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An environmentally relevant
concentration of antibiotics
Impairs the immune system
of zebrafish (Danio rerio)
and increases susceptibility
to virus infection

Patricia Pereiro, Magali Rey-Campos, Antonio Figueras
and Beatriz Novoa*

Immunology and Genomics Group, Institute of Marine Research (IIM-CSIC), Vigo, Spain

In this work, we analysed the transcriptome and metatranscriptome profiles of
zebrafish exposed to an environmental concentration of the two antibiotics
most frequently detected in European inland surface water, sulfamethoxazole
(SMX) and clarithromycin (CLA). We found that those animals exposed to
antibiotics (SMX+CLA) for two weeks showed a higher bacterial load in both
the intestine and kidney; however, significant differences in the relative
abundance of certain bacterial classes were found only in the intestine,
which also showed an altered fungal profile. RNA-Seq analysis revealed that
the complement/coagulation system is likely the most altered immune
mechanism, although not the only one, in the intestine of fish exposed to
antibiotics, with numerous genes inhibited compared to the control fish. On
the other hand, the effect of SMX+CLA in the kidney was more modest, and an
evident impact on the immune system was not observed. However, infection of
both groups with spring viremia of carp virus (SVCV) revealed a completely
different response to the virus and an inability of the fish exposed to antibiotics
to respond with an increase in the transcription of complement-related genes,
a process that was highly activated in the kidney of the untreated zebrafish after
SVCV challenge. Together with the higher susceptibility to SVCV of zebrafish
treated with SMX+CLA, this suggests that complement system impairment is
one of the most important mechanisms involved in antibiotic-mediated
immunosuppression. We also observed that zebrafish larvae exposed to
SMX+CLA for 7 days showed a lower number of macrophages and neutrophils.
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1 Introduction

Antibiotics are chemotherapeutic agents used to impair the
growth of microorganisms. According to Kiimmerer et al., more
than 250 different chemical substances are registered as
antibiotics for agricultural, human and/or veterinary health
care (1). A recent study conducted in 204 countries revealed
that between 2000 and 2018, the global antibiotic consumption
rate for medical purposes increased by 46%, mainly due to the
increasing consumption in low- and middle-income countries
(2). Together with the massive use of antibiotics due to intensive
agronomy and animal farming (3, 4), this has led to a worrisome
environmental situation.

In recent years, the emergence of antibiotic-resistant bacteria
has attracted much attention and concern due to the impacts on
global public health. The acquisition of tolerance to antibiotics is a
natural evolutionary strategy of many bacterial species to compete
for resources with other microorganisms, since they produce
secondary metabolites that are similar to many of the synthetic
antibiotics used as pharmaceuticals (5-7). Nevertheless, exposure
to anthropogenic antibiotics acts as an unprecedented selection
pressure that promotes the mobilization of a variety of genes
known as antibiotic resistance genes (ARGs) to mobile genetic
elements and their horizontal transference to many bacteria,
including pathogenic species (7-9). Consequently, the high
prevalence of ARGs in microbial communities and their
potential spread in the environment can significantly impact the
environmental microbiota and human health (8).

However, the impact of antibiotics on human health is not
only due to the gradually increasing difficulties of preventing and
treating bacterial infections due to the acquisition of resistance
to different antibiotics but also to alterations in the human
microbiota (10). The dysbiosis induced by antibiotics could
favour colonization by opportunistic pathogens, since an
equilibrated microbiota has a fundamental role in protection
against microbial diseases (10). Certain metabolites produced by
beneficial commensal microbiota and known as bacteriocins can
directly inhibit the growth of opportunistic pathogens (11).
Moreover, other metabolites produced by the microbiota and
derived from diet components or bile acids, such as short fatty
acids, amino acid derivatives, vitamins and secondary bile acids,
also influence a variety of host physiological processes, such as
immunity (12) and energy metabolism (13). Taken together, this
evidence underscores the importance of an undisturbed host
microbiota in the protection against microbial diseases and for
the host inflammatory and metabolic status, which in turn affect
the susceptibility to infectious diseases.

The collateral effects of antibiotics are not restricted to a sanitary
or veterinary level, since they are also an important environmental
concern. The presence of antibiotics in water bodies, which are
important reservoirs for these compounds, is a continuous threat to
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microbial diversity and ecosystem functions, wildlife fauna and
aquaculture species. Therefore, antibiotic pollution is a severe
environmental threat that needs to be addressed, taking into
consideration the One Health perspective (14), which recognizes
the high interconnection among the health of humans, animals,
plants and the environment.

According to the last technical report published by the Joint
Research Centre (JRC) of the European Commission about the
presence of antibiotics in different water sources, the more
commonly found antibiotics in European inland surface waters
are sulfamethoxazole (SMX) and clarithromycin (CLA), which
also showed higher mean concentration levels (0.5 ng/L—17 ug/L
and 0.5 ng/L-16 pg/L, respectively) (15). Because of this, we
wanted to analyse the effect of an environmentally relevant
concentration of these two antibiotics in the model species
zebrafish (Danio rerio). Knowledge of the alterations of the
microbiome is fundamental to elucidate its potential impacts
on host health. If the impacts of antibiotic exposure at the host
transcriptome level are unraveled, we can obtain better
knowledge of antibiotic toxicity, microbiome-host interactions
and their potential impact on the immune system. With this
objective in mind, adult zebrafish were exposed to a combination
of SMX and CLA (0.01 mg/L each) for 14 days, and their
resistance to the viral pathogen spring viremia of carp virus
(SVCV) and their intestine and kidney transcriptome and
metatranscriptome profiles were analysed in the absence or
presence of infection at 24 h post-infection. The obtained data
provide interesting information about the effects of antibiotic
environmental pollution on the microbiota of aquatic organisms
and its impact on the immune response. Interestingly, SMX
+CLA also affected the number of innate immune cells in
zebrafish larvae, and a certain alteration of the immune cell
markers was observed in adults, which suggest an interplay
between microbiota, haematopoiesis and the immune response.

2 Materials and methods
2.1 Fish and viruses

Male wild-type zebrafish (18 months old) were obtained
from the Instituto de Investigaciones Marinas facilities (Vigo,
Spain), where zebrafish are maintained following established
protocols (16, 17). When necessary, zebrafish were euthanized or
anaesthetized using tricaine methanesulfonate (MS-222).

Spring viremia of carp virus (SVCV; isolate 56/70) was
propagated in fibroblast-like ZF4 cells (ATCC CRL-2050) that
were maintained in DMEM (Gibco) supplemented with 2% FBS
(Gibco) and 1% penicillin/streptomycin solution (Gibco) at 22°
C. The viral titer in the ZF4 cells (TCID5y/mL) was calculated
according to the Reed and Muench method (18).
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2.2 Experimental exposure of zebrafish
to sulfamethoxazole and clarithromycin
and infection with SVCV

Sulfamethoxazole (SMX; Sigma-Aldrich; #31737) and
clarithromycin (CLA; Sigma—Aldrich; #C9742) were diluted to
a concentration of 10 mg/mL in DMSO, and aliquots were stored
at -20°C until use.

Male adult zebrafish were divided into two tanks containing
48 fish each in a volume of 4 L of zebrafish water. One tank was
supplemented with 4 mL of SMX + 4 mL of CLA (antibiotic
treatment; final concentration 0.01 mg/L of each compound:
DMSO at 0.2%), and the other tank served as a control and was
treated with 8 mL of DMSO (vehicle; final concentration 0.2%).
Every two days, half of the water (2 L) was renewed with fresh
water supplemented with 4 mL of DMSO (vehicle tank) or
antibiotics (2 mL of SMX and 2 mL of CLA). Fish were
maintained under these conditions for 2 weeks. After that
period, half of the fish from each tank (24 individuals) were
anaesthetized and intraperitoneally (i.p.) infected with 20 L of
an SVCV sublethal dose (3.2 x 10° TCID5,/mL), whereas the
remaining fish were i.p. inoculated with the same volume of
culture medium (DMEM + 2% FBS + penicillin/streptomycin)
that was maintained in contact with ZF4 cells but in the absence
of viral particles. At 24 hours post-infection (hpi), four fish from
each condition (DMSO-Control, DMSO-SVCV, Antibiotics-
Control and Antibiotics-SVCV) were sacrificed, and the full
intestine and kidney were sampled and stored at -80°C until
RNA isolation and transcriptome sequencing. The remaining
fish were divided into two tanks per condition (10 fish/tank) and
exposed to the corresponding treatments (DMSO or antibiotics)
for mortality monitoring.

To test the effect of a lethal dose of SVCV, a total of 60
zebrafish were exposed to antibiotics or vehicle. After two weeks,
half of the fish from each treatment (30 individuals) were i.p.
infected with 20 uL of an SVCV lethal dose (6.4 x 10° TCIDsy/
mL), whereas the remaining fish were i.p. inoculated with the
same volume of culture medium. The fish were divided into three
tanks per condition (10 fish/tank) for mortality monitoring.

2.3 RNA isolation and
transcriptome sequencing

Total RNA from intestine and kidney samples obtained from
the fish exposed to DMSO or antibiotics was extracted using the
Maxwell RSC simplyRNA Tissue kit (Promega) with an
automated Maxwell® RSC 48 Instrument in accordance with
the manufacturer’s instructions. For the samples obtained from
the sublethal infection, the quantity of RNA was measured in a
Qubit 4 Fluorometer (Invitrogen) using the Qubit RNA HS
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Assay Kit (Invitrogen); after this, RNA integrity was analysed in
an Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Santa
Clara, CA, USA) according to the manufacturer’s instructions.
All the samples that passed the quality control tests were used for
Mlumina library preparation.

