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Abstract

The study of microbiomes in fish populations offers vital insights for ecological and fisheries management, particularly in responses to
environmental changes. Although traditional studies have concentrated on the gut microbiome, the emerging concept of a circulating
blood microbiome suggests it may act as an early indicator of dysbiosis and various health conditions by reflecting transient bacterial
DNA presence. In this study, we examined the gut and blood microbiomes of Sebastes fasciatus (Storer, 1854), a species of redfish
of significant economic and ecological importance in the Gulf of St. Lawrence, to obtain critical information for health monitoring,
pathogen detection, and ecological management in fisheries. Our results revealed that the gut and blood microbiomes of S. fasciatus
have distinct bacterial DNA signatures, with significant differences in microbial diversity. Notably, although both microbiomes exhibited
similar dominant genera, specific amplicon sequence variants varied significantly. Through a controlled experimental design, we found
that the dietary impacts on microbiome composition were statistically significant yet minimal, suggesting that environmental factors
play a more substantial role in shaping microbial communities. Finally, we report the presence of potential pathogens and opportunistic
bacteria found exclusively in the blood microbiome. Our results highlight the blood microbiome’s value as a sensitive health and
environmental stress indicator, essential for sustainable fish population management. Integrating microbiome indicators can improve
fisheries management and ecosystem sustainability, offering a model applicable to various marine species and environments.

Graphical abstract

Diet over 6 months

Keywords: blood; gut; microbiome; 16S rRNA gene; fish; Sebastes; diet; Gulf of St. Lawrence

Received: 23 March 2025. Revised: 9 June 2025. Accepted: 9 July 2025

© The Author(s) 2025. Published by Oxford University Press on behalf of the International Society for Microbial Ecology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

920z Areniga4 ¢ uo Jasn (enbayonqig) Jeiddely-puewily 1NMNsuUl-SYNI A9 19596 1.8/91 LIBOA/L/S/3]91B/UNWIWOoSWS/WO02 dNo"dIwapee//:sdiy Woll papEojuMO(]


https://orcid.org/0000-0002-1948-2041

 44060 19075 a 44060 19075
a
 
mailto:yves.st-pierre@inrs.ca
mailto:yves.st-pierre@inrs.ca
mailto:yves.st-pierre@inrs.ca
mailto:yves.st-pierre@inrs.ca

2 | Fronton et al.

Introduction

Approximately 38 trillion bacteria inhabit the human body [1],
representing a diverse community that includes primarily tran-
sient or resident mutualistic or commensal species. This microbial
community shifts rapidly due to abiotic and biotic factors, includ-
ing diet, host genetics, and environmental factors [2-5]. Pioneering
research studies have highlighted the significance of measur-
ing the microbiome, defined here as the genetic fingerprint of
the host’s bacterial communities, for personalizing medical care,
improving treatment outcomes, and informing clinical decisions
across various health conditions. This includes studies showing
that a diverse and balanced microbiome is essential for maintain-
ing health. At the same time, an imbalance or alteration in the
microbiome’s composition (i.e. dysbiosis) can lead to a wide range
of health issues, from gastrointestinal disorders to metabolic and
mental health conditions [6-8].

Because the gut microbiota constitutes the body’s most densely
populated bacterial niche [9], the gut microbiome has historically
been the primary target for microbiome research. Many studies
have focused on its dynamics and factors that influence its com-
position, notably diet, which can lead to changes in microbiome
composition in 24-48 h [10-14]. In recent years, however, another
microbiome niche has emerged as a promising health biomarker,
providing a compelling complement to the gut microbiome. The
concept of a circulating (blood) microbiome is relatively new yet
controversial, given that blood has long been considered a sterile
compartment, at least in healthy humans [15]. Recent studies
suggest that the circulating microbiome reflects a temporary
and sporadic passage of bacteria (or genetic material derived
from bacteria) between compartments [16]. Through a process
known as atopobiosis, bacteria and nucleic acids can enter the
bloodstream from one niche and migrate to another [17, 18]. As
blood circulates throughout the body, it is thought to collect and
integrate signals from various microbiomes, developing a distinc-
tive signature that may be used to detect early microbial shifts,
dysbiotic conditions, and even pathogens [19-24]. Nowadays, the
analysis of bacterial DNA in the blood is emerging as a valuable
health biomarker across various pathologies, offering sensitivity
and early detection comparable to that of the gut microbiome,
with the added advantage of being less invasive for patients [20].

Although the potential of microbiome analysis for diagnostic
and monitoring purposes has been developed mainly in humans,
it is rapidly gaining interest in other species, including marine
species [25-39]. In fish, monitoring the health status of popula-
tions is essential to ensure the balance of ecosystems, the sus-
tainability of fisheries resources, food security and public health.
It provides valuable information for the management of natural
resources and the protection of aquatic habitats. Following a
significant decline that led to the closure of fisheries in 1995, the
Sebastes fasciatus and Sebastes mentella, once a prominent redfish
species complex in the commercial fisheries of Eastern Canada,
experienced a rapid population recovery due to strong recruit-
ment events in 2011-2013. By 2019, the biomass of S. mentella
was estimated to have reached a record high of 4.3 Mt, but it
decreased to 2.3 Mt in 2023, likely due to density-dependent con-
siderations. S. fasciatus biomass followed the same trend, although
itis approximately one order of magnitude lower. These rapid and
remarkable changes in the Sebastes population biomass highlight
the importance of understanding the biological and ecological
factors contributing to their health status for effective manage-
ment and conservation strategies, most notably in response to
climate change. In the present work, we first characterized and

compared the gut and blood microbiome signatures of redfish
using an experimental setting with controlled conditions. We
further conducted an in-depth analysis of the effect of diet on
the intestinal and blood microbiomes in S. fasciatus subjected to
different diets. Finally, we have established that analyzing the cir-
culating microbiome, a logistically simple method, is particularly
effective as a monitoring tool for detecting potential pathogens.

Material and methods
Experimental design

For the experiment, we used S. fasciatus collected from the St.
Lawrence estuary between 2019 and 2021 at Les Escoumins,
Québec, Canada (48.317801°, —69.413287°) and maintained at the
Fisheries and Ocean Canada’s Maurice Lamontagne Institute in
Mont-Joli, Québec, Canada [40]. A total of 225 individuals, all aged
between 7 and 8 years as determined by otolith measurements,
were selected within the fork length range of 18 to 24 cm. They
were randomly distributed into 15 circular 760 L tanks, with water
pumped directly from the.

St. Lawrence estuary. The salinity was adjusted by adding salt
to the reservoir to maintain stability during the experiment. A
custom-built thermal pump and unit from Gell’Air (Mont-Joli,
Quebec) maintained the water temperature. The tanks were fully
aerated. Temperature (5.0+0.25°C) and salinity (28.6+0.5 PSU)
were measured daily and maintained throughout the entire exper-
iment (6 months). Oxygen and pH were measured weekly with a
handheld oxygen meter (FireSting GO2, PyroScience GmbH, Ger-
many) and a pH multiparameter meter (H198194, Hanna Instru-
ments, USA), with an average 101.5%+0.5% of air saturation
(an average DO of 10.6 mgL~') and pH of 7.7+0.1. The fish
were fed to satiation three times a week across five distinct
dietary treatments over a 6-month period (Fig. 1). The fish were
kept in a flow-through system, with 15 fish in each tank, and
three replicates for each diet treatment (five treatments in total).
These treatments were: (i) exclusively capelin (Mallotus villosus,
Cap); (i) exclusively Northern shrimp (Pandalus borealis, shr); (iii)
a mixed diet, alternating daily between capelin and Northern
shrimp (Mix); (iv) capelin for the first three months followed by
Northern shrimp for the remaining three months (Cap-Shr); and
(v) Northern shrimp for the first three months followed by capelin
for the last 3 months (Shr-Cap). Frozen (—20°C) stocks of capelin
and shrimp were obtained from local harvesters (Sainte-Flavie,
QC, Canada) and scientific surveys led by Fisheries and Oceans
Canada. Prey were cut into 2-3 cm pieces and thawed before being
offered to redfish.

Sampling

At the end of the experiment, following a 3-day starvation period,
the redfish were anesthetized in a benzocaine solution tank
before their individual length (fork length, mm) and wet body
mass (g) were measured (Table 1). Blood was sampled with a
sterile 3 ml syringe with a 22G x 1% needle. The blood samples
were collected from the caudal vein, above the anal fin and 1 cm
under the lateral line. Blood was immediately stored on FTA cards
and conserved in individual plastic bags with a desiccant. We
failed to sample blood from one of the fish, reducing the number
of samples to 89. For the gut microbiome, the fish were euthanized
with an overdose of benzocaine solution followed by cervical
dislocation. The entire digestive tract (stomach and intestine)
was removed, placed in an individual plastic bag, and frozen at
—20°C until further use. Two gut samples were damaged during
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Figure 1. Experimental design and sampling strategy for the dietary study on Sebastes fasciatus. Figure illustrating the layout and protocol of a
six-month dietary intervention study involving 225 S. fasciatus, distributed among 15 tanks at a density of 15 fish per tank. The study included five
distinct dietary regimens, each replicated across three tanks. At the conclusion of the experiment, a subset of 90 fish (six from each tank) was selected
for detailed analyses. From these selected fish, 88 gut samples were preserved by freezing at —20°C for subsequent analysis, and blood samples were
collected from 89 fish and stored on FTA cards for DNA analysis. The figure details the tank distribution, dietary assignment, and sampling regimen
used in the study.

Table 1. Mean length and wet body mass of S. fasciatus individuals.

n Length (cm) mean =+ SE Weight (g) mean =+ SE
Male 66 22.2+£0.2 1796 £ 4.4
Female 21 229403 200.7 £9.6
Unknown 2 228+1.0 1855+ 12.7
Total 89 224402 184.7 £ 4.1

the dissections and were withdrawn from the analysis, reducing
the number of gut samples to 88. The wet mass of the gonads
and liver were recorded for each fish as a proxy of maturity and
health.

