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Abstract: Antibiotic treatment is regarded as an emergency measure to avoid disease occurrence
of aquatic animals during metamorphosis in an aquaculture system, which is very common in
hatcheries of bivalve mollusc larvae. However, it is still unclear how and to what extent the antibiotic
addition affects the prokaryotic and eukaryotic microbial communities of marine bivalve larvae.
We profiled the community compositions and dominant taxonomies of prokaryotic and eukaryotic
microbiota of Kumamoto oyster (Crassostrea sikamea) larvae exposed to seawater with antibiotics in
trace concentration. A total of 500,664 16S rRNA and 501,933 18S rRNA gene fragments were selected
for classification, resulting in 714 prokaryotic Operational Taxonomic Units (OTUs) and 47 eukaryotic
OTUs. Antibiotic exposure altered the structure of larval microbiome and increased the prokaryotic
but decreased the eukaryotic microbial diversity. Larval microbiota was sensitive to antibiotics, as
evidenced by alternation of the dominant bacterial phyla Proteobacteria, Bacteroidetes, Firmicutes,
Chlamydiae, and Actinobacteria, and eukaryotic phyla Streptophyta, Cercozoa, Chlorophyta and
Haptophyta. Similarly, a significant effect was observed at the family and genus level, especially the
increased bacterial Devosiaceae, Microbacteriaceae, Halieaceae, Vibrionaceae families, and Devosia,
Stappia and Vibrio genera, and eukaryotic Isochrysidaceae and TAGIRI1-linage family and Tisochrysis
genus. These results indicate that antibiotic treatment may induce a shift in the larval microbiome,
which may cause an unstable community structure and in turn affect the oyster health.

Keywords: oyster hatchery; larvae; prokaryotic community; eukaryotic community; antibiotics

1. Introduction

The Kumamoto oyster (Crassostrea sikamea) is an ecologically important marine bivalve,
which is distributed along the coast of China, especially Zhejiang province. However, dis-
eases that are caused by bacterial pathogens have led to huge losses in aquaculture industry
of important shellfish [1]. Larval oysters, especially during their metamorphosis develop-
ment, are susceptible to disease, often by etiological agents from the Vibrio genus [2,3]. A
practical approach for disease prevention in aquaculture involves the use of antibiotics,
which is very common in the larval hatchery of bivalve mollusks [4]. Under this premise,
antibiotics at low concentrations are often added in hatching tanks to prevent pathogenic
infections and improve the survival of larval bivalves. Studies on vertebrates and humans
have suggested that antibiotic treatment greatly disturbs the native intestinal microbiota,
thereby facilitating pathogenic proliferation [5–7]. Contradictory to these findings, studies
on Atlantic halibut have suggested that antibiotic addition insignificantly affects the larval
survival and gut microbiota [6]. However, to date, it has never been investigated whether
antibiotic exposure affects the larval microbial assemblages of Kumamoto oyster during
metamorphosis.
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There is growing evidence of the importance of commensal microorganisms in the
health and development of marine bivalve larvae [8,9]. Microorganisms, including prokary-
otes and eukaryotes, are known to be an important factor for the fitness of aquatic an-
imals [10,11]. Thus, shifts in the structure of commensal microbial community have a
detrimental impact on host health [12]. Currently, available studies are primarily focused
on the bacterial effect on oyster larvae [8,13,14], by comparison, the role of eukaryotes
has gained little attention. Eukaryotes are a major component of commensal microbiota
due to their large body size in relation to bacteria, and they can exploit diverse predatory
life strategies [15,16]. Additionally, eukaryotic microbial assemblages are less resilient to
environmental selection [16]. In these regards, eukaryotic microbes could exert a dispro-
portionate role in host, as evidenced by study showing that gut eukaryotic microbiota
significantly influence shrimp growth performance [17]. Recently, a comprehensive anal-
ysis through next-generation sequencing technology has revealed some characteristics
of microbiome in aquatic animals in response to environmental disturbance [6]. It is re-
ported that a reduction of gut microbial diversity occurs within a few days from antibiotics
treatment, and it is rare to achieve the complete recovery of initial microbial community
compositions [18,19]. Indeed, studies on humans have reported that antibiotics overuse has
permanently altered gut microbiome, resulting in an increase in obesity, diabetes, and so
on [18,20]. Notably, key microbes colonized in oyster larvae are of importance for stabiliz-
ing host homeostasis and promoting larval organ development [8,21]. Given these reports,
the extent of antibiotic-induced disturbance in the larval microbiome of Kumamoto oyster
remains poorly characterized, particularly at the community level.