Double-stranded cDNA libraries were constructed using the
TruSeq Stranded mRNA LT Sample (Illumina, San Diego, CA,
USA). Paired-end 150 bp (PE150) sequencing was performed on
an Illumina NovaSeq 6000 sequencer. Both library preparation
and sequencing were performed at Macrogen Inc. (Seoul,
Republic of Korea).

The raw read sequences obtained were deposited in the
Sequence Read Archive (SRA) (http://www.ncbinlm.nih.gov/
sra) under the BioProject accession number PRJNA893568.

2.4 Trimming, RNA-Seq and differential
expression analysis

To CLC Genomics Workbench v. 21.1 (CLC Bio, Aarhus,
Denmark) was used to filter and trim reads and conduct the
RNA-Seq analyses against the last version of the zebrafish
genome (GRCzl11). Raw reads were trimmed to remove
adaptor sequences and low-quality reads with a quality score
limit of 0.05. RNA-Seq analyses were performed using the
zebrafish genome with the following parameters: length
fraction = 0.8, similarity fraction = 0.8, mismatch cost = 2,
insertion cost = 3 and deletion cost = 3. Finally, a differential
expression analysis test was performed with the DESeq2 package
(19) in R Studio v. 4.1.3 to compare gene expression levels and
identify differentially expressed genes (DEGs). A filtering step
was performed to remove low-expression genes from the analysis
(only genes showing 10 counts were retained). The results were
corrected using the IfcShrink function of the apeglm R package
(20). Genes were considered differentially expressed when they
presented an absolute log2-fold change > 1 and p value < 0.05.

2.5 Gene Ontology and KEGG pathway
enrichment analyses and protein—protein
interaction networks

For the DEGs between SVCV-infected and uninfected
zebrafish, we conducted GO enrichment analysis of biological
processes and KEGG pathway analysis using David software
(21). The significance level was set at a p value < 0.05 in all cases,
and the minimal gene count was set at 3. The representation of
the different categories was based on the fold-enrichment value.

The interactions of the proteins encoded by the DEGs of
interest were analysed with STRING v11.5 software (https://
string-db.org) (22).
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2.6 Venn diagrams, heatmaps and
principal component analysis

Venn diagrams were constructed with the Venny 2.1 tool
(http://bioinfogp.cnb.csic.es/tools/venny/. Using the mean TPM
values of the selected DEGs, heatmaps were constructed using
the average linkage method with the Euclidean distance using
the Clustvis web tool (23) (https://biit.cs.ut.ee/clustvis/). PCA
plots were also generated with Clustvis using the TPM values.

2.7 Quantification of SVCV replication
and validation of the RNA-Seq data by
quantitative PCR

The RNA isolated from the intestine and kidney of DMSO-
Control, Antibiotics-Control, DMSO-SVCV and Antibiotics-
SVCV zebrafish was retrotranscribed with the NZY First-
Strand ¢cDNA Synthesis Kit (NZYtech) using 0.5 and 0.15 g
of total RNA for intestine and kidney, respectively. qPCRs were
performed using specific primers designed with Primer 3
software (24) and evaluated for their specificity, and their
efficiencies were tested according to the protocol described by
Pfaftl (25). Individual qPCRs were conducted in 25-ul reaction
volumes using 12.5 pL of SYBR GREEN PCR Master Mix
(Applied Biosystems), 10.5 pL of ultrapure water (Sigma-
Aldrich), 0.5 pL of each specific primer (10 uM) and 1 pL of
cDNA template. All reactions were performed using technical
triplicates in a 7300 Real-Time PCR System thermocycler
(Applied Biosystems) with an initial denaturation step (95°C,
10 min), followed by 40 cycles of a denaturation step (95°C, 15s)
and one hybridization-elongation step (60°C, 1 min). The
relative expression levels of the different genes were
normalized following the Pfaffl method (25) using 18S
ribosomal RNA (18S) as a reference gene. Fold change units
were calculated by dividing the normalized expression values of
stimulated tissues by the normalized expression values of the
controls. SVCV replication was detected by the relative
expression of the SVCV nucleoprotein (N) gene. For RNA-Seq
validation, seven genes belonging to the complement pathway
(cls, c3a.1, c4, c5, c8a, ¢9, maspl) and two genes involved in
blood coagulation (f5, plg) and haemoglobin synthesis (cp, tfa)
were selected to confirm the results. Additionally, the expression
of the cell markers marco, mpegl.1 and mpx in the samples was
analysed. The primer pairs used in this work are listed in
Supplementary Table SI.

2.8 Bacterial and fungal
taxonomic profiling

To analyse the bacterial and fungal profiles of the sequenced
reads in the experiment, a work plan was developed consisting of
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mapping the reads to reference databases. The host-specific
reads were filtered by mapping the reads to the zebrafish
genome (GRCzl1). The microorganism reference databases
used in this work were built from all the fungal genomes
deposited in RefSeq at 18/05/2022, containing 388 assemblies.
Additionally, the curated bacterial database included in the CLC
Microbial Genomics Module (including 36,027 bacterial
assemblies) was used to perform the analyses. CLC Microbial
Genomics Module 21.1 software (Qiagen) was used to perform
the taxonomic profiling.

The mapping parameters used to classify the reads into
different taxonomic groups were as follows: length fraction = 0.5,
similarity fraction = 0.8 and a minimum seed length of 30. The
minimum seed length parameter defines the minimum perfect
match length for a position in the reference to be considered a
valid candidate when matching the read.

The alpha diversity was calculated using the vegan R package
(26) to allow for us to describe some community ecology
parameters. In addition, the Simpson’s index, Shannon
entropy, Fisher’s alpha parameter and species number were
evaluated. A pairwise Mann—Whitney U test was performed to
determine which pairs of groups followed different distributions.

To confirm the higher bacterial load in the fish exposed to
antibiotics, we conducted qPCR analysis of the 16S rRNA using
the universal primer pair PSL-PSR (27) (Supplementary Table
S1). For this, we used the same RNA samples and qPCR
conditions as in the previous section.

2.9 Zebrafish larvae exposure to
antibiotics and imaging of macrophages
and neutrophils

Double-transgenic Tg(mpeg:mCherry/mpx:GFP) embryos (7
hours postfertilization (hpf)) in 6-well plates were exposed for 7
days to DMSO (0.2%) or SMX+CLA (0.01 mg/L each; 0.2%
DMSO). The water containing the treatments was renewed every
two days. From 24 hpf, the embryo larvae were also treated with
0.2 mM 1-phenyl 2-thiourea (PTU; Sigma-—Aldrich) to prevent
pigment formation. A total of 25 larvae per treatment (5
biological replicates/5 larvae per replicate) were sampled for
qPCR analysis of macrophage (marco, mpegl.1) and neutrophil
(mpx) markers and stored at -80°C until use. The primer pair
used is listed in Supplementary Table SI, and the qPCR
conditions were the same as those described in Section 2.7.
Another 12 larvae per treatment were anaesthetized with 0.003%
MS-222 (Sigma—Aldrich) and used for microscopy analysis.
Fluorescence images were taken for each experimental
condition with a Leica DMi8 microscope (Leica Microsystems)
equipped with GFP and TXR filters to visualize Mpx+ and Mpeg
+ cells, respectively. Cells were counted with Fiji software (28).
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2.10 Statistical analyses

Graphs and statistical analyses were performed using
GraphPad Prism software 8.0.1 (GraphPad, CA, USA).
Survival data were analysed with Kaplan-Meier survival
curves, and statistically significant differences were determined
with a log-rank (Mantel-Cox) test. Gene expression results are
represented graphically as the mean + standard error (SEM) of
the biological replicates. Larval cell counts are represented as the
mean + SEM. To determine significant differences, data were
analysed with Student’s t test. Significant differences are defined
as *** (0.0001 < p < 0.001), ** (0.001 < p < 0.01) or * (0.01 < p
< 0.05).

3 Results

3.1 Antibiotic exposure alters intestinal
and kidney microbial profiles

The bacterial and fungal profiles across the different intestine
and kidney samples reveal a tendency towards a higher absolute
abundance of reads from bacteria (Figure 1A) and fungi
(Figure 1B) in the intestine and kidney of those fish exposed
to antibiotics. The higher abundance of total bacteria was
confirmed by qPCR analysis of the 16S rRNA (Figure 1C). As
expected, the total abundance of bacteria was higher in the
intestine than in the kidney (Figure 1C).