DNA extraction, amplification, and sequencing

All DNA extraction and purification procedures were conducted
in a controlled clean room, where pressure, temperature, and
humidity were maintained to minimize contamination. DNA
from blood samples was isolated as previously described by
Fronton et al. (2023, 2024). A negative control was conducted
on FTA cards during sampling. The excess material inside the
gut samples was squeezed out with sterile tweezers, and the
last 2 cm of gut samples were used for DNA extraction. For
the prey microbiome analysis, two entire capelin or two entire
shrimp were cut into 2-3 cm pieces and pooled to mix in
bleach and ethanol-cleaned mixer with 50 ml of RNAse and
DNAse-free water. DNA from redfish gut and prey was extracted
using the QIAamp DNA Investigator Kit (Qiagen, Toronto, ON,
Canada) according to the manufacturer’s protocol. Amplification
and sequencing were adapted, and a Semi-Nested PCR was
performed to maximize the number of 16S rRNA gene reads for
the blood microbiome. A comparison of microbiome diversity
and ASV characterization was made between PCR, Semi-Nested
PCR, and Nested PCR was made using previous results to

ensure no biases were introduced (unpublished data). A Semi-
Nested PCR was conducted by Génome Québec on the bacterial
16S rRNA gene for the blood microbiome. Genome Quebec
performed a negative control using PCR water to ensure that no
contamination was introduced. For the first PCR, the V1-V4 region
was targeted with the 27F (5’AGAGTTTGATCMTGGCTCAG3') and
805R (5S’GACTACHVGGGTATCTAATCC3’) primers. The second
PCR was performed on the V3-V4 region using the 341F
(5’CCTACGGGNGGCWGCAG3’) and 805R primers. PCR amplifica-
tion was performed directly on the V3-V4 regions with the same
primers for the gut microbiome. Sequencing was conducted on
an Illumina platform, NextSeq PE300 10 M reads. Two samples
failed to be sequenced from the gut DNA extraction, reducing the
number of redfish gut microbiomes analyzed to 86. The raw data
files are publicly available on the NCBI Sequence Read Archive
(PRINA1212171).

16S rRNA data processing and analysis

Mlumina sequence data (FASTQ files) were trimmed using
Cutadapt (version 4.0) [41]. The 16S rRNA (V3-V4) amplicon
sequence variants (ASVs) were generated with the DADA?2 pipeline
(version 1.16.0; [42]) and subsequently within the R environment
(R version 4.1.1, Team (2021)). Forward and reverse reads were
then trimmed, filtered, and truncated with the filterAndTrim
function. The error model (maxEE) was calculated for forward
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and reverse reads, and low-quality reads were removed. After
denoising and merging, chimeric sequences (bimeras) were
removed from the datasets. The minimum and maximum lengths
were set at 400 bp and 428 bp, respectively. All reads had an
average quality score of >30. The Version 19 of the RDP 16
classifier was used for the ASV assignment. Software packages
phyloseq (1.48.0), microbiomeSeq (0.1), microbiomeMarker (1.10.0), and
vegan (2.6.8) were used to characterize the microbial communities
[43-46]. The graphics were created using the ggplot2 package
(version 3.5.1).

Bacterial taxonomic «-diversity (intrasample) was estimated
using the richness, Shannon, Simpson and Pielou indices with the
R package microbiome (version 1.14.0). Variations in bacterial a-
diversity and taxa abundances between the two blood and gut
microbiomes were assessed using the Wilcoxon-Mann-Whitney
test since there was no normal distribution of values. The P-value
(P) was considered significant for the Wilcoxon-Mann-Whitney
test at P <.05.

The g-diversity (inter-sample) was estimated using phyloge-
netic weighted UniFRac dissimilarities assessed by principal coor-
dinates analysis (PCoA). Differences in community composition
were tested using permutational multivariate analysis of variance
(PERMANOVA) for weighted UniFRac indices with 10 000 permuta-
tions, as implemented in the R vegan package or the pairwise Adonis
package (0.4).

The redundancy analysis (RDA) was performed on the stan-
dardized (rclr transformation) number of reads for each ASV in
each matrix and the environmental and physiological variable
matrix [47]. The collinearity between variables was validated
with a Pearson correlation, and weight and length were the only
variables correlated. An Analysis of Compositions of Microbiomes
with Bias Correction 2 (ANCOM-BC2) was done between the diet
treatment and basin signatures using the ANCOMBC packages
(version 2.6.1) [48, 49]. A classical ANCOM-BC and a Differential
abundance analysis with the DESeq2 package (version 1.44.0) [50]
were done between the niche signatures. For all the ANCOM-BC
and DESeq analyses, only the significant ASV or genera were kept.
Differences were considered statistically significant at P <.05.

A ratio was calculated for differential abundant ASV in each
niche with:

When X(ASV:)gue > RASVi)piooq :

X(ASV)) gut
X(ASVi)plooq + 1

When X(Asvi)gut < ?(ASV{)b]ODd .

7§(Asvi)blood % (—1)
X(Asvi)gut +1

Data analyses were performed in R (version 4.4.1) with RStudio
(version 2024.12.0).

Semi-nested PCR for the detection of Ralstonia
picketti

To confirm the presence of Ralstonia picketti, we employed a semi-
nested PCR targeting the 16S rRNA gene. In the first amplifica-
tion cycle, we used primers 27F (V1 region; AGAGTTTGATCMTG-
GCTCAG) and 805R (V4 region; GACTACHVGGGTATCTAATCC) on
DNA extracted from blood and gut samples. The second amplifi-
cation cycle utilized the specific primer RpF (ATGATCTAGCTTGC-
TAGATTGAT) for Ralstonia picketti and the 805R primer [51, 52].
The first cycle consisted of an initial denaturation at 95°C for
5 minutes, followed by 20 cycles of denaturation at 94°C for

1 minute, annealing at 60°C for 1 minute, and elongation at 72°C
for 1 minute and 30 seconds, concluding with a final extension
at 72°C for 15 minutes. The second cycle included denaturation
at 95°C for 5 minutes, followed by 20 cycles of denaturation
at 94°C for 30 seconds, annealing at 58°C for 30 seconds, and
elongation at 72°C for 1 minute, with a final extension at 72°C
for 10 minutes. PCR products were analyzed via electrophoresis
on 1.5% agarose gels containing SYBR™ Safe DNA Gel Stain.
Amplicons were sequenced using the Sanger method by Genome
Québec (Montreal, Québec, Canada).

Results
Gut and blood microbiome characterization

The gut and blood microbiome signatures were obtained by
sequencing the V3-V4 hypervariable regions of the 16S rRNA
gene. Approximately 2.5 million raw reads were obtained after
quality filtering in the gut microbiome’s case. Sequence counts
per sample were 10591 to 62650 reads, with the mean read
counts per individual being 27 727.22 +£1131.98 reads. As for the
observed richness, 4179 different ASVs were detected in the gut
microbiome (mean=75.49+5.29 per individual). Approximately
1.5 million raw reads were obtained for the blood microbiome,
ranging from 3856 to 32 038 reads per sample, with an average of
17 212.75+471.25. In both cases, the ASV accumulation curves
indicated that sequencing depth was sufficient to capture the full
ASV diversity of both microbiome niches (Fig. S1).

Regarding the bacteria found in the gut and blood microbiomes,
we found no significant differences at the phylum level between
both niches, although the percentage of DNA of unknown
origin was higher in the gut microbiome (Fig. 2A). However, we
found significant differences in the microbiome signatures at
the genus level. In the gut, the microbiome was dominated
by DNA from Staphylococcus (mean=7.03%=+0.98%), Kocuria
(mean=6.50%=+1.78%), which was not found in the blood
microbiome, and Corynebacterium (mean=5.65% =+ 0.86%) (Fig. 2B).
This dominance by Staphylococcus (mean=15.65% +2.62%) and
Corynebacterium (mean=10.92%+1.03%) was also observed in
the blood microbiome. However, the genus Ralstonia was more
prevalent in the blood microbiome, with a relative abundance of
8.09% +1.91% compared to 1.10% £ 0.26%. Other genera specific
to the circulating microbiome included Afipia, Brevundimonas,
Lawsonella, Neisseria, Neorickettsia, and Sphingomonas (Fig. S2).