The present study aims to explore the relationship between antibiotic exposure and
oyster larval microbiome. We hypothesized that antibiotic exposure could induce the
changes in larval microbial community structure. To test this idea, here, we evaluated
the effects of penicillin exposure on the structures and compositions of prokaryotic and
eukaryotic microbiota in Kumamoto oyster larvae by using high-throughput analysis of
both 16S and 18S rRNA genes. Our findings deepen our understanding of the effect of
antibiotic addition into the rearing system of oyster aquaculture during larval hatching.

2. Materials and Methods
2.1. Sample Collection

In this study, the investigated Kumamoto oyster (C. sikamea) larval nursery tanks
were located at Marine Fishery Technology Innovation Research Base of Ningbo, Zhejiang
Province, China. The indoor standard hatching tanks (8 m × 4 m × 1.3 m) were maintained
by uniform management including the input of sand-filtered natural seawater without
any further treatment. The rearing water was constantly micro-aerated and maintained at
daily water exchange of 50%, dissolved oxygen at 7–8 mg/L, temperature of 27 ± 3 ◦C and
salinity of 25 ± 5‰ throughout larval nursery. These water parameters were measured
in situ with a YSI 6000 multiparameter probe (YSI Inc., Yellow Springs, OH, USA). It has
been proposed that larva is easily prone to pathogenic invasion during metamorphosis
development [3]. To prevent the occurrence of microbial diseases when larvae molted to
the D-stage at 20 h of larval development, which was confirmed by microscopy according
to the morphological characteristics described by Wallace et al. [22], the antibiotic penicillin
with concentration of about 0.041~0.063 mg/L was added into hatching tanks. To assess to
what extent the larval physiologies were affected by short-term antibiotic exposure, the
hatching tank with antibiotic addition was monitored as a treatment group, whereas the
adjacent one hatching tank without antibiotic addition was selected as a control group.
Larval samples after exposure to antibiotics for 8 days were collected from both the groups.
About 500 mg larvae from each tank were collected to compose one biological sample. To
improve statistical power, 3 pseudo-biological replicates of larval samples from each tank
were employed. As a result, there were 6 larval samples from each tank from each group
for microbiome analysis.
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2.2. DNA Extraction

The larval samples were soaked and washed for 10–15 s with sterilized water to
remove the adsorbed rearing water, and finally transferred into sterilized and enzyme-
free centrifuge tubes, followed by centrifugation at 700 rpm for 1 min at 4 ◦C to remove
the wash water and consequently, to pellet the larvae precipitates. The larval samples
were immediately snap-frozen in liquid nitrogen and then stored at −80 ◦C before DNA
extraction.

Genomic DNA (gDNA) of larval samples was extracted with FAST DNA Spin kit (MO
BIO Laboratories, CA, USA) according to the manufacturer’s instructions. The concentra-
tion and purity of gDNA extracts were measured using a NanoDrop ND-2000 spectropho-
tometer (NanoDrop Technologies, Wilmington, OH, USA).