The analysis of the relative abundance showed a different
pattern of bacterial (Figure 2A) and fungal (Figure 2B) classes in
the intestine between fish treated with antibiotics and those
exposed to the vehicle alone. In the intestines of DMSO-treated

10.3389/fimmu.2022.1100092

organisms, the most abundant bacterial classes were
Flavobacteriia (21.7 + 14.73%), Gammaproteobacteria (16.43 +
11.31), Fusobacteriia (10.89 + 9.85%), Alphaproteobacteria (9.85 +
8.17%) and Clostridia (8.94 + 5.08%), whereas the most abundant
class in fish exposed to SMX+CLA was Alphaproteobacteria
(53.18 + 27.44%), followed by Flavobacteriia (14.72 + 16.06%),
Fusobacteriia (9.79 + 10.56%), Clostridia (5.47 + 7.18%) and
Betaproteobacteria (4.33 + 4.49%) (Figure 2A). Five bacterial
classes showed a differential abundance between DMSO- and
antibiotic-treated zebrafish, comprising Chloroflexia and
Alphaproteobacteria, which showed a higher abundance in the
intestine of zebrafish exposed to SMX+CLA, and Actinomycetia,
Bacilli and Gammaproteobacteria, which showed a lower relative
abundance (Supplementary File S1). The high abundance of
Alphaproteobacteria in the intestine of antibiotic-treated fish
mainly corresponded to the order Rhodospirillales.

With regard to the intestinal fungi, the most abundant
classes in zebrafish exposed to DMSO alone were
Sordariomycetes (19.94 + 9.76%), Saccharomycetes (18.29 +
3.56%), Eurotiomycetes (12.47 + 3.01%), Dothideomycetes
(7.68 £ 2.25%) and Lecanoromycetes (6.81 = 4.97%); in fish
exposed to antibiotics, the most abundant fungal classes were
Sordariomycetes (56.79 + 28.66%), Eurotiomycetes (7.6 +
2.12%), Saccharomycetes (5.9 + 4.87%), Lecanoromycetes (5.36
+ 7.21%) and Dothideomycetes (3.82 + 3.15%) (Figure 2B). Six
fungal classes showed a significantly different abundance in the
intestines of DMSO- and antibiotic-treated zebrafish, which
include five classes with lower relative abundance after
antibiotic exposure (Dothideomycetes, Eurotiomycetes,
Leotiomycetes, Saccharomycetes and Exobasidiomycetes), and
one class, Sordariomycetes, with higher abundance in fish
treated with SMX+CLA (Supplementary File S2).
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Microbiota abundance. Absolute abundance of the main (A) bacterial and (B) fungal classes in intestine and kidney samples from zebrafish
exposed to SMX+CLA or the vehicle alone and infected or not with SVCV. (C) The total abundance of bacteria was measured in the intestine
and kidney of uninfected SMX+CLA- or DMSO-treated fish by gPCR detection of the 16S rRNA using the universal primer pair PSL-PSR

Statistically significant differences are displayed as ** (p<0.01)
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FIGURE 2

Taxa relative abundances in the intestine of zebrafish treated with DMSO (vehicle) or SMX+CLA under SVCV-infected and uninfected conditions.
(A) Relative abundance of the main bacterial classes. (B) Relative abundance of the main fungal classes. (C) Shannon entropy, Simpson, Fisher
alpha and species number indices of (C) bacteria and (D) fungi in the intestine of the experimental groups. Statistically significant differences are

displayed as * (p<0.05) after the Mann—Whitney U test.

No significant differences were observed in the relative
abundance of bacterial and fungal classes in kidney samples
from DMSO- and antibiotic-treated fish (Supplementary Figure
S1; Supplementary Files S1 and S2). The predominant classes of
bacteria in the kidneys of the DMSO and antibiotic-treated fish
were Flavobacteriia (44.07 + 18.02% and 47.12 + 15.68%,
3.82% and 17.12 + 4.92%,
+ 10.62% and 571 +

respectively), Clostridia (17.06 +
respectively), Alphaproteobacteria (12.18
4.05%, respectively), Gammaproteobacteria (8.95 + 5.65% and
6.88 + 3%, respectively) and Actinomycetia (5.17 + 2.24% and
8.29 £ 6.69%, respectively) (Supplementary Figure S1); for fungi, the
predominant classes in the kidney were Sordariomycetes (12.7 +
323% and 14.95 + 4.74%, respectively), Eurotiomycetes (12.54 +
4.64% and 9.99 + 3.71%, respectively), Lecanoromycetes (12.06 +
6.55% and 13.85 * 6.1%, respectively), Saccharomycetes (8.7 + 4.3%
and 6 + 3.16%, respectively) and Dothideomycetes (6.89 + 1.66%
and 6.21 + 1.38, respectively) (Supplementary Figure S1).

The alpha diversity indices did not reveal significant
differences in the bacteria in either the intestine or kidney
(Figure 2C; Supplementary Figure S1). For the fungi, a lower
alpha diversity was observed in the intestines of fish exposed to
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SMX+CLA, according to the Shannon and Fisher alpha diversity
indices (Figure 2D).

3.2 Adult zebrafish exposed to
sulfamethoxazole and clarithromycin are
more susceptible to SVCV

When adult zebrafish were exposed for 14 days to 0.01 mg/L
SMX and CLA and then infected with a sublethal dose of SVCV,
the fish exposed to the vehicle alone (0.2% DMSO) showed a
survival rate of 100%, whereas the animals exposed to the
combination of both antibiotics showed a significantly lower
survival (65%) (Figure 3A). In addition, infection with a highly
lethal dose resulted in a survival rate of 33.33% for the DMSO-
SVCV group, and this percentage decreased for the Antibiotics-
SVCV zebrafish to 10% (Figure 3B).

SVCYV replication was analysed in the intestine and kidney
of 5 infected fish from each group at 24 hpi and, although no
statistically significant differences were observed, the fish
exposed to an environmentally relevant concentration of
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sulfamethoxazole and clarithromycin showed a tendency
towards higher SVCV replication (Figure 3C).

3.3 RNA-Seq and differential expression
analysis of the intestine and kidney of
zebrafish exposed to antibiotics or
vehicle alone in the absence or presence
of a sublethal SVCV infection.

To better elucidate the alteration of the transcriptome
response due to chronic exposure to 0.01 mg/L SMX+CLA,
high-throughput transcriptome sequencing and RNA-Seq
analyses were conducted with uninfected and SVCV-infected
fish at 24 hpi. Four individuals were sampled for each
experimental condition, although only three individuals were
sequenced for the DMSO-control and antibiotics-SVCV groups
due to the low quantity and/or quality of the RNA.

A total of 284,485,932 raw reads were obtained from the
intestine samples of the 14 individuals sequenced, with an average
value of 20,320,424 reads per sample; of the total raw reads, more
than 99.99% successfully passed the quality control and showed an
average length of 145.01 bp. From these high-quality reads, a
mean of 96.92% successfully mapped to the zebrafish genome, and
3.08% of the reads remained unmapped. For the kidney samples, a
total of 281,052,036 raw reads were obtained, with an average
value of 20,075,145 reads per sample; of the total reads, more than
99.99% successfully passed the quality control and showed an
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average length of 144.4 bp. From these high-quality reads, a mean
of 96.66% successfully mapped to the zebrafish genome, and
3.35% of the reads remained unmapped. The individual sample
statistics are shown in Supplementary Table S2.

3.3.1 RNA-Seq and differential expression
analysis of the intestine and kidney of
zebrafish exposed to antibiotics or vehicle
alone in the absence or presence of a
sublethal SVCV infection

Using the TPM values obtained from RNA-Seq analyses,
PCA was performed to determine the sample distribution in
uninfected fish, only taking into consideration the effect of the
antibiotics. Whereas the PCA plot for intestine samples showed
a clear differentiated distribution between DMSO- and
antibiotic-treated fish (Figure 4A), this pattern was not
observed for kidney samples, which were more randomly
distributed (Figure 4B). This evidence suggests a stronger
effect of antibiotic treatment on the intestine than on the
kidney, which was corroborated by the differential expression
analyses. In the intestine, the comparison of antibiotic-control
vs. DMSO-control showed a total of 764 DEGs (284 upregulated
and 480 downregulated), whereas with the same statistical
parameters, only 94 DEGs were obtained for the kidney (79
upregulated and 15 downregulated genes) (Figure 4C). The full
repertoire of DEGs is provided in Supplementary File S3.
Moreover, only 12 DEGs were commonly modulated by
antibiotics in the intestine and kidney (Figure 4D).
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3.3.2 Exposure to antibiotics significantly alters
the response to a virus

The analysis of the response to SVCV at 24 hpi in fish
exposed to SMX-CLA (antibiotics-SVCV vs. antibiotics-control)
or vehicle alone (DMSO-SVCV vs. DMSO-control) revealed a
completely different expression pattern. In the animals exposed
to DMSO, a total of 587 DEGs were significantly modulated in
the intestine (375 upregulated and 262 downregulated genes),
whereas the effect of the viral challenge induced a lower response
in fish exposed to antibiotics in terms of the number of DEGs,
with 266 DEGs (145 upregulated and 121 downregulated genes)
(Figure 5A). Moreover, only 17 genes were commonly
modulated in the intestine for both groups (Figure 5B), and 5
were modulated in opposite ways. In the kidney, a higher
number of DEGs, 302, was observed in zebrafish exposed to
antibiotics after SVCV challenge, which were mainly
downregulated (128 upregulated and 204 downregulated
DEGs); this pattern was not observed for the animals exposed
to DMSO, which showed 198 DEGs, with most upregulated (167
upregulated and 31 downregulated genes) (Figure 5A). As occurs
in the intestine, a low number of DEGs were commonly
modulated after SVCV infection in the kidney, with only 7
common DEGs (Figure 5B), two of which were modulated in
opposite ways. The full repertoires of DEGs for the comparisons
DMSO-SVCV vs. DMSO-control and antibiotics-SVCV vs.
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antibiotics-control are provided in Supplementary File

S4, respectively.