Differences between the gut and blood
microbiomes

Overall, we identified 238 genera in the gut, of which 141
(55.0%) were exclusive to this niche, including Micrococcus,
Phenylobacterium, Planococcus, Psychrobacter, and Rubritalea (Fig. 3A).
In contrast, 160 genera were identified in the blood, with 53
(33.1%) being unique to blood samples. Overall, 107 genera (36.8%)
were also shared between the two environments, indicating some
commonalities in microbial communities and significant niche-
specific diversity. A PCoA of microbiome compositions (using
Weighted UniFrac distances) confirmed two distinct clustering
patterns between gut and blood samples, with a statistically
significant separation between the two niches (PERMANOVA:
R?=0.09, P <.001) (Fig. 3B). Further analysis revealed significant
differences in microbial diversity between the gut and circulating
microbiomes (Fig. 3C). Specifically, the number of ASVs, the
Shannon diversity index, and the Simpson diversity index
were all markedly higher in the gut microbiome. Yet, both
microbiomes displayed similar evenness levels, as indicated by
Pielou’s evenness index. We also found that the core microbiome
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Figure 2. Relative abundance of the main taxa in the blood and gut microbiome. (A) Individual relative abundance of the main phylum of the Redfish’s
microbiome, prevalence =50%, detection threshold = 1%, n (gut) =86 and n (blood) = 89. (B) Mean by tank of the relative abundance of the main genera
of the Redfish’s microbiome, prevalence = 30%, detection threshold =1%, n (gut) =86 and n (blood)=89.

analysis indicated low dominance among the ASVs. The most
abundant ASV represented 18.29%+1.32% of the total ASVs
in the gut microbiome, compared to 28.58%+1.64% in the
circulating microbiome. These percentages reflect the relative
abundance of the most dominant ASV within each microbiome,
indicating a significant difference in microbial dominance

between the two environments (P <.001). Additionally, the core
microbiome’s relative abundance was 6.13% +0.80% in the gut
and 10.48% +1.22% in the circulating microbiome (P <.05). These
findings suggest that while the gut microbiome is more diverse,
both environments maintain a balanced distribution of microbial
taxa with low dominance.
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An ANCOM-BC analysis was conducted to further explore the
differences between the gut and blood microbiomes at the ASV
level (Fig. 4A, Table 2). We observed that while Staphylococcus ASVs
were identified in both microbiomes, they represented distinct
ASVs, suggesting that different species or strains of Staphylo-
coccus may dominate each niche. Additionally, Corynebacterium,
present in both microbiomes, showed significant enrichment
in the circulating microbiome, particularly ASV18 and ASV33,
which together accounted for approximately one-third of the
total Corynebacterium abundance in the blood (mean relative

abundance: ASV18=2.38%+0.42%, ASV33=1.17%+0.41%).
Furthermore, Kocuria and Ralstonia, previously recognized as
specific to the gut and blood microbiomes, respectively, exhibited
significant differences in abundance in their respective niches.
The DESeq?2 analysis corroborated the findings from the ANCOM-
BC (Fig. 4B), revealing pronounced ASV-level differences: Ralstonia
had a mean relative abundance ratio of —1424.81 in the circulat-
ing microbiome, while Kocuria displayed a ratio of 1492.47 in the
gut. The Ralstonia ASV was identified in the pipeline as Ralstonia
pickettii (ASV2), a potential human pathogen. Additional potential
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Table 2. ANCOM-BC Results of the comparison of gut and circulating microbiome.

ASV # LFC SE w p-value q-value Genus Species
ASV_1 3.50 0.44 7.94 1.99E-15 4.60E-15 Kocuria

ASV_28 2.28 0.30 7.63 2.42E-14 5.28E-14

ASV_9 2.06 0.43 4.78 1.74E-06 3.57E-06 Staphylococcus

ASV_7 2.03 0.43 4.73 2.29E-06 4.46E-06 Psychrobacter pulmonis
ASV_12 1.94 0.43 4.54 5.54E-06 1.02E-05 Staphylococcus

ASV_11 1.66 0.43 3.84 1.24E-04 2.19E-04 Phenylobacterium

ASV_16 1.29 0.41 3.12 1.83E-03 2.95E-03 Planococcus

ASV_8 1.24 0.45 2.76 5.78E-03 8.55E-03 Acinetobacter lwoffi
ASV_10 1.18 0.42 2.81 5.02E-03 7.73E-03 Moraxella osloensis
ASV_52 0.96 0.29 3.27 1.08E-03 1.81E-03 Cutibacterium acnes
ASV_65 —-2.72 0.30 -9.18 4.12E-20 1.90E-19 Pseudoalteromonas

ASV_30 —2.72 0.32 —8.53 1.41E-17 3.48E-17 Acinetobacter junii
ASV_33 —2.87 0.34 —8.55 1.28E-17 3.39E-17 Corynebacterium

ASV_42 —-3.12 0.36 —8.57 1.03E-17 3.19E-17 Staphylococcus

ASV_38 —3.42 0.37 -9.19 3.92E-20 1.90E-19 Lawsonella

ASV_77 —3.45 0.30 —11.60 4.16E-31 3.08E-30 Cutibacterium acnes
ASV_26 —-3.50 0.40 —8.69 3.63E-18 1.34E-17 Afipia birgiae
ASV_23 —3.60 0.42 —8.66 4.90E-18 1.65E-17 Brevundimonas

ASV_14 —3.85 0.45 —8.56 1.12E-17 3.19E-17 Escherichia/Shigella

ASV_20 —-4.11 0.43 —-9.45 3.35E-21 2.07E-20 Moraxella osloensis
ASV_17 —5.04 0.42 —-11.98 4.26E-33 3.94E-32 Streptococcus

ASV_2 —5.14 0.56 -9.15 5.80E-20 2.38E-19 Ralstonia pickettii
ASV_18 -5.26 0.43 -12.13 7.60E-34 9.37E-33 Corynebacterium tuberculostearicum
ASV_6 —5.88 0.45 -12.97 1.91E-38 3.54E-37 Staphylococcus

ASV_4 —6.64 0.44 —-15.12 1.12E-51 4.13E-50 Staphylococcus

human pathogens were detected solely in fish blood through
the ANCOM-BC and DESeq analyses, including Corynebacterium
tuberculostearicum, Moraxella osloensis, and Acinetobacter junii. These
results suggest that analyzing the blood microbiome can be
a valuable tool for detecting pathogens, as it may reveal the
presence of opportunistic bacteria.

Effect of the diet on the host’s microbiome

To examine whether the 6-month diet impacted the microbiomes,
we first investigated differences in microbiome composition
among dietary treatments using a PCoA (Fig. 5). Our PERMANOVA
analysis revealed a significant effect of diet on gut microbiome
composition. However, the R? values obtained were low (<
0.06), indicating that the influence of diet on gut and blood
microbiomes, while statistically significant, appeared minimal.
The lack of clear clusters in the PCoA supports this conclusion.
Furthermore, the replicates for each diet treatment yielded
divergent results, including statistically significant differences
(Fig. S3 and S4). This complicates the interpretation of the
data, as the grouped samples with the same diet were not
uniform compared to those of another diet. Moreover, no ASV
was identified in the ANCOM-BC2 analysis that differed between
the diet treatments.

To provide additional insights into our analysis, we conducted
an RDA. Our results indicated that the niche, diet treatment, and
basin factors were statistically significant (Table 3), collectively
explaining ~5% of the variance (adjusted R?=0.0527). Separate
RDA analyses for each niche revealed that basin and diet
treatment significantly influenced microbial composition in both
the gut and circulating microbiomes, with a notably greater
impact from the basin factor, as reflected by higher variance
and degrees of freedom (Table S1). In both cases, however,
the models accounted for a modest level of variance (blood:

adjusted R?=0.042; gut: adjusted R?>=0.046), suggesting these
factors represent only a limited portion of the variability in
microbiome profiles. Furthermore, in some cases, the gut and
blood microbial composition significantly differed between two
basins of the same diet treatment (Fig. S5 and S6), complicating
the interpretation. In conclusion, while the 6-month diet
demonstrated a statistically significant impact on microbiome
composition in certain instances, the low R? values, lack of results
in the ANCOMBC2, and the modest variance explained by dietary
and environmental factors, along with a basin effect, indicate
that the actual influence of diet on gut and blood microbiomes
is minimal and complex. The variation in compositions between
tanks of the same diet seems to impact the significance of the
results across diets.

Discussion

Our study aims to compare the gut and blood microbiomes of S.
fasciatus to understand how these two distinct microbiomes may
be influenced by dietary and environmental factors. Studying
the gut and blood microbiomes of S. fasciatus and their variation
in response to diet and environmental factors is crucial for
understanding how climate change could impact the health and
resilience of this ecologically and economically important fish
species, thereby informing sustainable fisheries management and
conservation strategies. Our results revealed that although both
microbiomes were dominated by similar bacterial genera, specific
ASVs differed significantly, emphasizing the unique microbial
composition of each niche. Both microbiomes were also to be
relatively stable to dietary changes over several months, even
with a diet consisting of shrimp and capelin, two marine species
with distinct nutritional properties. Finally, we also demonstrated
that analyzing the blood microbiome, which reflects the release
of bacterial DNA from various host tissues, is an interesting tool
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for detecting potential pathogens. The detection of potential circulating microbiome analysis as an innovative method
pathogens was a secondary outcome resulting from the broader for detecting potential pathogens, while also enhancing our
microbial profiling. This study highlights the importance of understanding of microbial interactions and their stability
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Table 3. RDA results of the measured factors analyzed with gut and circulating microbiome. Explained variance is described in

percentage in brackets

Factors Degree of freedom Variance F statistics p-value
Length at the start 1 0.304 (0.51%) 0.9322 0.6513
Length at the end 1 0.339 (0.57%) 1.0375 0.3996
Weight at the start 1 0.277 (0.47%) 0.8482 0.8352
Weight at the end 1 0.358 (0.60%) 1.0954 0.2877
Gonad's weight 1 0.353 (0.59%) 1.0824 0.2597
Liver’s weight 1 0.335 (0.56%) 1.0250 0.4066
Length growth per day 1 0.928 (1.56%) 0.9742 0.5094

1GS 1 0.280 (0.47%) 0.8576 0.8172

IHS 1 0.310 (0.52%) 0.9490 0.5584
Fulton’s K 1 0.301 (0.51%) 0.9224 0.6783

Sex 2 0.606 (1.02%) 0.9284 0.5405

Diet treatment 4 1.780 (2.99%) 1.3632 0.0019 (%)
Basin 10 3.879 (6.52%) 1.1879 0.0009 ()
Niche 1 2.455 (4.12%) 7.5178 0.0009 ()
Residuals 144 47.019 (78.99%)

in response to dietary variations. This approach could have
significant implications for fish health and marine resource
management.

As blood circulates, it can encounter DNA fragments released
from various sources, such as minor skin lesions or oral activities
like tooth brushing in humans. This phenomenon may explain
why prey microbiomes cluster closely with the circulating micro-
biome as it gathers bacterial DNA from all niches within the body.
This has been well documented regarding circulating cell-free
DNA (ccfDNA) fragments released by apoptotic cancer cells [53-
55]. Today, the analysis of ccfDNA enables the detection of pri-
mary tumors, which can be challenging to identify clinically, and
provides information that allows clinicians to adapt and monitor
specific treatments. Studies on ccfDNA have demonstrated that
blood contains DNA fragments from diverse sources, including
microorganisms. These observations have led to the concept of
the circulating microbiome.