2.3. 16S rRNA and 18S rRNA Gene Library Construction and Sequencing

Purified total DNA was used to amplify the partial sequence of 16S rRNA gene
and 18S rRNA gene. The primer pair 338F (5’-ACTCCTACGGGAGGCAGCA-3’) and
806R (5’-GGACTACHVGGGTWTCTAAT-3’) corresponding to the V3-V4 hypervariable
regions of the bacterial 16S rRNA genes and 528F (GCGGTAATTCCAGCTCCAA) and
706R (AATCCRAGAATTTCACCTCT) corresponding to the V4 hypervariable region of the
eukaryotic 18S rRNA genes with Illumina adapters and dual larval barcodes were applied.
The PCR reaction procedure was performed according to the description of Dai et al. [11].
The PCR amplicons were validated using electrophoresis in a 1.5% agarose gel at 100 V
for 30 min. To minimize PCR induced biases, triplicates amplicons for each sample were
pooled and then purified using a PCR fragment purification kit (TaKaRa, Kyoto, Japan).
The amplicon products were sequenced using an Illumina MiSeq platform.

Sequence data in FASTQ format were analyzed with an integrated pipeline of Dix-seq,
and barcode and low-quality sequences were filtered using Trimmomatic [23]. After filter-
ing, the chimeric reads were removed using atlas-utilis. The sequences were classified using
the SILVA 132 database. Based on the OTU clustering results, the α-diversity parameters
of the samples were generated using the Usearch alpha_div tool [23]. Furthermore, the
β-diversity distance and differences between the samples were estimated with the Usearch
beta_div tool [23].

2.4. Statistical Analysis

Alpha diversities (including Shannon diversity, Chao 1, observed species and Simpson
index) between control and treatment groups were compared using an unpaired t-test
in SPSS 13.0 software. Shared and unique taxa between control and treatment groups
were analyzed and displayed in a Venn diagram. Principal coordinate analysis (PCoA)
was performed to assess the differences in larval bacterial communities between control
and treatment groups based on Bray–Curtis distances, and graphed with Origin v8.0
software (OriginLab, Northampton, MA, USA). Statistical analysis of metagenomic profiles
(STAMP) v2.0 software (Queensland, Australia) was performed to identify taxa (at family
and genus level) that showed significant differences (Welch’s t-test, p < 0.05) in their relative
abundances between control and treatment groups based on the Tukey–Kramer post hoc
test [24].

3. Results
3.1. Sequencing Data Characteristics and Diversity

A total of 500,664 16S rRNA and 501,933 18S rRNA gene reads were selected for
classification. An average of 83,534 and 83,354 high-quality reads for the control samples
and treatment samples were obtained, resulting in 558 and 655 bacterial OTUs, respectively
(Table 1). While an average of 83,738 and 83,573 high-quality reads for the control samples
and treatment samples were generated, resulting in 41 and 35 eukaryotic OTUs, respectively
(Table 1). There were 499 bacterial OTUs (accounting for 69.9% of total OTUs) and 29 eu-
karyotic OTUs (accounting for 61.7% of total OTUs) shared between treatment and control
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samples (Figure 1). In addition, 156 bacterial and 6 eukaryotic OTUs were exclusively
detected in treatment samples (Figure 1). The diversity of prokaryotic microbiota at each
taxonomical level was higher in treatment group than that in the control group (Table 1).
However, an opposite pattern was found in the eukaryotic microbial diversity (Table 1).
These findings were demonstrated by α-diversity indices. For instance, the Shannon diver-
sity and Chao 1 of prokaryotic microbial community in treatment group were significantly
(p < 0.05 in both cases) higher than those in the control group (Table 2). Similar to what was
observed for prokaryotes, the Shannon diversity of eukaryotic microbial community was
higher in the treatment group compared with that in the control group (Table 2).

Table 1. Summary of sequencing results at different taxonomical levels of prokaryotic and eukaryotic
microbiota in the control and treatment groups.