3.4 GO and KEGG enrichment analyses

GO and KEGG enrichment analyses were conducted to
elucidate the main biological processes affected by the
exposure to antibiotics. No biological processes (BPs) or
KEGG pathways were significantly enriched for kidney with
the selected filters. However, several BPs were found to be
significantly enriched in the intestine, with “complement
activation” being the most enriched BP (Figure 6A). Other
processes intimately linked to the complement were also
overrepresented in the data, such as cytolysis, haemostasis and
blood coagulation. With regard to the KEGG pathways, the term
“Herpes simplex virus 1 infection” was significantly enriched
and included, among others, the DEGs belonging to the
complement cascade (Figure 6B). This strong modulation of
complement- and coagulation-related genes was also clearly
reflected in a STRING protein-protein interaction network
constructed with the genes modulated in the intestine after the
exposure to antibiotics (Figure 6C). Complement and
coagulation genes formed the strongest cluster of the network.
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With regard to the response to SVCV in DMSO- or antibiotic-
treated zebrafish, certain GO terms were significantly enriched in
both the intestine (Supplementary Figure S2) and kidney
(Supplementary Figure S3) in the presence or absence of
antibiotics. Interestingly, the term “Complement activation” was
only significantly enriched in the kidney of fish treated with the
vehicle DMSO.

3.5 Antibiotic exposure significantly
impaired the transcription of
complement components in the
intestine and limited their upregulation in
the kidney after SVCV infection

A protein—protein interaction network analysis of the
proteins encoded by the genes downregulated in intestine of
fish exposed to SMX-CLA revealed that the strongest cluster of
proteins was composed of a multitude of complement-,
coagulation- and haemoglobin synthesis-related molecules
(Figure 6B). This main cluster was interconnected through
different integrin members (itgh2, itgblb, itgav and itgae.2)
with a secondary cluster highly enriched in genes with a role
in different aspects of the immune response, including
chemotaxis (erbb2, ptpnllb), B-cell maturation and activation
(syk, bink), regulation of inflammation (socslb, socs5a),
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pathogen recognition receptors (tlr5a) and macrophage-
specific antibacterial proteins (mpegl.1, mpegl.2), among others.

Since the main biological process affected by the exposure to
antibiotics in the intestine was the complement pathway, and
this was also one of the main processes induced in the kidney
after SVCV infection in fish exposed to DMSO, but not in those
fish exposed to SMX-CLA, we analysed this immune mechanism
in more detail. Heatmaps representing the mean expression
levels (in log2[TPM]) of the different complement components
in the intestine through the different experimental treatments
revealed that most of the complement components showed a
lower expression in both the antibiotics-control and antibiotics-
SVCV groups compared to the DMSO-control and DMSO-
SVCV groups (Figure 7A). Twelve of these complement
components (clIs, c3a.1, c3a.3, c3a.6, c4, 5, c7b, c8a, 9, maspl,
cfi, cfhl4, cfhl5) were significantly downregulated in antibiotic-
treated fish compared to DMSO-treated control fish (denoted by
an asterisk *, Figure 7A; Supplementary File S3). The PCA of the
complement genes in intestine samples from uninfected fish
showed a good separation between the antibiotic-treated fish
from those exposed to the vehicle alone (Figure 7C). On the
other hand, whereas no significant differences were observed in
the kidney for the complement components between DMSO-
control and antibiotic-control (Figures 7B, D; Supplementary
File S3), the heatmap reveals an overall higher expression of the
complement genes in the DMSO-SVCYV fish (Figure 7B). Seven
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of these genes (c3a.2, c3a.6, ¢3b.1, ¢3b.2, c5, cfhl3, cfhll) were
significantly upregulated at 24 hpi in the DMSO-SVCV group
compared to the DMSO-control group (denoted by a hash #,
Figure 7B), whereas no complement genes were modulated in
those fish exposed to antibiotics after SVCV infection
(Supplementary File S4).

For the intestine, a representation of the TPM values of the
DEGs involved in the complement pathway, blood coagulation
and haemoglobin synthesis is shown in Figure 8. Although the
level of these genes was generally higher in the animals exposed
to DMSO compared to those exposed to antibiotics, independent
of the infection, some of them were downregulated by SVCV
challenge in the DMSO-treated fish (c4, serpinal, serpinall,
serpinf2a, tfa), whereas they were not significantly affected by
the infection in the fish exposed to antibiotics (Figure 8).
Contrary to that observed in the intestine, certain complement
genes were upregulated in the kidney after SVCV infection in
DMSO-exposed fish, but this response was completely repressed
in the animals treated with SMX-CLA (Figure 9). In the case of
this tissue, a significant effect on blood coagulation and
haemoglobin synthesis-related genes was not observed as a
consequence of the antibiotic treatment and/or SVCV infection.
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To confirm these results, we conducted qPCR analysis of
some complement-, coagulation- and haemoglobin synthesis-
related genes inhibited in the intestine after antibiotic exposure
using a different batch of samples than that used for the RNA-
Seq analysis. We confirmed that all the tested genes showed a
lower expression in the intestine of animals exposed to SMX-
CLA than in those treated with the vehicle alone, and statistically
significant downregulation was even observed for some genes
(cls, c3a.1, c5, c8a, c9, cp, tfa) (Supplementary Figure S4).

3.6 Antibiotic exposure significantly
reduces the number of macrophages
and neutrophils in zebrafish

Double-transgenic Tg(mpeg:mCherry/mpx:GFP) larvae
exposed for 7 days to DMSO or SMX-CLA were analysed by
fluorescence microscopy to determine whether exposure to
antibiotics has an effect on the total number of macrophages
and neutrophils. The results reveal that SMX+CLA significantly
reduced the number of both immune cell types compared with
the larvae exposed to the vehicle alone (Figure 10A, B). qPCR
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analysis of the macrophage markers marco and mpegl.1 and the
neutrophil marker mpx also revealed significantly lower
transcription of these genes in the larvae exposed to antibiotics
(Figure 10C). When these markers were analysed in the intestine
and kidney of adult fish, we detected significantly lower levels of
mpx and a tendency towards lower detection of mpegl.1
transcripts in the intestine (Figure 10D). However, the RNA-
Seq results reveal a significant inhibition of mpegl.1 and
mpegl.2 in the intestine of fish exposed to SMX+CLA. No
differences were observed in the kidney between DMSO- and
antibiotic-treated zebrafish (Supplementary Figure S5).

4 Discussion

Worldwide consumption of pharmaceuticals has increased
dramatically during the last few decades. Consequently, the
presence of pharmaceutically active compounds in different
water bodies has also risen due to wastewater from hospitals,
pharmaceutical manufacturers, households, livestock and
aquaculture farms, among others (29). Antibiotics are among
the most frequently detected pharmaceutical compounds in raw
wastewater, together with analgesics, antibiotics, psychoactives,
antihypertensives, anticholesteremics, and stimulants (30, 31).
Unfortunately, wastewater treatment plants (WWTPs) are
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unable to completely remove pharmaceuticals due to their
chemical and physical properties (31). As these compounds are
active at very low concentrations, pharmaceutical pollution is an
issue of special concern. The presence of antibiotics in drinking
water has been reported in countries all around the world (32-39).
Therefore, the impacts of antibiotics on human, animal and
environmental health need to be analysed to better understand
the consequences of this type of pollutant. Since sulfamethoxazole
(SMX) and clarithromycin (CLA) are the most frequently
observed antibiotics in European inland surface waters and are
found at higher concentrations (15), these compounds were
selected to determine the effect of an environmentally relevant
concentration (0.01 mg/L each) on the microbiota and immune
status of the model species zebrafish.

With regard to the intestinal and kidney microbiota, we
observed that zebrafish exposed to SMX-CLA for 2 weeks did
not show remarkable alterations in the microbiota composition in
the kidney, although a higher total bacterial abundance was
observed. On the other hand, an evident dysbiosis in the
intestine was found in the antibiotic-treated fish compared to
the controls. However, contrary to what could be expected, the
bacterial alpha-diversity was not significantly affected, and a
higher abundance of total bacteria was even observed in the
intestine of fish exposed to antibiotics compared to the controls.
The main classes of bacteria identified in the intestine of the
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FIGURE 8

Representation of the TPM values of the (A) complement and (B) coagulation genes significantly modulated in the intestines of fish exposed to

SMX-CLA compared to those exposed to DMSO (vehicle).

