of Limb Regeneration in Ax-
olotls. npj Regen. Med. 2017, 2, 30. https://doi.org/10.1038/s41536-017-0034-z.

Berasain, C.; Garcia-Trevijano, E.R; Castillo, J.; Erroba, E.; Lee, D.C,; Prieto, J.; Avila, M.A. Amphiregulin: An Early Trigger of
Liver Regeneration in Mice. Gastroenterology 2005, 128, 424-432. https://doi.org/10.1053/].GASTRO.2004.11.006.

Jung, K.; Seo, S.K.; Choi, I. Endogenous VSIG4 Negatively Regulates the Helper T Cell-Mediated Antibody Response. Immunol.
Lett. 2015, 165, 78-83. https://doi.org/10.1016/]. IMLET.2015.04.004.

Xu, S; Sun, Z,; Li, L.; Liy, ].; He, J.; Song, D.; Shan, G.; Liu, H.; Wu, X. Induction of T Cells Suppression by Dendritic Cells
Transfected with VSIG4 Recombinant Adenovirus. Immunol. Lett. 2010, 128, 46-50. https://doi.org/10.1016/].IMLET.2009.11.003.
Schneider, M.; Zimmermann, A.G.; Roberts, R.A.; Zhang, L.; Swanson, K.V.; Wen, H.; Davis, B.K,; Allen, 1.C.; Holl, EK,; Ye, Z,;
et al. The Innate Immune Sensor NLRC3 Attenuates Toll-like Receptor Signaling via Modification of the Signaling Adaptor
TRAF6 and Transcription Factor NF-KB. Nat. Immunol. 2012, 13, 823-831. https://doi.org/10.1038/ni.2378.

Zhang, L.; Mo, J.; Swanson, K.V.; Wen, H; Petrucelli, A.; Gregory, S.M.; Zhang, Z.; Schneider, M; Jiang, Y; Fitzgerald, K.A.; et
al. NLRC3, a Member of the NLR Family of Proteins, Is a Negative Regulator of Innate Immune Signaling Induced by the DNA
Sensor STING. Immunity 2014, 40, 329-341. https://doi.org/10.1016/] IMMUNI.2014.01.010.

Naya-Catala, F.; do Vale Pereira, G.; Piazzon, M.C.; Fernandes, A.M.; Calduch-Giner, J.A; Sitja-Bobadilla, A.; Conceicao, L.E.C.;
Pérez-Sanchez, J. Cross-Talk Between Intestinal Microbiota and Host Gene Expression in Gilthead Sea Bream (Sparus aurata)
Juveniles: Insights in Fish Feeds for Increased Circularity and Resource Utilization. Front. Physiol. 2021, 12, 748265.
https://doi.org/10.3389/fphys.2021.748265.

Breuzard, G.; Pagano, A.; Bastonero, S.; Malesinski, S.; Parat, F.; Barbier, P.; Peyrot, V.; Kovacic, H. Tau Regulates the Microtu-
bule-Dependent Migration of Glioblastoma Cells via the Rho-ROCK Signaling Pathway. ]. Cell Sci. 2019, 132, jcs222851.
https://doi.org/10.1242/JCS.222851.

Gilles, A.-M.; Keil, B. Cleavage of (3-Casein by Collagenases from Achromobacter lophagus and Clostridium histolyticum. FEBS Lett.
1976, 65, 369-372.

Tong, N.T.; Tsugita, A.; Keil-Dlouha, V. Purification and Characterization of Two High-Molecular-Mass Forms of Achromobac-
ter Collagenase. Biochim. Biophys. Acta—Protein Struct. Mol. Enzymol. 1986, 874, 296-304. https://doi.org/10.1016/0167-
4838(86)90028-2.

Shanks, R.M.Q.; Higaylan, M. Al; Stella, N.; Brothers, K.M.; Thibodeau, P.H. Bacterial Metalloproteases Inhibit Epithelial Cell
Migration and Wound Healing. Investig. Ophthalmol. Vis. Sci. 2021, 62, 416-416.

Mei, F; Liu, J.; Wu, J.; Duan, Z.; Chen, M.; Meng, K.; Chen, S.; Shen, X.; Xia, G.; Zhao, M. Collagen Peptides Isolated from Salmo
salar and Tilapia nilotica Skin Accelerate Wound Healing by Altering Cutaneous Microbiome Colonization via Upregulated
NOD2 and BD14. ]. Agric. Food Chem. 2020, 68, 1621-1633. https://doi.org/10.1021/ACS.JAFC.9B08002.

Bousbaine, D.; Fisch, L.I,; London, M.; Bhagchandani, P.; Rezende de Castro, T.B.; Mimee, M.; Olesen, S.; Reis, B.S.; VanIns-
berghe, D.; Bortolatto, J.; et al. A Conserved Bacteroidetes Antigen Induces Anti-Inflammatory Intestinal T Lymphocytes. Science
(80-.) 2022, 377, 660-666. https://doi.org/10.1126/SCIENCE.ABG5645.

Hansen, C.R;; Pressler, T.; Nielsen, K.G.; Jensen, P.; Bjarnsholt, T.; Heiby, N. Inflammation in Achromobacter Xylosoxidans
Infected Cystic Fibrosis Patients. J. Cyst. Fibros. 2010, 9, 51-58. https://doi.org/10.1016/J.JCF.2009.10.005.

Zhao, G.; Usui, M.L.; Lippman, S.I.; James, G.A.; Stewart, P.S.; Fleckman, P.; Olerud, J.E. Biofilms and Inflammation in Chronic
Wounds. Adv. Wound Care 2013, 2, 389-399. https://doi.org/10.1089/WOUND.2012.0381.

Tran Van Nhieu, G.; Dupont, G.; Combettes, L. Ca2+ Signals Triggered by Bacterial Pathogens and Microdomains. Biochim.
Biophys. Acta—Mol. Cell Res. 2018, 1865, 1838-1845. https://doi.org/10.1016/].BBAMCR.2018.08.007.

Dumetz, F.; Duchaud, E.; Claverol, S.; Orieux, N.; Papillon, S.; Lapaillerie, D.; Le Hénaff, M. Analysis of the Flavobacterium
psychrophilum Outer-Membrane Subproteome and Identification of New Antigenic Targets for Vaccine by Immunomics. Micro-
biology 2008, 154, 1793-1801. https://doi.org/10.1099/MIC.0.2008/016600-0.



Animals 2023, 13, 193 21 of 21

93. Pessemier, B. De; Grine, L.; Debaere, M.; Maes, A.; Paetzold, B.; Callewaert, C. Gut-Skin Axis: Current Knowledge of the Inter-
relationship between Microbial Dysbiosis and Skin Conditions. Microorganisms 2021, 9, 353. https://doi.org/10.3390/microorgan-
isms9020353.

94. Salem, I; Ramser, A.; Isham, N.; Ghannoum, M.A. The Gut Microbiome as a Major Regulator of the Gut-Skin Axis. Front. Mi-
crobiol. 2018, 9, 1459. https://doi.org/10.3389/fmicb.2018.01459.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