Prokaryotes Eukaryotes
Control Treatment Control Treatment

Reads 83,534 83,354 83,738 83,573
OTUs 558 655 41 35

Phylum 15 15 8 10
Class 23 27 17 17
Order 43 49 21 21
Family 75 78 23 22
Genus 109 114 18 17
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3.2. Variations in Prokaryotic and Eukaryotic Microbial Communities in Response to Antibiotics

PCoA analysis was used to compare the larval microbial communities between treat-
ment and control groups at the OTU level. As shown in Figure 2, generally, samples of the
same group were clustered together, suggesting that the bacterial and eukaryotic microbial
communities of the treatment group were clearly distinct from those of the control group.



Fishes 2022, 7, 272 5 of 12

Fishes 2022, 7, x FOR PEER REVIEW 5 of 11 
 

 

3.2. Variations in Prokaryotic and Eukaryotic Microbial Communities in Response to Antibiotics 
PCoA analysis was used to compare the larval microbial communities between 

treatment and control groups at the OTU level. As shown in Figure 2, generally, samples 
of the same group were clustered together, suggesting that the bacterial and eukaryotic 
microbial communities of the treatment group were clearly distinct from those of the 
control group. 

 
Figure 2. Principal coordinates analysis of the larval microbial communities. PCoA of prokaryotic 
(A) and eukaryotic (B) communities by treatment based on Bray–Curtis distance dissimilarities. 
Each point corresponds to a sample and the letters above the points indicate sample names. Control 
and treatment groups are shown in different colors. 

3.3. Variations in Prokaryotic and Eukaryotic Microbial Compositions at Phylum Level 
All of the 16S rRNA sequences were affiliated with at least 15 bacterial phyla (Table 

3). For most of total sequences, prokaryotic taxonomical profiles at the phylum level were 
dominated by Proteobacteria, followed by Bacteroidetes, Firmicutes, Chlamydiae, 
Actinobacteria, Candidatus Saccharibacteria and Parcubacteria. These phyla accounted 
for at least 97.2% of all sequences. Notably, the relative abundances of these dominant 
phyla showed different degrees of variance between treatment and control groups. For 
example, significant differences were observed in Chlamydiae and Actinobacteria (p = 0.01 
in both cases) with greater abundance in the treatment group compared to the control 
group. However, the relative abundances of Proteobacteria and Parcubacteria increased 
in the treatment group compared to the control group, although statistical significance 
was not reached. 

Table 3. Frequency distribution of prokaryotic and eukaryotic taxonomic profiles at the phylum 
level in control and treatment groups. 

Phyla in Prokaryotic Community Control Treatment p-Value 
Proteobacteria 79.41% ± 2.81% 85.51% ± 2.81% 0.20 
Bacteroidetes 11.25% ± 5.42% 3.77% ± 0.63% 0.04 

Firmicutes 6.28% ± 6.16% 0.31% ± 0.01% 0.04 
Chlamydiae 0.55% ± 0.02% 5.04% ± 1.04% 0.01 

Actinobacteria 0.46% ± 0.16% 1.52% ± 0.14% 0.01 
Candidatus Saccharibacteria 0.08% ± 0.02% 0.09% ± 0.03% 0.74 

Verrucomicrobia 0.04% ± 0.01% 0.03% ± 0.02% 0.77 
Planctomycetes 0.04% ± 0.01% 0.10% ± 0.02% 0.07 

Fusobacteria 0.10% ± 0.01% 0.00% ± 0.00% 0.37 
Tenericutes 0.01% ± 0.00% 0.07% ± 0.03% 0.11 

SR1 0.01% ± 0.01% 0.00% ± 0.00% 0.42 

Figure 2. Principal coordinates analysis of the larval microbial communities. PCoA of prokaryotic
(A) and eukaryotic (B) communities by treatment based on Bray–Curtis distance dissimilarities. Each
point corresponds to a sample and the letters above the points indicate sample names. Control and
treatment groups are shown in different colors.
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Table 2. Comparison of the α-diversity indices of larval microbial communities between control group and treatment group.