Although the concept of a blood microbiome is met with skepti-
cism within the scientific community—stemming primarily from
the longstanding belief that healthy host blood is sterile—our
study navigates this contention [15, 20, 56]. Our study does not
focus on the presence of live bacteria, or microbiota, which is
commonly referred to as the assemblage of live microorganisms
present in a defined environment, including bacteria, archaea,
fungi, and viruses. It rather focused on the microbiome, which
refers to the presence of bacterial DNA. This is why we have
performed the standard 16S rRNA gene sequencing. This is why
our methodology utilized just a single drop of blood, allowing it
to target DNA fragments of bacteria, circumventing traditional
concerns regarding the viability of bacteria in the bloodstream.
Notwithstanding the controversy surrounding the presence of
healthy bacteria in the blood, it is thus essential to clarify that
the concept of a circulating microbiome, at least in this case, is
based not on the analysis of bacteria in the blood but instead
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on DNA fragments of bacterial origin, as in the case of ccfDNA.
The prevailing view is that these fragments may result from tran-
sient and sporadic translocation from several tissues, including
infected tissues and bacteria that constitute the normal micro-
bial flora, such as the intestine, oral mucous membranes, and
other organs, including the brain [16, 33]. Therefore, it is not
surprising that the signature of the blood microbiome differs
from that of the gut. These observations support the “Transient
Bacterial DNA Hypothesis for the Circulating Microbiome” as a
guiding paradigm, wherein the circulating microbiome comprises
DNA fragments rather than whole bacteria, reflecting a digital
snapshot of bacterial DNA originating from various body sites.
These DNA fragments can enter the bloodstream through cellular
turnover, apoptosis, or minor breaches in the barriers separating
commensal or pathogenic bacteria from the bloodstream. Detect-
ing specific bacterial DNA in the blood may reflect pathogenic
events and normal biological processes, including the migration
of DNA from tissues where bacteria are generally present.

In our methodology, blood samples are collected via punc-
ture, similar to standard clinical procedures. Concerns may arise
regarding potential contamination with bacterial DNA from skin
and muscle tissues during the sampling process. However, several
factors mitigate this risk in our study. First, the bacterial biomass
in muscle tissue is significantly lower than that in blood, reduc-
ing the likelihood that DNA from muscle bacteria substantially
influences our results. Furthermore, any bacterial DNA fragments
present on the skin or in the muscle are likely to be minimal and
would represent a consistent background level across all sam-
ples, thus not disproportionately affecting the analysis. It is also
important to note that the procedure used for collecting blood
samples from fish closely mirrors that used in human clinical
settings, where the risk of contamination is well understood and
controlled. Therefore, we assert that the integrity of our data is not
compromised by the sampling method, and the bacterial DNA we
analyze predominantly reflects the microbiome associated with
the blood and immune cells rather than external contamination.

Our study shows that dietary treatment had a minimal impact
on the blood and gut microbiomes of redfish. Although significant
differences appear in the PCoA analysis, the points are mixed,
indicating homogeneity of the microbiomes. Furthermore, the
replicates (basins) for each diet present divergent results, some
of which are significantly different. This complicates data inter-
pretation because the pools fed with the same diet are not uni-
form compared to those of another diet. While existing literature
suggests that short-term and long-term dietary regimes alter the
composition and functionality of the gut microbiota, which is a
primary factor influencing gut microbial composition [14, 57, 58],
the observed differences between shrimp and capelin diets over
six months were insufficient to drive distinct microbial signatures.
The nutritional profiles of capelin and shrimp as fish feed are
very different. Capelin offers higher omega-3 fatty acids than
shrimp, while shrimp provide a different amino acid profile and
generally have higher levels of carbohydrates [59-61]. Capelin is
also considered more digestible due to its high protein and low-
fat composition, which can lead to better nutrient absorption in
fish compared to shrimp, which contains chitin, a less digestible
component [62, 63]. When we examined the microbiomes of each
prey, we found that the differences in the microbiome composi-
tion between capelin and shrimp were evident. Some bacterial
genera appear to be more prevalent in one type over the other,
indicating that the intrinsic properties of each organism (such
as diet, habitat, or physiology) might influence the microbial
communities they host (Fig. S7). For example, Escherichia/Shigella

showed a higher relative abundance in some shrimp samples
than in capelin, while genera like Rubritalea and Rothia showed a
higher abundance in capelin. However, despite these differences,
the microbiome of the prey had little effect on the gut microbiome.
This limited influence is likely due to the complex interplay of
factors such as digestion, host immune response, and existing
microbial interactions within the host, which can modulate the
impact of diet on the microbiome. Studies in humans have shown
that all these factors are known to impact the gut microbiome
[64-66]. It is plausible that the nutritional compositions of these
diets were not divergent enough to induce significant shifts within
the experiment’s timeframe. Rapid changes in the microbiome are
generally observed in response to diets that differ markedly, such
as animal and plant-based diets [10-14].

In our study, the minimal shift in the microbiome was similar
to the differences between tanks, as shown by our RDA, which
indicated that while diet is statistically significant, its effect is
considerably smaller than that of the basin factor, even with all
tanks sharing a common water supply. Each tank serves as a
distinct microenvironment and can reflect subtle shifts in the
microbial composition, reflecting each tank’s specific interactions
and conditions. This “co-housing effect” on the microbiome has
been well documented in mice model systems, where individuals
in close proximity exhibit similar microbiota due to microbial
exchange through direct contact, airborne transmission, or shared
handling by caretakers [67-69]. The tank effect we observed was
particularly evident in the gut microbiomes from the mixed diet
group, where distinct bacterial structures were observed within
tanks. Yet, individuals showed remarkably similar profiles. The
ability of the microbiome to remain stable in the face of dietary
variations could offer a form of resilience to these populations,
an essential factor to consider in adaptation strategies to climate
change. While the changes were minimal, they underline the
significance of considering environmental and social factors in
shaping the microbiome of redfish in controlled settings. It also
suggests that environmental factors should be emphasized over
dietary changes to monitor the health level of redfish populations.
The microbiome of the water in the tank, however, is likely to have
a limited impact on the host microbiome, as previous findings
have shown that the microbiomes of water and hosts are signifi-
cantly different [70, 71].

S. fasciatus are naturally gregarious, forminglarge schools in the
wild, a behavior likely intensified by their increased abundance in
the Gulf of St. Lawrence. This schooling behaviour could facilitate
greater bacterial sharing than less gregarious species, potentially
heightening vulnerability to pathogen spread [70, 71]. Our results
with R. pickettii and other potential pathogens exemplify this
hypothesis. Our preliminary results, using PCR primers specific for
R. pickettii, have confirmed the presence of DNA fragments from
this bacteria in the blood (Fig. S8, Supplementary files S1 and S2).
R. pickettii is an opportunistic pathogen linked to nosocomial
outbreaks, typically introduced through contaminated water or
saline. It has been isolated from soil, freshwater, and marine
ecosystems [72-74]. While this bacterial species was reported in
fish gastrointestinal and skin microbiomes, no disease symptoms
have been associated with it [/5-78], suggesting it may function
as a commensal or mutualistic bacterium within aquatic ecosys-
tems. We also detected DNA derived from several other human-
associated potential pathogens, including C. tuberculostearicum, M.
osloensis, and A. junii, which were detected in the blood micro-
biome [79-81]. Together, these findings illustrate the potential of
the blood microbiome as a valuable monitoring tool for identifying
potential pathogens in fish populations. In humans, the blood
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microbiome serves as a useful biomarker for detecting potential
pathogens, accelerating diagnostics and improving the timing of
medication for the patient [82-85]. However, while our findings
suggest the potential utility of blood microbiome analysis in
pathogen detection, actual efficacy in a clinical or health manage-
ment context will require further investigation under controlled
conditions where health status and infection are directly moni-
tored. Future studies should aim to correlate microbiome changes
with confirmed pathogenic infections and health declines to val-
idate this approach. It is also important to approach the detec-
tion of bacterial DNA cautiously, as it does not inherently indi-
cate active infection or a direct health risk to humans or other
hosts, including fish. While Ralstonia is known to be pathogenic in
humans, to our knowledge, its pathogenicity in fish has not been
documented. Further targeted research is necessary not only to
confirm its presence but also to fully elucidate the pathogenic
potential of these bacteria and their implications for both fish
health and human safety.
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S. fasciatus, Sebastes fasciatus; Sebastes mentella, S. mentella; cap,
capelin; shr, shrimp; PCoA, Principal coordinates analysis; RDA,
Redundancy analysis; ASV, Amplicon sequence variant; PSU Prac-
tical salinity unit;, ANCOM-BC, Analysis of Compositions of Micro-
biomes with Bias Correction; PERMANOVA, Permutational multi-
variate analysis of variance.

Acknowledgements

This research was performed with the logistical support of Fish-
eries and Oceans Canada. The authors thank all the personnel,
specifically Tanya Hansen, for their help during the sampling
and data analysis at the Institut Maurice-Lamontagne. They also
thank Sophia Ferchiou and France Caza for their support on the
bicinformatical analysis and Marlene Fortier for her excellent
technical help. D. Robert was supported by the Canada Research
Chair program.

Author contributions

DD, DS, DR, FEF and Y.S.P. conceived the study. All authors were
responsible for the interpretation of data and critical appraisal.
A.G. and FF executed the experiments. All authors contributed
to the experimental design. All authors contributed to the anal-
yses and interpretations of the results. FF. and Y.S.P. drafted the
manuscript with input from all authors.

Supplementary material

Supplementary material is available at ISME Communications
online.