zebrafish used in our study are also predominant in other
metagenomics analyses of microbial communities in the
intestine of zebrafish (40-45). Nevertheless, the zebrafish
intestinal microbiota can show variations depending on the
developmental stage, life history, diet and local environment
(40, 41). In our metatranscriptome analysis, we found that the
fish exposed to antibiotics showed a significant increase in the
classes Chloroflexia and Alphaproteobacteria and a reduction in
Actinomycetia, Bacilli and Gammaproteobacteria, with the
variations in Alphaproteobacteria and Gammaproteobacteria
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being stronger. An increase in the relative abundance of
Alphaproteobacteria in the intestines of zebrafish exposed to
antibiotics was previously reported for oxytetracycline (OTC)
(44). At the phylum level, this antibiotic reduced the abundance
of Proteobacteria, although no differences were observed for SMX
(43). For the mycobiota, DMSO-treated fish showed a higher
abundance of Sordariomycetes and Saccharomycetes, followed by
Eurotiomycetes, Dothideomycetes and Lecanoromyecetes.
Moreover, the diet and rearing environment both impact the
intestinal fungal composition of zebrafish. Siriyappagouder et al.
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Representation of the TPM values of the complement genes significantly modulated in the kidneys of fish exposed to DMSO after challenge
with SVCV (DMSO-SVCV) compared with the DMSO-control group

found that wild-caught-laboratory-kept (Uttara, India) zebrafish
showed a predominance of Dothideomycetes, whereas their
laboratory-reared counterparts (Bode, Norway) showed a
predominance of Saccharomycetes (46). Our analysis reveals
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that the fungi tended to show increased mean total abundance
after antibiotic treatment but with a lower alpha diversity. The
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Effect of long-term exposure to SMX+CLA on the number of innate immune cells. (A) Representative images of double transgenic Tg(mpeg:

mCherry/mpx:GFP) zebrafish larvae exposed to vehicle alone (DMSO) or SMX+CLA for 7 days. Scale bar: 500 um. (B) Macrophage and

neutrophil counts in DMSO- and SMX+CLA-treated larvae. Statistically significant differences are displayed as **** (p<0.0001) and ** (p<0.01)
(C) Expression level of the macrophage (marco, mpegl.1) and neutrophil (mpx) gene cell markers in DMSO- and SMX+CLA-treated larvae for 7
days and (D) in the intestine of adult zebrafish exposed to the treatments for 2 weeks. Statistically significant differences are displayed as * (p<0.05).
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Dothideomycetes, Eurotiomycetes, Leotiomycetes and
Exobasidiomycetes decreased in relative abundance. Taken
together, we can conclude that zebrafish exposed to SMX+CLA
at an environmentally relevant concentration for two weeks
showed an evident alteration of their intestinal microbiota. In
addition, the kidney was also affected to some extent, since a
higher abundance of total bacteria was observed.

Although clinical exposure to antibiotics reduces bacterial
abundance, subclinical exposures in the range of environmental
concentrations of antibiotics can favour the proliferation of
bacterial lineages with high genetic diversity and adaptive
plasticity (14). The activation of the bacterial SOS response
induced by low levels of antibiotics can result in an increased
mutation rate and higher horizontal transfer of genetic material
between bacteria, which in turn increases the phenotypic
variability (14). This is in agreement with our results, where a
higher raw abundance of bacteria was observed in fish exposed
to SMX+CLA, which seems to be due to the proliferation of
certain classes. Certain bacteria also produce metabolites, such as
lactic acid, butyrate or tryptophan-derived metabolites (aryl
hydrocarbon receptor ligands), that inhibit or restrict the
colonization and/or growth of certain fungi (47). Therefore,
alterations in the bacterial community composition impact the
mycobiota composition and abundance, as was observed in
this work.

Currently, it is widely known that the microbiome plays a
pivotal role in the development and function of the host’s
immune system and that the immune system controls host-
microbe symbiosis. Therefore, the microbiota and immunity
support intricate bidirectional communication (48). Different
microbial components, such as bacterial lipopolysaccharide
(LPS), flagellin, peptidoglycan or lipoteichoic acid (48), and
fungal cell wall constituents, such as B-glucans and chitin (47),
interact with host immune receptors (known as pattern
recognition receptors -PRRs-) and elicit a variety of immune
effects in host cells (47, 48). At the same time, bacteria and fungi
are producers of a multitude of secondary metabolites with the
ability to translocate from the intestinal lumen to different
organs or tissues through the circulatory system and elicit
tissue-specific immune responses with anti- or promicrobial
effects (48). It is well known that microbial dysbiosis is
involved in a multitude of immunological diseases (49) and
can also increase the susceptibility to opportunistic bacteria or
fungi as well as viral pathogens (50).

It has been previously reported that fish exposed to
antibiotics are more susceptible to certain infectious diseases.
This is the case for adult zebrafish exposed to SMX and OTC,
which were more susceptible to the bacterial pathogen
Aeromonas hydrophila and showed several immune
parameters (alkaline phosphatase activity, expression of
cytokines and antioxidant activity) affected in the intestine
(43). In this work, we observed that zebrafish exposed to
SMX+CLA were more susceptible to SVCV. Even a sublethal
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dose of SVCV induced a certain mortality in the antibiotic-
treated fish. Numerous studies have suggested that a normal
gastrointestinal microbiota is required for a normal antiviral
response and that dysbiosis has an impact on antiviral immunity
(50). A healthy microbiota helps maintain an optimal mucosal
barrier, contains bacteria able to secrete virucidal antimicrobial
peptides, inhibits viral attachment to host cells and modulates
antiviral innate and adaptive immune processes (50). Mice orally
treated with an array of antibiotics responded to viral infections
with an impaired antiviral immune response and lower viral
clearance, which resulted in more host damage and a higher
mortality rate (51-54). Moreover, maternal antibiotic treatment
altered the normal development of the neonatal microbiota and
impacted the antiviral immunity of the progeny (55).
Nevertheless, certain immune-suppressive activities mediated
by antibiotics could be due to a toxic direct effect of the
antibiotics, since it has been shown that fish treated with
antibiotics through medicated feeds and bath treatments at
clinical dosages can exhibit hepatotoxicity and several
histopathological effects in different tissues, mainly as a
consequence of an increase in oxidative stress (56).

The transcriptome analysis of zebrafish exposed to
environmental concentrations of SMX+CLA revealed a
significant alteration of the transcription of several immune
genes in the intestine, with a remarkable inhibition of a
multitude of genes belonging to the complement system and
its closely related pathway, blood coagulation. Impaired immune
functions and increased inflammation were previously reported
in other fish species exposed to clinical or environmental
concentrations of antibiotics (revised in 56). In addition,
alterations or certain complement parameters were previously
reported in different fish species exposed to different antibiotics.
Common carp (Cyprinus carpio) exposed to environmental
concentrations of metronidazole for 30 days showed a decline
in complement activity, among other affected immune functions
(57). Zebrafish larvae exposed to six types of B-diketone
antibiotics from 6 dpf to 30 dpf showed lower detection of the
complement component C3 (58). Guardiola et al. evaluated the
complement activity and c3 gene expression level in gilthead sea
bream (Sparus aurata) fed OTC; among other enzymatic
activities and immune genes, they found that the complement
activity was significantly lower in the serum and that c3
expression was lower in the gut of OTC-treated fish (59).
Contrary to those observations, some publications reported an
increase in the complement component contents. He et al. found
that hybrid tilapia fed florfenicol showed a higher quantity of the
complement components C3 and C4 (60). Moreover, an acute
oral administration of neomycin to crucian carp (Carassius
auratus gibelio) revealed increases in the complement C3
content in the blood (61). Interestingly, although we did not
observe an inhibition of the complement and coagulation
components in the kidney of fish exposed to SMX-CLA in the
absence of infection, those animals showed a reduced ability to
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increase the transcription of the complement components after
the SVCV challenge. These results seem to indicate that the main
immune and haematopoietic tissue in fish, the kidney, has a
limited response to pathogens, which could explain the higher
mortalities in response to SVCV.

Since it has been described that antibiotics can alter the
leukocyte counts in fish, usually by decreasing their numbers,
although with exceptions (62), we wanted to elucidate whether
the SMX+CLA concentrations used in this experiment could
impact the number of immune cells. In recent years, it has been
shown that the intestinal microbiota plays a pivotal role in the
regulation of haematopoiesis (63-67), and gut dysbiosis has been
found to be associated with haematological abnormalities in
both humans and mice (revised in 68). Moreover, decreases in
the number of immune cells could explain the lower
transcription of complement genes. We found that zebrafish
larvae exposed for 7 days to both antibiotics showed a lower
number of macrophages and neutrophils, which was
corroborated by the qPCR analysis of macrophage and
neutrophil cell markers. On the other hand, when these
markers were analysed in the intestine and kidney from adult
zebrafish, only a significant reduction in the level of the
neutrophil marker mpx was observed in the intestine, although
mpegl.1 and mpegl.2 were found to be inhibited in the RNA-Seq
analysis. Therefore, we cannot rule out the possibility that the
lower transcription of the complement and coagulation genes in
the intestine and the absence of induction of certain complement
genes in the kidney after infection with SVCV in those fish
exposed to antibiotics is due to a reduced number of immune
cells. Nevertheless, a massive downregulation of immune genes
was not observed after exposure to antibiotics, especially in the
kidney, which could also indicate a modulation of mpx, mpegl.1
and mpegl.2 gene expression in the intestine without affecting
the number of macrophages and neutrophils in adult zebrafish.

A direct relationship between the microbiome and the
complement pathway has been reported. Chehoud et al.
observed that conventionally raised mice showed a higher
expression of a broad variety of complement components in
the skin than their germ-free mouse counterparts (69). However,
although haematopoiesis was not evaluated in that work, the
authors found that the inhibition of a key component of the
complement system, the complement component C5a receptor
(C5aR), resulted in an altered composition and diversity of the
skin microbiota, reduced cell infiltration and inhibited the
transcription of immune genes in the skin. Complement and
microbiota seem to have a bidirectional relationship where
microbiota alter the complement cascade and the complement
alters the microbiota (69). A tight relationship between C5a/
C5aR hyperactivation or repression and the gut microbiota has
also been reported in mice (70). C3 KO mice also showed altered
faecal microbiota, which could be involved in the frequent
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constipation phenotypes observed in these mice (71).
Complement has also been linked to periodontal dysbiosis and
inflammation (72). Therefore, we cannot rule out the possibility
that the alterations of the complement system observed in the
zebrafish exposed to SMX+CLA could be a consequence of the
direct interplay between the microbiota and the complement.