Microbial
Communities

Shannon Diversity Chao 1 Observed Species Simpson Index
Control Treatment p Control Treatment p Control Treatment p Control Treatment p

Prokaryotes 4.60 ± 0.40 5.80 ± 0.15 0.048 466.90 ± 18.26 528.87 ± 8.68 0.038 418.00 ± 32.62 504.67 ± 3.18 0.116 0.14 ± 0.04 0.05 ± 0.00 0.089
Eukaryotes 0.10 ± 0.02 0.23 ± 0.01 0.004 31.20 ± 5.27 29.77 ± 2.03 0.812 27.33 ± 3.84 28.33 ± 1.86 0.826 0.98 ± 0.00 0.95 ± 0.00 0.006
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3.3. Variations in Prokaryotic and Eukaryotic Microbial Compositions at Phylum Level

All of the 16S rRNA sequences were affiliated with at least 15 bacterial phyla (Table 3).
For most of total sequences, prokaryotic taxonomical profiles at the phylum level were
dominated by Proteobacteria, followed by Bacteroidetes, Firmicutes, Chlamydiae, Acti-
nobacteria, Candidatus Saccharibacteria and Parcubacteria. These phyla accounted for at
least 97.2% of all sequences. Notably, the relative abundances of these dominant phyla
showed different degrees of variance between treatment and control groups. For exam-
ple, significant differences were observed in Chlamydiae and Actinobacteria (p = 0.01 in
both cases) with greater abundance in the treatment group compared to the control group.
However, the relative abundances of Proteobacteria and Parcubacteria increased in the
treatment group compared to the control group, although statistical significance was not
reached.

Table 3. Frequency distribution of prokaryotic and eukaryotic taxonomic profiles at the phylum level
in control and treatment groups.

Phyla in Prokaryotic Community Control Treatment p-Value

Proteobacteria 79.41% ± 2.81% 85.51% ± 2.81% 0.20
Bacteroidetes 11.25% ± 5.42% 3.77% ± 0.63% 0.04

Firmicutes 6.28% ± 6.16% 0.31% ± 0.01% 0.04
Chlamydiae 0.55% ± 0.02% 5.04% ± 1.04% 0.01

Actinobacteria 0.46% ± 0.16% 1.52% ± 0.14% 0.01
Candidatus Saccharibacteria 0.08% ± 0.02% 0.09% ± 0.03% 0.74

Verrucomicrobia 0.04% ± 0.01% 0.03% ± 0.02% 0.77
Planctomycetes 0.04% ± 0.01% 0.10% ± 0.02% 0.07

Fusobacteria 0.10% ± 0.01% 0.00% ± 0.00% 0.37
Tenericutes 0.01% ± 0.00% 0.07% ± 0.03% 0.11

SR1 0.01% ± 0.01% 0.00% ± 0.00% 0.42
Parcubacteria 0.01% ± 0.00% 0.11% ± 0.05% 0.16

Campilobacterota 0.00% ± 0.00% 0.06% ± 0.05% 0.38
Spirochaetes 0.00% ± 0.00% 0.01% ± 0.01% 0.14

Abditibacteriota 0.00% ± 0.00% 0.01% ± 0.01% 0.42
Unclassified 1.86% ± 0.81% 3.37% ± 1.26% 0.37

Phyla in eukaryotic community Control Treatment p-value
Metazoa 99.37% ± 0.30% 99.46% ± 0.11% 0.78

Streptophyta 0.53% ± 0.28% 0.07% ± 0.05% 0.18
Perkinsea 0.03% ± 0.03% 0.00% ± 0.00% 0.42

Ochrophyta 0.02% ± 0.01% 0.01% ± 0.00% 0.21
Fungi 0.02% ± 0.01% 0.01% ± 0.01% 0.40

Chlorophyta 0.01% ± 0.00% 0.07% ± 0.01% 0.02
Cercozoa 0.00% ± 0.00% 0.32% ± 0.07% 0.01

Haptophyta 0.00% ± 0.00% 0.02% ± 0.00% 0.01
Sagenista 0.00% ± 0.00% 0.02% ± 0.01% 0.07

Unclassified 0.00% ± 0.00% 0.02% ± 0.00% 0.02
Note: Mean ± standard error % were compared by using unpaired t-test.