Conflicts of interest

None declared.

Funding

This work was funded by the Fonds de Recherche du Québec-
Nature et Technologie (YSP and D. R.) and the National Science
and Engineering Research Council of Canada (Grant No. x-2019-
06607, YSP). EF. is supported by a scholarship from the Fonds

de Recherche du Québec-Nature et Technologie (FRQNT). DR. is
supported by the Canada Research Chair Program.

Data accessibility

Metagenome sequencing data have been deposited in the NCBI
Sequence Read Archive under the Bioproject PRINA121217.

References

1. Sender R, Fuchs S, Milo R. Revised estimates for the num-
ber of human and bacteria cells in the body. PLoS Biol
2016;14:€1002533. https://doi.org/10.1371/journal.pbio.1002533

2. Gilbert JA, Blaser MJ, Caporaso JG. et al. Current understanding
of the human microbiome. Nat Med 2018;24:392-400. https://doi.
0rg/10.1038/nm.4517

3. Hooper LV, Gordon JI. Commensal host-bacterial relationships
in the gut. Science 2001;292:1115-8. https://doi.org/10.1126/
science.1058709

4. Saeedi P, Salimian J, Ahmadi A. et al. The transient but not
resident (TBNR) microbiome: a yin Yang model for lung immune
system. Inhal Toxicol 2015;27:451-61. https://doi.org/10.3109/
08958378.2015.1070220

5. Wang B, Yao M, Lv L. et al. The human microbiota in health
and disease. Engineering 2017;3:71-82. https://doi.org/10.1016/].
ENG.2017.01.008

6. Durack J, Lynch SV. The gut microbiome: relationships with
disease and opportunities for therapy. ] Exp Med 2019;216:20-40.
https://doi.org/10.1084/jern. 20180448

7. Huttenhower C, Gevers D, Knight R. et al. Structure, function and
diversity of the healthy human microbiome. Nature 2012;486:
207-14.

8. Lozupone CA, Stombaugh JI, Gordon JI. et al. Diversity, stability
and resilience of the human gut microbiota. Nature 2012;489:
220-30. https://doi.org/10.1038/nature11550

9. De Vos WM, Tilg H, Van Hul M. et al. Gut microbiome and
health: mechanistic insights. Gut 2022;71:1020-32. https://doi.
org/10.1136/gutjnl-2021-326789

10. Huang KD, Miller M, Sivapornnukul P. et al. Dietary selective
effects manifest in the human gut microbiota from species
composition to strain genetic makeup. Cell Rep 2024;43:115067.
https://doi.org/10.1016/j.celrep.2024.115067

11. Leeming ER, Johnson A], Spector TD. et al. Effect of diet on
the gut microbiota: rethinking intervention duration. Nutrients
2019;11:2862. https://doi.org/10.3390/nu11122862

12. Rinninella E, Raoul P, Cintoni M. et al. What is the healthy
gut microbiota composition? A changing ecosystem across
age, environment, diet, and diseases. Microorganisms 2019;7:14.
https://doi.org/10.3390/microorganisms/7010014

13. Sonnenburg]L, Béackhed F. Diet-microbiota interactions as mod-
erators of human metabolism. Nature 2016;535:56-64. https://
doi.org/10.1038/nature18846

14. Wilson AS, Koller KR, Ramaboli MC. et al. Diet and the human gut
microbiome: an international review. Dig Dis Sci 2020;65:723-40.
https://doi.org/10.1007/s10620-020-06112-w

15. Castillo DJ, Rifkin RF, Cowan DA. et al. The healthy human blood
microbiome: fact or fiction? Front Cell Infect Microbiol 2019;9:148.

16. Tan CC, Ko KK, Chen H. et al. SG10K_Health consortium et al. No
evidence for a common blood microbiome based on a popula-
tion study of 9,770 healthy humans. Nat Microbiol 2023;8:973-85.
https://doi.org/10.1038/s41564-023-01350-w

17. Potgieter M, Bester J, Kell DB. et al. The dormant blood
microbiome in chronic, inflammatory diseases. Danchin ProfA

920z Areniga4 ¢ uo Jasn (enbayonqig) Jeiddely-puewily 1NMNsuUl-SYNI A9 19596 1.8/91 LIBOA/L/S/3]91B/UNWIWOoSWS/WO02 dNo"dIwapee//:sdiy Woll papEojuMO(]


https://academic.oup.com/ismecommun/article-lookup/doi/10.1093/ismeco/ycaf116#supplementary-data
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1038/nm.4517
https://doi.org/10.1038/nm.4517
https://doi.org/10.1038/nm.4517
https://doi.org/10.1038/nm.4517
https://doi.org/10.1126/science.1058709
https://doi.org/10.1126/science.1058709
https://doi.org/10.1126/science.1058709
https://doi.org/10.1126/science.1058709
https://doi.org/10.3109/08958378.2015.1070220
https://doi.org/10.1016/J.ENG.2017.01.008
https://doi.org/10.1016/J.ENG.2017.01.008
https://doi.org/10.1016/J.ENG.2017.01.008
https://doi.org/10.1016/J.ENG.2017.01.008
https://doi.org/10.1016/J.ENG.2017.01.008
https://doi.org/10.1084/jem.20180448
https://doi.org/10.1084/jem.20180448
https://doi.org/10.1084/jem.20180448
https://doi.org/10.1084/jem.20180448
https://doi.org/10.1038/nature11550
https://doi.org/10.1038/nature11550
https://doi.org/10.1038/nature11550
https://doi.org/10.1038/nature11550
https://doi.org/10.1136/gutjnl-2021-326789
https://doi.org/10.1136/gutjnl-2021-326789
https://doi.org/10.1136/gutjnl-2021-326789
https://doi.org/10.1136/gutjnl-2021-326789
https://doi.org/10.1016/j.celrep.2024.115067
https://doi.org/10.1016/j.celrep.2024.115067
https://doi.org/10.1016/j.celrep.2024.115067
https://doi.org/10.1016/j.celrep.2024.115067
https://doi.org/10.1016/j.celrep.2024.115067
https://doi.org/10.3390/nu11122862
https://doi.org/10.3390/nu11122862
https://doi.org/10.3390/nu11122862
https://doi.org/10.3390/nu11122862
https://doi.org/10.3390/microorganisms7010014
https://doi.org/10.3390/microorganisms7010014
https://doi.org/10.3390/microorganisms7010014
https://doi.org/10.3390/microorganisms7010014
https://doi.org/10.1038/nature18846
https://doi.org/10.1038/nature18846
https://doi.org/10.1038/nature18846
https://doi.org/10.1038/nature18846
https://doi.org/10.1007/s10620-020-06112-w
https://doi.org/10.1007/s10620-020-06112-w
https://doi.org/10.1007/s10620-020-06112-w
https://doi.org/10.1007/s10620-020-06112-w
https://doi.org/10.1007/s10620-020-06112-w
https://doi.org/10.1038/s41564-023-01350-w
https://doi.org/10.1038/s41564-023-01350-w
https://doi.org/10.1038/s41564-023-01350-w
https://doi.org/10.1038/s41564-023-01350-w
https://doi.org/10.1038/s41564-023-01350-w

12

| Fronton et al.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

(ed.). FEMS Microbiol Rev 2015;39:567-91. https://doi.org/10.1093/
femsre/fuv013

Whittle E, Leonard MO, Harrison R. et al. Multi-method charac-
terization of the human circulating microbiome. Front Microbiol
2019;9:3266. https://doi.org/10.3389/fmicb.2018.03266

Amar J, Lange C, Payros G. et al. Blood microbiota dysbiosis is
associated with the onset of cardiovascular events in a large
general population: the D.E.S.I.R. Study PLoS ONE 2013;8:e54461.
https://doi.org/10.1371/journal.pone.0054461

Cheng HS, Tan SP, Wong DM. et al. The blood microbiome and
health: current evidence, controversies, and challenges. JMS
2023;24:5633. https://doi.org/10.3390/ijms24065633

Morrow JD, Castaldi PJ, Chase RP. et al. Peripheral blood microbial
signatures in current and former smokers. Sci Rep 2021;11:19875.
Vander Haar EL, Wu G, Gyamfi-Bannerman C. et al. Microbial
analysis of umbilical cord blood reveals novel pathogens associ-
ated with stillbirth and early preterm birth. Zhang Q (ed.). mBio.
2022;13:e02036-22, https://doi.org/10.1128/mbio.02036-22.
Wang C, Li Q, Tang C. et al. Characterization of the blood
and neutrophil-specific microbiomes and exploration of poten-
tial bacterial biomarkers for sepsis in surgical patients.
Immunity, Inflammation and Disease 2021;9:1343-57. https://doi.
0rg/10.1002/1id3.483

Yuan X, Yang X, Xu Z. et al. The profile of blood microbiome
in new-onset type 1 diabetes children. iScience 2024;27:110252.
https://doi.org/10.1016/j.isci.2024.110252

Bennice CO, Krausfeldt LE, Brooks WR. et al. Unique skin micro-
biome: insights to understanding bacterial symbionts in octo-
puses. Front Mar Sci 2024;11:1448199. https://doi.org/10.3389/
fmars.2024.1448199

Ferchiou S, Caza F, de Boissel PG. et al. Applying the con-
cept of liquid biopsy to monitor the microbial biodiversity of
marine coastal ecosystems. ISME COMMUN 2022;2:61. https://
doi.org/10.1038/s43705-022-00145-0

Ferchiou F, Caza F, Villemur R. et al. Skin and blood microbial
signatures of sedentary and migratory trout (Salmo trutta) of
the Kerguelen Islands. Fishes 2023;8:174. https://doi.org/10.3390/
fishes8040174