In conclusion, our results reveal that zebrafish exposed to an
environmentally relevant concentration of the two most frequently
found antibiotics in European inland surface water,
sulfamethoxazole (SMX) and clarithromycin (CLA), for two
weeks showed a higher susceptibility to the viral pathogen SVCV
than their vehicle-treated counterparts. Transcriptome analysis of
the intestine and kidney revealed that SMX+CLA exposure
significantly modulated several genes, especially in the intestine.
Complement and blood coagulation, two intimately linked
processes, were among the most affected processes, with a strong
downregulation of several genes. These processes were not
apparently affected in the kidney. Moreover, the transcriptome
analysis of SMX+CLA-treated and control fish at 24 hpi with a
sublethal dose of SVCV showed a completely different response in
the experimental groups. The fish not previously exposed to
antibiotics showed a more typical antiviral response, but the
zebrafish exposed to SMX+CLA responded to the infection with
an impaired immune response, characterized by an inability to
overexpress the complement genes in the kidney. Metatrascriptome
analysis revealed an altered microbiota in the intestine that, based
on the literature, could explain the reduced complement pathway
response. Additionally, this deficient complement response in the
SMX+CLA-treated fish could also be a consequence of a reduced
number of immune cells in the animals exposed to antibiotics. Since
microbiota alterations have been linked to impaired
haematopoiesis, the three factors (microbiome, haematopoiesis
and complement signalling) could be interconnected and could
explain the higher susceptibility of the zebrafish to viral infection
after they were exposed to SMX+CLA. Much more research is
needed to fully understand the immunosuppressive effects of
antibiotics as environmental pollutants.

Data availability statement
The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and
accession number(s) can be found here: PRINA893568 (SRA).

Ethics statement

The animal study was reviewed and approved by CSIC
National Committee on Bioethics, approval number
ES360570202001/21/FUN.01/INM06/BNGO1.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1100092
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Pereiro et al.

Author contributions

PP: Methodology, bioinformatic analysis, validation; writing
- original draft. MR-C: Bioinformatic analysis, writing - review &
editing. AF: Bioinformatic analysis, writing - review & editing.
BN: Conceptualization, funding acquisition, supervision; writing
- review & editing. All authors contributed to the article and
approved the submitted version.

Funding

This work was funded by projects PID2020-119532RB-100
of the Spanish Ministerio de Ciencia e Innovacion. PP’s
postdoctoral contract (Juan de la Cierva Incorporacion;
1JC2020-042682-1) was funded by the Spanish Ministerio de
Ciencia e Innovacion (MCIN/AEI/10.13039/501100011033) and
the European Union “NextGenerationEU/PRTR”.

Acknowledgments

We wish to thank the IIM-CSIC aquarium staff, Lucia
Sanchez (IIM-CSIC Microscopy and image analysis service)
and Judit Castro for their technical assistance.

References

1. Kiimmerer K. Antibiotics in the aquatic environment -a review- part I
Chemosphere (2009) 75:417-34. doi: 10.1016/j.chemosphere.2008.11.086

2. Browne AJ, Chipeta MG, Haines-Woodhouse G, Kumaran EPA, Hamadani
BHK, Zaraa S, et al. Global antibiotic consumption and usage in humans, 2000-18:
a spatial modelling study. Lancet Planet Health (2021) 5:e893-904. doi: 10.1016/
$2542-5196(21)00280-1

3. McManus PS, Stockwell VO, Sundin GW, Jones AL. Antibiotic use in plant
agriculture. Annu Rev Phytopathol (2002) 40:443-65. doi: 10.1146/
annurev.phyto.40.120301.093927

4. Manyi-Loh C, Mamphweli S, Meyer E, Okoh A. Antibiotic use in agriculture
and its consequential resistance in environmental sources: potential public health
implications. Molecules (2018) 23:795. doi: 10.3390/molecules23040795

5. Allen HK, Donato ], Wang HH, Cloud-Hansen KA, Davies J, Handelsman J.
Call of the wild: antibiotic resistance genes in natural environments. Nat Rev
Microbiol (2010) 8:251-9. doi: 10.1038/nrmicro2312

6. Davies J, Davies D. Origins and evolution of antibiotic resistance. Microbiol
Mol Biol Rev (2010) 74:417-33. doi: 10.1128/ MMBR.00016-10

7. Larsson DGJ, Flach CF. Antibiotic resistance in the environment. Nat Rev
Microbiol (2022) 20:257-69. doi: 10.1038/s41579-021-00649-x

8. Martinez JL. The role of natural environments in the evolution of resistance
traits in pathogenic bacteria. Proc R Soc B Biol Sci (2009) 276:2521-30.
doi: 10.1098/rspb.2009.0320

9. Bengtsson-Palme J, Kristiansson E, Larsson DGJ. Environmental factors
influencing the development and spread of antibiotic resistance. FEMS Microbiol
Rev (2018) 42:fux053. doi: 10.1093/femsre/fux053

10. Keeney KM, Yurist-Doutsch S, Arrieta MC, Finlay BB. Effects of antibiotics
on human microbiota and subsequent disease. Annu Rev Microbiol (2014) 68:217—
35. doi: 10.1146/annurev-micro-091313-103456

11. Simons A, Alhanout K, Duval RE. Bacteriocins, antimicrobial peptides from
bacterial origin: overview of their biology and their impact against multidrug-resistant
bacteria. Microorganisms (2020) 8:639. doi: 10.3390/microorganisms8050639

12. Brestoff JR, Artis D. Commensal bacteria at the interface of host metabolism
and the immune system. Nat Immunol (2013) 14:676-84. doi: 10.1038/ni.2640

Frontiers in Immunology

16

10.3389/fimmu.2022.1100092

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.1100092/full#supplementary-material

13. Martin AM, Sun EW, Rogers GB, Keating DJ. The influence of the gut
microbiome on host metabolism through the regulation of gut hormone release.
Front Physiol (2019) 10:428. doi: 10.3389/fphys.2019.00428

14. Kraemer SA, Ramachandran A, Perron GG. Antibiotic pollution in the
environment: from microbial ecology to public policy. Microorganisms (2019)
7:180. doi: 10.3390/microorganisms7060180

15. Sanseverino I, Navarro-Cuenca A, Loos R, Marinov D, Lettieri T. State of the
art on the contribution of water to antimicrobial resistance, EUR 29592 EN.
Luxembourg: Publications Office Eur Union (2018). doi: 10.2760/771124

16. Westerfield M. The zebrafish book: A guide for the laboratory use of
zebrafish. Eugene: Univ Oregon Press (2000).

17. Nusslein-Volhard C, Dahm R. Zebrafish: a practical approach. Oxford:
Oxford Univ Press (2002).

18. Reed L], Muench H. A simple method of estimating fifty percent endpoints.
Am ] Hyg (1938) 27:493-7. doi: 10.1093/oxfordjournals.aje.al 18408

19. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol (2014) . 15:550.
doi: 10.1186/s13059-014-0550-8

20. Zhu A, Ibrahim JG, Love MI. Heavy-tailed prior distributions for sequence
count data: removing the noise and preserving large differences. Bioinformatics
(2018). doi: 10.1093/bioinformatics/bty895

21. Huang DW, Sherman BT, Lempicki RA. Systematic and integrative analysis
of large gene lists using DAVID bioinformatics resources. Nat Protoc (2009) . 4:44—
57. doi: 10.1038/nprot.2008.211

22. Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The
STRING database in 2021: customizable protein-protein networks, and functional
characterization of user-uploaded gene/measurement sets. Nucleic Acids Res (2021)
49:D605-12. doi: 10.1093/nar/gkaal074

23. Metsalu T, Vilo J. ClustVis: a web tool for visualizing clustering of
multivariate data using principal component analysis and heatmap. Nucleic Acids
Res (2015) 43:W566-70. doi: 10.1093/nar/gkv468

24. Rozen S, Skaletsky H. Primer3 on the WWW for general users and for biologist
programmers. Methods Mol Biol (2000) 132:365-86. doi: 10.1385/1-59259-192-2:365

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.1100092/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1100092/full#supplementary-material
https://doi.org/10.1016/j.chemosphere.2008.11.086
https://doi.org/10.1016/S2542-5196(21)00280-1
https://doi.org/10.1016/S2542-5196(21)00280-1
https://doi.org/10.1146/annurev.phyto.40.120301.093927
https://doi.org/10.1146/annurev.phyto.40.120301.093927
https://doi.org/10.3390/molecules23040795
https://doi.org/10.1038/nrmicro2312
https://doi.org/10.1128/MMBR.00016-10
https://doi.org/10.1038/s41579-021-00649-x
https://doi.org/10.1098/rspb.2009.0320
https://doi.org/10.1093/femsre/fux053
https://doi.org/10.1146/annurev-micro-091313-103456
https://doi.org/10.3390/microorganisms8050639
https://doi.org/10.1038/ni.2640
https://doi.org/10.3389/fphys.2019.00428
https://doi.org/10.3390/microorganisms7060180
https://doi.org/10.2760/771124
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/bty895
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1093/nar/gkv468
https://doi.org/10.1385/1-59259-192-2:365
https://doi.org/10.3389/fimmu.2022.1100092
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Pereiro et al.