Fronton F, Ferchiou S, Caza F. et al. Insights into the circulat-
ing microbiome of Atlantic and Greenland halibut populations:
the role of species-specific and environmental factors. Sci Rep
2023;13:5971. https://doi.org/10.1038/s41598-023-32690-6
Fronton F, Villemur R, Robert D. et al. Divergent bacte-
rial landscapes: unraveling geographically driven microbiomes
in Atlantic cod. Sci Rep 2024;14:6088. https://doi.org/10.1038/
$41598-024-56616-y

Huggins LG, Colella V, Atapattu U. et al. Nanopore sequencing
using the full-length 16S rRNA gene for detection of blood-
borne bacteria in dogs reveals a novel species of Hemotropic
mycoplasma. Costa M (ed) Microbiol Spectr 2022;10:e03088-22,
https://doi.org/10.1128/spectrum.03088-22

Khoza BL, Byaruhanga C, Makgabo SM. et al. Tick distribution
and comparative analysis of bovine blood microbiome in two
provinces of South Africa using 16S rRNA PacBio sequencing
approach. Front Trop Dis 2024;5:1399364. https://doi.org/10.3389/
fitd.2024.1399364

Mandal RK, Jiang T, Al-Rubaye AA. et al. An investigation into
blood microbiota and its potential association with bacterial
chondronecrosis with osteomyelitis (BCO) in broilers. Sci Rep
2016;6:25882. https://doi.org/10.1038/srep25882

Mani A, Henn C, Couch C. et al. A brain microbiome in
salmonids at homeostasis. Sci Adv 2024;10:eado0277. https://
doi.org/10.1126/sciadv.ado0277

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Mohamed WM, Ali AO, Mahmoud HY. et al. Exploring prokary-
otic and eukaryotic microbiomes helps in detecting tick-borne
infectious agents in the blood of camels. Pathogens 2021;10:351.
https://doi.org/10.3390/pathogens10030351

Mongruel AC, Medici EP, Machado RZ. et al. Characterization
of the blood bacterial microbiota in lowland tapirs (Tapirus
terrestris), a vulnerable species in Brazil. Microorganisms 2024;12:
2270. https://doi.org/10.3390/microorganisms12112270
Scarsella E, Sandri M, Monego SD. et al. Blood microbiome: a new
marker of gut microbial population in dogs? Vet Sci 2020;7:198.
https://doi.org/10.3390/vetsci7040198

Scarsella E, Zecconi A, Cintio M. et al. Characterization of micro-
biome on Feces, blood and Milk in dairy cows with differ-
ent Milk leucocyte pattern. Animals 2021;11:1463. https://doi.
0rg/10.3390/ani11051463

Scarsella E, Meineri G, Sandri M. et al. Characterization of
the blood microbiome and comparison with the Fecal micro-
biome in healthy dogs and dogs with gastrointestinal disease.
Veterinary Sciences 2023;10:277. https://doi.org/10.3390/vetsci100
40277

Vientds-Plotts Al Ericsson AC, Rindt H. et al. Dynamic changes of
the respiratory microbiota and its relationship to fecal and blood
microbiota in healthy young cats. PLoS One 2017;12:e0173818.
https://doi.org/10.1371/journal.pone.0173818

Guitard JJ, Chabot D, Senay C. et al. Warming, but not acidi-
fication, increases metabolism and reduces growth of redfish
(Sebastes fasciatus) in the Gulf of St. Lawrence BioRxiv 2025;2025.
01.27.634736. https://doi.org/10.1101/2025.01.27.634736

Martin M. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnetjournal 2011;17:10-2.
Callahan BJ, McMurdie PJ, Holmes SP. Exact sequence variants
should replace operational taxonomic units in marker-gene
data analysis. ISME J 2017;11:2639-43. https://doi.org/10.1038/
ismej.2017.119

Cao Y, Dong Q, Wang D. et al. microbiomeMarker: an
R/Bioconductor package for microbiome marker identification
and visualization. Bioinformatics 2022;38:4027-29. https://doi.
org/10.1093/bioinformatics/btac438

McMurdie PJ, Holmes S. Phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data.
Watson M (ed.). PLoS One 2013;8:e61217, https://doi.org/10.1371/
journal.pone.0082806.

Oksanen J, Blanchet FG, Friendly M. et al. vegan: Commu-
nity Ecology Package. 2020;R package version 2.5-7, https://doi.
0rg/10.1002/cssc.202500123, 18, €202500123.

Ssekagiri A. microbiomeSeq: Microbial community analysis in
an environmental context. R package version 01 2024. https://
github.com/umerijaz/microbiomeSeq

Legendre P, Gallagher ED. Ecologically meaningful transforma-
tions for ordination of species data. Oecologia 2001;129:271-80.
https://doi.org/10.1007/s004420100716

Lin H, Peddada SD. Analysis of compositions of microbiomes
with bias correction. Nat Commun 2020;11:3514. https://doi.
0rg/10.1038/s41467-020-17041-7

Lin H, Peddada SD. Multigroup analysis of compositions
of microbiomes with covariate adjustments and repeated
measures. Nat Methods 2024;21:83-91. https://doi.org/10.1038/
$41592-023-02092-7

Love MI, Huber W, Anders S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol 2014;15:550. https://doi.org/10.1186/s13059-014-0550-8
Coenye T, Vandamme P, LiPuma JJ. Infection by Ralstonia species
in cystic fibrosis patients: identification of R. Pickettii and R.

920z Areniga4 ¢ uo Jasn (enbayonqig) Jeiddely-puewily 1NMNsuUl-SYNI A9 19596 1.8/91 LIBOA/L/S/3]91B/UNWIWOoSWS/WO02 dNo"dIwapee//:sdiy Woll papEojuMO(]


https://doi.org/10.1093/femsre/fuv013
https://doi.org/10.1093/femsre/fuv013
https://doi.org/10.1093/femsre/fuv013
https://doi.org/10.1093/femsre/fuv013
https://doi.org/10.1093/femsre/fuv013
https://doi.org/10.3389/fmicb.2018.03266
https://doi.org/10.3389/fmicb.2018.03266
https://doi.org/10.3389/fmicb.2018.03266
https://doi.org/10.3389/fmicb.2018.03266
https://doi.org/10.1371/journal.pone.0054461
https://doi.org/10.1371/journal.pone.0054461
https://doi.org/10.1371/journal.pone.0054461
https://doi.org/10.1371/journal.pone.0054461
https://doi.org/10.1371/journal.pone.0054461
https://doi.org/10.3390/ijms24065633
https://doi.org/10.3390/ijms24065633
https://doi.org/10.3390/ijms24065633
https://doi.org/10.3390/ijms24065633
https://doi.org/10.1128/mbio.02036-22
https://doi.org/10.1128/mbio.02036-22
https://doi.org/10.1128/mbio.02036-22
https://doi.org/10.1128/mbio.02036-22
https://doi.org/10.1002/iid3.483
https://doi.org/10.1002/iid3.483
https://doi.org/10.1002/iid3.483
https://doi.org/10.1002/iid3.483
https://doi.org/10.1016/j.isci.2024.110252
https://doi.org/10.1016/j.isci.2024.110252
https://doi.org/10.1016/j.isci.2024.110252
https://doi.org/10.1016/j.isci.2024.110252
https://doi.org/10.1016/j.isci.2024.110252
https://doi.org/10.3389/fmars.2024.1448199
https://doi.org/10.3389/fmars.2024.1448199
https://doi.org/10.3389/fmars.2024.1448199
https://doi.org/10.3389/fmars.2024.1448199
https://doi.org/10.1038/s43705-022-00145-0
https://doi.org/10.1038/s43705-022-00145-0
https://doi.org/10.1038/s43705-022-00145-0
https://doi.org/10.1038/s43705-022-00145-0
https://doi.org/10.3390/fishes8040174
https://doi.org/10.3390/fishes8040174
https://doi.org/10.3390/fishes8040174
https://doi.org/10.3390/fishes8040174
https://doi.org/10.1038/s41598-023-32690-6
https://doi.org/10.1038/s41598-023-32690-6
https://doi.org/10.1038/s41598-023-32690-6
https://doi.org/10.1038/s41598-023-32690-6
https://doi.org/10.1038/s41598-024-56616-y
https://doi.org/10.1038/s41598-024-56616-y
https://doi.org/10.1038/s41598-024-56616-y
https://doi.org/10.1038/s41598-024-56616-y
https://doi.org/10.1038/s41598-024-56616-y
https://doi.org/10.1128/spectrum.03088-22
https://doi.org/10.1128/spectrum.03088-22
https://doi.org/10.1128/spectrum.03088-22
https://doi.org/10.1128/spectrum.03088-22
https://doi.org/10.3389/fitd.2024.1399364
https://doi.org/10.3389/fitd.2024.1399364
https://doi.org/10.3389/fitd.2024.1399364
https://doi.org/10.3389/fitd.2024.1399364
https://doi.org/10.1038/srep25882
https://doi.org/10.1038/srep25882
https://doi.org/10.1038/srep25882
https://doi.org/10.1038/srep25882
https://doi.org/10.1126/sciadv.ado0277
https://doi.org/10.1126/sciadv.ado0277
https://doi.org/10.1126/sciadv.ado0277
https://doi.org/10.1126/sciadv.ado0277
https://doi.org/10.1126/sciadv.ado0277
https://doi.org/10.3390/pathogens10030351
https://doi.org/10.3390/pathogens10030351
https://doi.org/10.3390/pathogens10030351
https://doi.org/10.3390/pathogens10030351
https://doi.org/10.3390/microorganisms12112270
https://doi.org/10.3390/microorganisms12112270
https://doi.org/10.3390/microorganisms12112270
https://doi.org/10.3390/microorganisms12112270
https://doi.org/10.3390/vetsci7040198
https://doi.org/10.3390/vetsci7040198
https://doi.org/10.3390/vetsci7040198
https://doi.org/10.3390/vetsci7040198
https://doi.org/10.3390/ani11051463
https://doi.org/10.3390/ani11051463
https://doi.org/10.3390/ani11051463
https://doi.org/10.3390/ani11051463
https://doi.org/10.3390/vetsci10040277
https://doi.org/10.1371/journal.pone.0173818
https://doi.org/10.1371/journal.pone.0173818
https://doi.org/10.1371/journal.pone.0173818
https://doi.org/10.1371/journal.pone.0173818
https://doi.org/10.1371/journal.pone.0173818
https://doi.org/10.1101/2025.01.27.634736
https://doi.org/10.1101/2025.01.27.634736
https://doi.org/10.1101/2025.01.27.634736
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1093/bioinformatics/btac438
https://doi.org/10.1093/bioinformatics/btac438
https://doi.org/10.1093/bioinformatics/btac438
https://doi.org/10.1093/bioinformatics/btac438
https://doi.org/10.1093/bioinformatics/btac438
https://doi.org/10.1371/journal.pone.0082806
https://doi.org/10.1371/journal.pone.0082806
https://doi.org/10.1371/journal.pone.0082806
https://doi.org/10.1371/journal.pone.0082806
https://doi.org/10.1371/journal.pone.0082806
https://doi.org/10.1002/cssc.202500123
https://doi.org/10.1002/cssc.202500123
https://doi.org/10.1002/cssc.202500123
https://doi.org/10.1002/cssc.202500123
https://github.com/umerijaz/microbiomeSeq
https://github.com/umerijaz/microbiomeSeq
https://github.com/umerijaz/microbiomeSeq
https://github.com/umerijaz/microbiomeSeq
https://github.com/umerijaz/microbiomeSeq
https://doi.org/10.1007/s004420100716
https://doi.org/10.1007/s004420100716
https://doi.org/10.1007/s004420100716
https://doi.org/10.1007/s004420100716
https://doi.org/10.1038/s41467-020-17041-7
https://doi.org/10.1038/s41467-020-17041-7
https://doi.org/10.1038/s41467-020-17041-7
https://doi.org/10.1038/s41467-020-17041-7
https://doi.org/10.1038/s41592-023-02092-7
https://doi.org/10.1038/s41592-023-02092-7
https://doi.org/10.1038/s41592-023-02092-7
https://doi.org/10.1038/s41592-023-02092-7
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8