25. Pfaffl MW. A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res (2001) 29:e45. doi: 10.1093/nar/29.9.e45

26. Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, et al.
Vegan: Community ecology package. r package version 2.5-7 (2020). Available at:
https://CRAN.R-project.org/package=vegan.

27. Campbell PWI, Phillips JA III, Heidecker GJ, Krishnamani MRS, Zahorchak
R, Stull TL. Detection of Pseudomonas (Burkholderia) cepacia using PCR. Pediatr
Pulmonol (1995) 20:44-9. doi: 10.1002/ppul.1950200109

28. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T,
et al. Fiji: an open-source platform for biological-image analysis. Nat Methods
(2012) 9:676-82. doi: 10.1038/nmeth.2019

29. Sim WJ, Lee JW, Lee ES, Shin SK, Hwang SR, Oh JE. Occurrence and
distribution of pharmaceuticals in wastewater from households, livestock farms,
hospitals and pharmaceutical manufactures. Chemosphere (2011) . 82:179-86.
doi: 10.1016/j.chemosphere.2010.10.026

30. Patel M, Kumar R, Kishor K, Mlsna T, Pittman CUJr, Mohan D.
Pharmaceuticals of emerging concern in aquatic systems: chemistry, occurrence,
effects, and removal methods. Chem Rev (2019) 119:3510-673. doi: 10.1021/
acs.chemrev.8b00299

31. Adeleye AS, Xue J, Zhao Y, Taylor AA, Zenobio JE, Sun Y, et al. Abundance,
fate, and effects of pharmaceuticals and personal care products in aquatic
environments. | Hazard Mater (2022) 424:127284. doi: 10.1016/
jjhazmat.2021.127284

32. Zuccato E, Calamari D, Natangelo M, Fanelli R. Presence of therapeutic
drugs in the environment. Lancet (2000) 355:1789-90. doi: 10.1016/S0140-6736
(00)02270-4

33. Yiruhan, Wang QJ, Mo CH, Li YW, Gao P, Tai YP, et al. Determination of
four fluoroquinolone antibiotics in tap water in guangzhou and Macao. Environ
pollut (2010) 158:2350-8. doi: 10.1016/j.envpol.2010.03.019

34. Boleda MR, Galceran MT, Ventura F. Behavior of pharmaceuticals and
drugs of abuse in a drinking water treatment plant (DWTP) using combined
conventional and ultrafiltration and reverse osmosis (UF/RO) treatments. Environ
pollut (2011) 159:1584-91. doi: 10.1016/j.envpol.2011.02.051

35. Kleywegt S, Pileggi V, Yang P, Hao C, Zhao X, Rocks C, et al.
Pharmaceuticals, hormones and bisphenol a in untreated source and finished
drinking water in Ontario, Canada - occurrence and treatment efficiency. Sci Total
Environ (2011) 409:1481-8. doi: 10.1016/j.scitotenv.2011.01.010

36. Vulliet E, Cren-Olivé C. Screening of pharmaceuticals and hormones at the
regional scale, in surface and groundwaters intended to human consumption.
Environ pollut (2011) 159:2929-34. doi: 10.1016/j.envpol.2011.04.033

37. de Jesus Gaffney V, Almeida CMM, Rodrigues A, Ferreira E, Benoliel MJ,
Cardoso VV. Occurrence of pharmaceuticals in a water supply system and related
human health risk assessment. Water Res (2015) 72:199-208. doi: 10.1016/
j-watres.2014.10.027

38. LvJ, Zhang L, Chen YY, Ye BX, Han JY, Jin N. Occurrence and distribution
of pharmaceuticals in raw, finished, and drinking water from seven large river
basins in China. ] Water Health (2019) 17:477-89. doi: 10.2166/wh.2019.250

39. Mahmood AR, Al-Haideri HH, Hassan FM. Detection of antibiotics in
drinking water treatment plants in baghdad city, Iraq. Adv Public Health (2019)
2019:7851354. doi: 10.1155/2019/7851354

40. Roeselers G, Mittge EK, Stephens WZ, Parichy DM, Cavanaugh CM,
Guillemin K, et al. Evidence for a core gut microbiota in the zebrafish. ISME ]
(2011) 5:1595-608. doi: 10.1038/ismej.2011.38

41. Stephens ZW, Burns AR, Stagaman K, Wong S, Rawls JF, Guillemin K, et al.
The composition of the zebrafish intestinal microbial community varies across
development. ISME ] (2015) 10:644-54. doi: 10.1038/isme;j

42. Xia J, Lu L, Jin C, Wang S, Zhou J, Ni Y, et al. Effects of short term lead
exposure on gut microbiota and hepatic metabolism in adult zebrafish. Comp
Biochem Physiol C Toxicol Pharmacol (2018) 209:1-8. doi: 10.1016/
j.cbpc.2018.03.007

43. Zhou L, Limbu SM, Shen M, Zhai W, Qiao F, He A, et al. Environmental
concentrations of antibiotics impair zebrafish gut health. Environ pollut (2018)
235:245-54. doi: 10.1016/j.envpol.2017.12.073

44. Almeida AR, Alves M, Domingues I, Henriques I. The impact of antibiotic
exposure in water and zebrafish gut microbiomes: A 16S rRNA gene-based
metagenomic analysis. Ecotoxicol Environ Saf (2019) 186:109771. doi: 10.1016/
j.ecoenv.2019.109771

45. Kayani MUR, Yu K, Qiu Y, Shen Y, Gao C, Feng R, et al. Environmental
concentrations of antibiotics alter the zebrafish gut microbiome structure and potential
functions. Environ pollut (2021) 278:116760. doi: 10.1016/j.envpol.2021.116760

46. Siriyappagouder P, Kiron V, Lokesh J, Rajeish M, Kopp M, Fernandes J. The
intestinal mycobiota in wild zebrafish comprises mainly dothideomycetes while
saccharomycetes predominate in their laboratory-reared counterparts. Front
Microbiol (2018) 9:387. doi: 10.3389/fmicb.2018.00387

Frontiers in Immunology

10.3389/fimmu.2022.1100092

47. Li XV, Leonardi I, Iliev ID. Gut mycobiota in immunity and inflammatory
disease. Immunity (2019) 50:1365-79. doi: 10.1016/j.immuni.2019.05.023

48. Zheng D, Liwinski T, Elinav E. Interaction between microbiota and
immunity in health and disease. Cell Res (2020) 30:492-506. doi: 10.1038/
s41422-020-0332-7

49. Levy M, Kolodziejczyk AA, Thaiss CA, Elinav E. Dysbiosis and the immune
system. Nat Rev Immunol (2017) 17:219-32. doi: 10.1038/nri.2017.7

50. Harper A, Vijayakumar V, Ouwehand AC, Ter Haar J, Obis D, Espadaler J,
et al. Viral infections, the microbiome, and probiotics. Front Cell Infect Microbiol
(2021) 10:596166. doi: 10.3389/fcimb.2020.596166

51. Ichinohe T, Pang IK, Kumamoto Y, Peaper DR, Ho JH, Murray TS, et al.
Microbiota regulates immune defense against respiratory tract influenza a virus
infection. Proc Natl Acad Sci USA (2011) 108:5354-9. doi: 10.1073/
pnas.1019378108

52. Abt MC, Osborne LC, Monticelli LA, Doering TA, Alenghat T, Sonnenberg
GF, et al. Commensal bacteria calibrate the activation threshold of innate antiviral
immunity. Immunity (2012) 37:158-70. doi: 10.1016/j.immuni.2012.04.011

53. Oh JE, Kim BC, Chang DH, Kwon M, Lee SY, Kang D, et al. Dysbiosis-
induced IL-33 contributes to impaired antiviral immunity in the genital mucosa.
Proc Natl Acad Sci USA (2016) 113:E762-71. doi: 10.1073/pnas.1518589113

54. Bradley KC, Finsterbusch K, Schnepf D, Crotta S, Llorian M, Davidson S,
et al. Microbiota-driven tonic interferon signals in lung stromal cells protect from
influenza virus infection. Cell Rep (2019) 28:245-56. doi: 10.1016/
j.celrep.2019.05.105

55. Gonzalez-Perez G, Hicks AL, Tekieli TM, Radens CM, Williams BL,
Lamouseé-Smithl ESN. Maternal antibiotic treatment impacts development of the
neonatal intestinal microbiome and antiviral immunity. J Immunol (2016)
196:3768-79. doi: 10.4049/jimmunol.1502322

56. Limbu SM, Chen L-Q, Zhang M-L, Du Z-Y. A global analysis on the
systemic effects of antibiotics in cultured fish and their potential human health risk:
a review. Rev Aquac (2021) 13:1015-59. doi: 10.1111/raq.12511

57. Han ], Zhang L, Yang S, Wang J, Tan D. Detrimental effects of
metronidazole on selected innate immunological indicators in common carp
(Cyprinus carpio 1. ). Bull Environ Contam Toxicol (2014) 92:196-201.
doi: 10.1007/s00128-013-1173-6

58. Li F, Wang H, Liu J, Lin ], Zeng A, Ai W, et al. Immunotoxicity of B-
diketone antibiotic mixtures to zebrafish (Danio rerio) by transcriptome analysis.
PloS One (2016) 1:¢0152530. doi: 10.1371/journal.pone.0152530