Fish gut vs. blood microbiome | 13

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Mannitolilytica by polymerase chain reaction. Emerg Infect Dis
2002;8:692-6. https://doi.org/10.3201/e1d0807.010472

Sheng Z, Li J, Han G. et al. Molecular epidemiological and
clinical infection characteristics analysis of Ralstonia. Eur J
Clin Microbiol Infect Dis 2024;43:1161-70. https://doi.org/10.1007/
$10096-024-04823-w

Davidson BA, Miranda AX, Reed SC. et al. An in vitro CRISPR
screen of cell-free DNA identifies apoptosis as the primary medi-
ator of cell-free DNA release. Commun Biol 2024;7:1-15. https://
doi.org/10.1038/s42003-024-06129-1

Hu Z, Chen H, Long Y. et al. The main sources of circulat-
ing cell-free DNA: apoptosis, necrosis and active secretion.
Crit Rev Oncol Hematol 2021;157:103166. https://doi.org/10.1016/
j.critrevonc.2020.103166

Sanchez-Herrero E, Serna-Blasco R, Robado de Lope L. et al.
Circulating tumor DNA as a cancer biomarker: an overview
of biological features and factors that may impact on ctDNA
analysis. Front. Oncol 2022;12:1-11. https://doi.org/10.3389/
fonc.2022.943253

Goraya MU, Li R, Mannan A. et al. Human circulating bacteria
and dysbiosis in non-infectious diseases. Front Cell Infect Microbiol
2022;12:932702. https://doi.org/10.3389/fcimb.2022.932702

Ross FC, Patangia D, Grimaud G. et al. The interplay between
diet and the gut microbiome: implications for health and dis-
ease. Nat Rev Microbiol 2024;22:671-86. https://doi.org/10.1038/
$41579-024-01068-4

Singh RK, Chang HW, Yan DI. et al. Influence of diet on the gut
microbiome and implications for human health. J Transl Med
2017;15:73. https://doi.org/10.1186/512967-017-1175-y
Henderson RJ, Sargent JR, Hopkins CCE. Changes in the con-
tent and fatty acid composition of lipid in an isolated popula-
tion of the capelin Mallotus villosus during sexual maturation
and spawning. Mar Biol 1984;78:255-63. https://doi.org/10.1007/
BF00393011

Hopkins CCE, Sargent JR, Nilssen EM. Total lipid content, and
lipid and fatty acid composition of the deep-water prawn Pan-
dalus borealis from Balsfjord, northern Norway: growth and
feeding relationships. Mar Ecol Prog Ser 1993;96:217-28. https://
doi.org/10.3354/meps096217

Lawson J, Magalhdes A, Miller E. Important prey species of
marine vertebrate predators in the Northwest Atlantic: proxi-
mate composition and energy density. Mar Ecol Prog Ser 1998;164:
13-20. https://doi.org/10.3354/meps164013

Diaz Gomez M, Rosen DA, Forster IP. et al. Prey composi-
tion impacts lipid and protein digestibility in northern fur
seals (Callorhinus ursinus). Can] Zool 2020;98:681-9. https://doi.
0rg/10.1139/cjz-2020-0007

Rose G. Capelin are good for cod: can the northern stock
rebuild without them? ICES J Mar Sci 2002;59:1018-26. https://
doi.org/10.1006/jmsc.2002.1252

Costantini L, Molinari R, Farinon B. et al. Impact of Omega-3 fatty
acids on the gut microbiota. IntJ Mol Sci 2017;18:2645. https://doi.
0rg/10.3390/1jms18122645

Kaoutari AE, Armougom F, Gordon JI. et al. The abundance
and variety of carbohydrate-active enzymes in the human
gut microbiota. Nat Rev Microbiol 2013;11:497-504. https://doi.
0rg/10.1038/nrmicro3050

Kibeck R, Bonet-Ripoll C, Hoffmann C. et al. Dietary fat and gut
microbiota interactions determine diet-induced obesity in mice.
Molecular Metabolism 2016;5:1162-74. https://doi.org/10.1016/j.
molmet.2016.10.001

Lipinski JH, Falkowski NR, Huffnagle GB. et al. Toll-like recep-
tors, environmental caging, and lung dysbiosis. Am ] Phys

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Lung Cell Mol Phys 2021;321:L404-15. https://doi.org/10.1152/
ajplung.00002.2021

Russell A, Copio JN, Shi Y. et al. Reduced housing density
improves statistical power of murine gut microbiota studies.
Cell Rep 2022;39:110783. https://doi.org/10.1016/j.celrep.2022.
110783

Singh G, Brass A, Cruickshank SM. et al. Cage and maternal
effects on the bacterial communities of the murine gut. Sci Rep
2021;11:9841. https://doi.org/10.1038/s41598-021-89185-5

Soh M, Tay YC, Lee CS. et al. The intestinal digesta microbiota
of tropical marine fish is largely uncultured and distinct from
surrounding water microbiota. npj Biofilms Microbiomes 2024;10:
1-15. https://doi.org/10.1038/s41522-024-00484-x

Harer A, Torres-Dowdall J, Rometsch SJ. et al. Parallel and
non-parallel changes of the gut microbiota during trophic
diversification in repeated young adaptive radiations of
sympatric cichlid fish. Microbiome 2020;8:149. https://doi.
0rg/10.1186/540168-020-00897-8

Coenye T, Goris ], De Vos P. et al. Classification of Ralstonia
pickettii-like isolates from the environment and clinical samples
as Ralstonia insidiosa sp. nov. Int J Syst Evol Microbiol 2003;53:
1075-80. https://doi.org/10.1099/ijs.0.02555-0

Ryan MP, Pembroke JT, Adley CC. Ralstonia pickettii in
environmental biotechnology: potential and applications. J
Appl Microbiol 2007;103:754-64. https://doi.org/10.1111/j.1365-
2672.2007.03361.x

Ryan MP, Adley CC. Ralstonia spp.: emerging global opportunis-
tic pathogens. Eur J Clin Microbiol Infect Dis 2014;33:291-304.
https://doi.org/10.1007/s10096-013-1975-9

Matache R, Dedk G, Jawdhari A. et al. First Insights of the
Danube Sturgeon (Acipenser Gueldenstaedtii) Skin Adherent Micro-
biota. bioRxiv 2024:2024.03.13.584882. https://doi.org/10.1101/
2024.03.13.584882

Wu S, Gao T, Zheng Y. et al. Microbial diversity of intesti-
nal contents and mucus in yellow catfish (Pelteobagrus
fulvidraco). Aquaculture 2010;303:1-7. https://doi.org/10.1016/j.
aquaculture.2009.12.025

Wu Z, Zhang Q, Lin Y. et al. Taxonomic and functional char-
acteristics of the gill and gastrointestinal microbiota and its
correlation with intestinal metabolites in NEW GIFT strain of
farmed adult Nile tilapia (Oreochromis niloticus). Microorganisms
2021;9:617. https://doi.org/10.3390/microorganisms9030617
Zan Z, Mao Q, Han Z. et al. Changes in the intestinal micro-
biota of farmed northern sheatfish (Silurus soldatovi) associated
with natural bacterial infection. ] World Aquaculture Soc 2023;54:
1575-91. https://doi.org/10.1111/jwas.13000

Aguilar-Vera A, Bello-Lopez E, Pantoja-Nuniez GI. et al. Acine-
tobacter junii: an emerging One Health pathogen mSphere 2024;9:
€00162-24.