59. Guardiola FA, Cerezuela R, Meseguer J, Esteban MA. Modulation of the
immune parameters and expression of genes of gilthead seabream (Sparus aurata
1.) by dietary administration of oxytetracycline. Aquaculture (2012) 334-7:51-7.
doi: 10.1016/j.aquaculture.2012.01.003

60. He S, Zhou Z, Meng K, Zhao H, Yao B, Ringo E, et al. Effects of dietary
antibiotic growth promoter and Saccharomyces cerevisiae fermentation product on
production, intestinal bacterial community, and nonspecific immunity of hybrid
tilapia (female x male). ] Anim Sci (2011) 89:84-92. doi: 10.2527/jas.2010-3032

61. Sun P, YuF, LuJ, Zhang M, Wang H, Xu D, et al. In vivo effects of neomycin
sulfate on non-specific immunity, oxidative damage and replication of cyprinid
herpesvirus 2 in crucian carp (Carassius auratus gibelio). Aquac Fish (2019) 4:67-
73. doi: 10.1016/j.2af.2018.09.003

62. Bojarski B, Kot B, Witeska M. Antibacterials in aquatic environment and
their toxicity to fish. Pharmaceuticals (2020) . 13:189. doi: 10.3390/ph13080189

63. Balmer ML, Schiirch CM, Saito Y, Geuking MB, Li H, Cuenca M, et al.
Microbiota-derived compounds drive steady-state granulopoiesis via MyD88/
TICAM signaling. J Immunol (2014) 193:5273-83. doi: 10.4049/jimmunol.1400762

64. Khosravi A, Yafiez A, Price JG, Chow A, Merad M, Goodridge HS, et al. Gut
microbiota promote hematopoiesis to control bacterial infection. Cell Host Microbe
(2014) 15:374-81. doi: 10.1016/j.chom.2014.02.006

65. Josefsdottir KS, Baldridge MT, Kadmon CS, King KY. Antibiotics impair
murine hematopoiesis by depleting the intestinal microbiota. Blood (2017)
129:729-39. doi: 10.1182/blood-2016-03-708594

66. Iwamura C, Bouladoux N, Belkaid Y, Sher A, Jankovic D. Sensing of the
microbiota by NOD1 in mesenchymal stromal cells regulates murine
hematopoiesis. Blood (2017) 129:171-6. doi: 10.1182/blood-2016-06-723742

67. Lee YS, Kim TY, Kim Y, Kim S, Lee SH, Seo SU, et al. Microbiota-derived
lactate promotes hematopoiesis and erythropoiesis by inducing stem cell factor
production from leptin receptor+ niche cells. Exp Mol Med (2021) 53:1319-31.
doi: 10.1038/512276-021-00667-y

68. Yan H, Baldridge MT, King KY. Hematopoiesis and the bacterial
microbiome. Blood (2018) 132:559-64. doi: 10.1182/blood-2018-02-832519

69. Chehoud C, Rafail S, Tyldsley AS, Seykora JT, Lambris JD, Grice EA.
Complement modulates the cutaneous microbiome and inflammatory milieu. Proc
Natl Acad Sci USA (2013) 110:15061-6. doi: 10.1073/pnas.1307855110

frontiersin.org


https://doi.org/10.1093/nar/29.9.e45
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1002/ppul.1950200109
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1016/j.chemosphere.2010.10.026
https://doi.org/10.1021/acs.chemrev.8b00299
https://doi.org/10.1021/acs.chemrev.8b00299
https://doi.org/10.1016/j.jhazmat.2021.127284
https://doi.org/10.1016/j.jhazmat.2021.127284
https://doi.org/10.1016/S0140-6736(00)02270-4
https://doi.org/10.1016/S0140-6736(00)02270-4
https://doi.org/10.1016/j.envpol.2010.03.019
https://doi.org/10.1016/j.envpol.2011.02.051
https://doi.org/10.1016/j.scitotenv.2011.01.010
https://doi.org/10.1016/j.envpol.2011.04.033
https://doi.org/10.1016/j.watres.2014.10.027
https://doi.org/10.1016/j.watres.2014.10.027
https://doi.org/10.2166/wh.2019.250
https://doi.org/10.1155/2019/7851354
https://doi.org/10.1038/ismej.2011.38
https://doi.org/10.1038/ismej
https://doi.org/10.1016/j.cbpc.2018.03.007
https://doi.org/10.1016/j.cbpc.2018.03.007
https://doi.org/10.1016/j.envpol.2017.12.073
https://doi.org/10.1016/j.ecoenv.2019.109771
https://doi.org/10.1016/j.ecoenv.2019.109771
https://doi.org/10.1016/j.envpol.2021.116760
https://doi.org/10.3389/fmicb.2018.00387
https://doi.org/10.1016/j.immuni.2019.05.023
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1038/nri.2017.7
https://doi.org/10.3389/fcimb.2020.596166
https://doi.org/10.1073/pnas.1019378108
https://doi.org/10.1073/pnas.1019378108
https://doi.org/10.1016/j.immuni.2012.04.011
https://doi.org/10.1073/pnas.1518589113
https://doi.org/10.1016/j.celrep.2019.05.105
https://doi.org/10.1016/j.celrep.2019.05.105
https://doi.org/10.4049/jimmunol.1502322
https://doi.org/10.1111/raq.12511
https://doi.org/10.1007/s00128-013-1173-6
https://doi.org/10.1371/journal.pone.0152530
https://doi.org/10.1016/j.aquaculture.2012.01.003
https://doi.org/10.2527/jas.2010-3032
https://doi.org/10.1016/j.aaf.2018.09.003
https://doi.org/10.3390/ph13080189
https://doi.org/10.4049/jimmunol.1400762
https://doi.org/10.1016/j.chom.2014.02.006
https://doi.org/10.1182/blood-2016-03-708594
https://doi.org/10.1182/blood-2016-06-723742
https://doi.org/10.1038/s12276-021-00667-y
https://doi.org/10.1182/blood-2018-02-832519
https://doi.org/10.1073/pnas.1307855110
https://doi.org/10.3389/fimmu.2022.1100092
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Pereiro et al.

70. Li L, Wei T, Liu S, Wang C, Zhao M, Feng Y, et al. Complement C5
activation promotes type 2 diabetic kidney disease via activating STAT3 pathway
and disrupting the gut-kidney axis. J Cell Mol Med (2021) 25:960-74. doi: 10.1111/
jemm.16157

71. Choi YJ, Kim JE, Lee SJ, Gong JE, Son HJ, Hong JT, et al. Dysbiosis of fecal
microbiota from complement 3 knockout mice with constipation phenotypes

Frontiers in Immunology

18

10.3389/fimmu.2022.1100092

contributes to development of defecation delay. Front Physiol (2021) 12:650789.
doi: 10.3389/fphys.2021.650789

72. Hajishengallis G, Maekawa T, Abe T, Hajishengallis E, Lambris JD.
Complement involvement in periodontitis: molecular mechanisms and rational
therapeutic approaches. Adv Exp Med Biol (2015) 865:57-74. doi: 10.1007/978-3-
319-18603-0_4

frontiersin.org


https://doi.org/10.1111/jcmm.16157
https://doi.org/10.1111/jcmm.16157
https://doi.org/10.3389/fphys.2021.650789
https://doi.org/10.1007/978-3-319-18603-0_4
https://doi.org/10.1007/978-3-319-18603-0_4
https://doi.org/10.3389/fimmu.2022.1100092
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	An environmentally relevant concentration of antibiotics impairs the immune system of zebrafish (Danio rerio) and increases susceptibility to virus infection
	1 Introduction
	2 Materials and methods
	2.1 Fish and viruses
	2.2 Experimental exposure of zebrafish to sulfamethoxazole and clarithromycin and infection with SVCV
	2.3 RNA isolation and transcriptome sequencing
	2.4 Trimming, RNA-Seq and differential expression analysis
	2.5 Gene Ontology and KEGG pathway enrichment analyses and protein–protein interaction networks
	2.6 Venn diagrams, heatmaps and principal component analysis
	2.7 Quantification of SVCV replication and validation of the RNA-Seq data by quantitative PCR
	2.8 Bacterial and fungal taxonomic profiling
	2.9 Zebrafish larvae exposure to antibiotics and imaging of macrophages and neutrophils
	2.10 Statistical analyses

	3 Results
	3.1 Antibiotic exposure alters intestinal and kidney microbial profiles
	3.2 Adult zebrafish exposed to sulfamethoxazole and clarithromycin are more susceptible to SVCV
	3.3 RNA-Seq and differential expression analysis of the intestine and kidney of zebrafish exposed to antibiotics or vehicle alone in the absence or presence of a sublethal SVCV infection.
	3.3.1 RNA-Seq and differential expression analysis of the intestine and kidney of zebrafish exposed to antibiotics or vehicle alone in the absence or presence of a sublethal SVCV infection
	3.3.2 Exposure to antibiotics significantly alters the response to a virus

	3.4 GO and KEGG enrichment analyses
	3.5 Antibiotic exposure significantly impaired the transcription of complement components in the intestine and limited their upregulation in the kidney after SVCV infection
	3.6 Antibiotic exposure significantly reduces the number of macrophages and neutrophils in zebrafish

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