Hini¢ H, Lang C, Weisser M. et al. Corynebacterium tuber-
culostearicum: a potentially misidentified and multiresistant
Corynebacterium species isolated from clinical specimens.
J Clin Microbiol 2012;50:2561-7. https://doi.org/10.1128/JCM.003
86-12

Koleri J, Petkar HM, Husain AA. et al. Moraxella osloensis bac-
teremia, a case series and review of the literature. IDCases
2022;27:€01450. https://doi.org/10.1016/j.idcr.2022.e01450
Decuypere S, Meehan CJ, Van Puyvelde S. et al. Diagnosis of
bacterial bloodstream infections: a 16S Mtagenomics approach.
PLoS Negl Trop Dis 2016;10:e0004470. https://doi.org/10.1371/
journal.pntd.0004470

Faria MM, Winston BW, Surette MG. et al. Bacterial DNA
patterns identified using paired-end Illumina sequencing

920z Areniga4 ¢ uo Jasn (enbayonqig) Jeiddely-puewily 1NMNsuUl-SYNI A9 19596 1.8/91 LIBOA/L/S/3]91B/UNWIWOoSWS/WO02 dNo"dIwapee//:sdiy Woll papEojuMO(]


https://doi.org/10.3201/eid0807.010472
https://doi.org/10.3201/eid0807.010472
https://doi.org/10.3201/eid0807.010472
https://doi.org/10.3201/eid0807.010472
https://doi.org/10.1007/s10096-024-04823-w
https://doi.org/10.1007/s10096-024-04823-w
https://doi.org/10.1007/s10096-024-04823-w
https://doi.org/10.1007/s10096-024-04823-w
https://doi.org/10.1007/s10096-024-04823-w
https://doi.org/10.1038/s42003-024-06129-1
https://doi.org/10.1038/s42003-024-06129-1
https://doi.org/10.1038/s42003-024-06129-1
https://doi.org/10.1038/s42003-024-06129-1
https://doi.org/10.1016/j.critrevonc.2020.103166
https://doi.org/10.1016/j.critrevonc.2020.103166
https://doi.org/10.1016/j.critrevonc.2020.103166
https://doi.org/10.1016/j.critrevonc.2020.103166
https://doi.org/10.1016/j.critrevonc.2020.103166
https://doi.org/10.3389/fonc.2022.943253
https://doi.org/10.3389/fonc.2022.943253
https://doi.org/10.3389/fonc.2022.943253
https://doi.org/10.3389/fonc.2022.943253
https://doi.org/10.3389/fcimb.2022.932702
https://doi.org/10.3389/fcimb.2022.932702
https://doi.org/10.3389/fcimb.2022.932702
https://doi.org/10.3389/fcimb.2022.932702
https://doi.org/10.1038/s41579-024-01068-4
https://doi.org/10.1038/s41579-024-01068-4
https://doi.org/10.1038/s41579-024-01068-4
https://doi.org/10.1038/s41579-024-01068-4
https://doi.org/10.1186/s12967-017-1175-y
https://doi.org/10.1186/s12967-017-1175-y
https://doi.org/10.1186/s12967-017-1175-y
https://doi.org/10.1186/s12967-017-1175-y
https://doi.org/10.1186/s12967-017-1175-y
https://doi.org/10.1007/BF00393011
https://doi.org/10.1007/BF00393011
https://doi.org/10.1007/BF00393011
https://doi.org/10.1007/BF00393011
https://doi.org/10.3354/meps096217
https://doi.org/10.3354/meps096217
https://doi.org/10.3354/meps096217
https://doi.org/10.3354/meps096217
https://doi.org/10.3354/meps164013
https://doi.org/10.3354/meps164013
https://doi.org/10.3354/meps164013
https://doi.org/10.3354/meps164013
https://doi.org/10.1139/cjz-2020-0007
https://doi.org/10.1139/cjz-2020-0007
https://doi.org/10.1139/cjz-2020-0007
https://doi.org/10.1139/cjz-2020-0007
https://doi.org/10.1006/jmsc.2002.1252
https://doi.org/10.1006/jmsc.2002.1252
https://doi.org/10.1006/jmsc.2002.1252
https://doi.org/10.1006/jmsc.2002.1252
https://doi.org/10.3390/ijms18122645
https://doi.org/10.3390/ijms18122645
https://doi.org/10.3390/ijms18122645
https://doi.org/10.3390/ijms18122645
https://doi.org/10.1038/nrmicro3050
https://doi.org/10.1038/nrmicro3050
https://doi.org/10.1038/nrmicro3050
https://doi.org/10.1038/nrmicro3050
https://doi.org/10.1016/j.molmet.2016.10.001
https://doi.org/10.1016/j.molmet.2016.10.001
https://doi.org/10.1016/j.molmet.2016.10.001
https://doi.org/10.1016/j.molmet.2016.10.001
https://doi.org/10.1016/j.molmet.2016.10.001
https://doi.org/10.1152/ajplung.00002.2021
https://doi.org/10.1152/ajplung.00002.2021
https://doi.org/10.1152/ajplung.00002.2021
https://doi.org/10.1152/ajplung.00002.2021
https://doi.org/10.1016/j.celrep.2022.110783
https://doi.org/10.1038/s41598-021-89185-5
https://doi.org/10.1038/s41598-021-89185-5
https://doi.org/10.1038/s41598-021-89185-5
https://doi.org/10.1038/s41598-021-89185-5
https://doi.org/10.1038/s41522-024-00484-x
https://doi.org/10.1038/s41522-024-00484-x
https://doi.org/10.1038/s41522-024-00484-x
https://doi.org/10.1038/s41522-024-00484-x
https://doi.org/10.1038/s41522-024-00484-x
https://doi.org/10.1186/s40168-020-00897-8
https://doi.org/10.1186/s40168-020-00897-8
https://doi.org/10.1186/s40168-020-00897-8
https://doi.org/10.1186/s40168-020-00897-8
https://doi.org/10.1099/ijs.0.02555-0
https://doi.org/10.1099/ijs.0.02555-0
https://doi.org/10.1099/ijs.0.02555-0
https://doi.org/10.1099/ijs.0.02555-0
https://doi.org/10.1111/j.1365-2672.2007.03361.x
https://doi.org/10.1007/s10096-013-1975-9
https://doi.org/10.1007/s10096-013-1975-9
https://doi.org/10.1007/s10096-013-1975-9
https://doi.org/10.1007/s10096-013-1975-9
https://doi.org/10.1101/2024.03.13.584882
https://doi.org/10.1016/j.aquaculture.2009.12.025
https://doi.org/10.1016/j.aquaculture.2009.12.025
https://doi.org/10.1016/j.aquaculture.2009.12.025
https://doi.org/10.1016/j.aquaculture.2009.12.025
https://doi.org/10.1016/j.aquaculture.2009.12.025
https://doi.org/10.3390/microorganisms9030617
https://doi.org/10.3390/microorganisms9030617
https://doi.org/10.3390/microorganisms9030617
https://doi.org/10.3390/microorganisms9030617
https://doi.org/10.1111/jwas.13000
https://doi.org/10.1111/jwas.13000
https://doi.org/10.1111/jwas.13000
https://doi.org/10.1111/jwas.13000
https://doi.org/10.1128/JCM.00386-12
https://doi.org/10.1016/j.idcr.2022.e01450
https://doi.org/10.1016/j.idcr.2022.e01450
https://doi.org/10.1016/j.idcr.2022.e01450
https://doi.org/10.1016/j.idcr.2022.e01450
https://doi.org/10.1016/j.idcr.2022.e01450
https://doi.org/10.1016/j.idcr.2022.e01450
https://doi.org/10.1371/journal.pntd.0004470
https://doi.org/10.1371/journal.pntd.0004470
https://doi.org/10.1371/journal.pntd.0004470
https://doi.org/10.1371/journal.pntd.0004470
https://doi.org/10.1371/journal.pntd.0004470

14

| Fronton et al.

of 16S rRNA genes from whole blood samples of septic
patients in the emergency room and intensive care unit.
BMC Microbiol 2018;18:79. https://doi.org/10.1186/512866-018-
1211-y

84. Jabbar SH, Fuad Ghazi H, Ali Z. Diagnosis of bacterial blood

stream infections in coronavirus disease 2019 (COVID-19)

85.

using 16S rRNA sequencing method. Biomedicine 2021;41:306-9.
https://doi.org/10.51248/ v41i2.802

Sciarra F, Franceschini E, Campolo F. et al. The diagnostic
potential of the human blood microbiome: are we dreaming
or awake? Int J Mol Sci 2023;24:10422. https://doi.org/10.3390/
jms241310422

920z Aenuga- ¢ uo Jasn (anbayjolqig) Jeiddeli4-puewsy 1n1sul-SYNI| Aq 19G9618/91 LiBIA/L/G/a1o1ME/UNWIWIOdBWS]/WO dno-dlwapede//:sdiy woly papeojumoq

© The Author(s) 2025. Published by Oxford University Press on behalf of the International Society for Microbial Ecology. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

ISME Communications, 2025, 5(1), ycaf116

hitps://901 org/10.1093/ismieco/ycaf1 16

Original Article


https://doi.org/10.1186/s12866-018-1211-y
https://doi.org/10.51248/.v41i2.802
https://doi.org/10.51248/.v41i2.802
https://doi.org/10.51248/.v41i2.802
https://doi.org/10.51248/.v41i2.802
https://doi.org/10.51248/.v41i2.802
https://doi.org/10.3390/ijms241310422
https://doi.org/10.3390/ijms241310422
https://doi.org/10.3390/ijms241310422
https://doi.org/10.3390/ijms241310422
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/ismeco/ycaf116

	 Expanding the use of circulating microbiome in fish: contrast between the gut and blood microbiome of Sebastes fasciatus
	Introduction
	Material and methods
	Results
	Discussion
	Abbreviations
	Acknowledgements
	Author contributions
	Supplementary material
	Conflicts of interest
	Funding
	Data accessibility