All of the 18S rRNA sequences were affiliated with at least nine eukaryotic phyla
(Table 3). The two major eukaryotic phyla associated with larval microbiota were Metazoa
and Streptophyta. Among them, Metazoa (99.4% of total sequences) dominated in all
larval microbiota. Notably, the relative abundances of eukaryotic microbial phyla markedly
changed between treatment and control groups. In particular, the relative abundances
of Cercozoa, Chlorophyta and Haptophyta in treatment group were significantly higher
(p < 0.05) than those in the control group.

3.4. Variations in Prokaryotic and Eukaryotic Microbial Compositions at Family Level

The dominant taxa of larval microbiome between treatment and control groups were
compared to evaluate the effect of antibiotic exposure on larval microbial composition.
Several sensitive microbial taxa were identified in larvae microbiome in response to an-
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tibiotics. As shown in Figure 3, both groups showed enrichment of their corresponding
dominant microbial taxa. Most of the dominant microbial taxa exhibited dramatically
higher abundance (p < 0.05) in the treatment group in relation to the control group. At the
family level, significant differences were detected in the relative abundances of Devosiaceae,
Parvibaculaceae, Microbacteriaceae, Rhodanobacteraceae, Halieaceae, Terasakiellaceae,
Desulfovibrionaceae, Rhizobiaceae, Vibrionaceae and Thalassobaculaceae when compar-
ing the larval bacteria between treatment and control groups (Figure 3A). Notably, the
relative abundances of these bacterial taxa except Rhodanobacteraceae significantly in-
creased (p < 0.05) in treatment group compared to control group (Figure 3A). Significant
differences were also detected in the relative abundances of Ostreoida, Isochrysidaceae and
TAGIRI1-lineage when comparing the larval eukaryotic microbiota between treatment and
control groups (Figure 3B). Among them, the relative abundances of Isochrysidaceae and
TAGIRI1-lineage were enriched prominently (p < 0.05) in the treatment group compared
with those in the control group (Figure 3B). By contrast, the relative abundance of Ostreoida
exhibited an opposite pattern (Figure 3B).
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3.5. Variations in Prokaryotic and Eukaryotic Microbial Compositions at Genus Level

We further explored the responses of larval microbiome compositions at the finer
genus level to antibiotics. As shown in Figure 4, most of the dominant microbial taxa exhib-
ited remarkably higher abundance in the treatment group in comparison with the control
group (p < 0.05). The relative abundances of Vibrio, Devosia, Pontimonas, Haliea, Terasakiella,
Halodesulfovibrio, Stappia, Hoeflea, Maritalea, Roseovarius, Photobacterium, Thalassospira and
Pyruvatibacter were significantly enriched, while that of Luteibacter was significantly under-
represented in the treatment group compared with the control group (Figure 4A). Significant
differences were also detected in the relative abundances of Crassostrea, Tisochrysis and
TAGIRI1-lineage_X when comparing the genus-level eukaryotic microbiota between treat-
ment and control groups (Figure 4B). Notably, the relative abundances of Tisochrysis and
TAGIRI1-lineage_X were dramatically higher, while that of Crassostrea was significantly
lower in the treatment group compared with the control group (Figure 4B).
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4. Discussion

It is well known that antibiotic treatment is regarded as an emergency measure to
prevent disease deterioration of aquatic animals in an aquaculture system, which is very
common in bivalve mollusc larvae hatcheries [25,26]. However, it is still not reported
whether this management affects the larval microbiome compositions (prokaryotes and
eukaryotes) of Kumamoto oyster in a nursery. Study on the prokaryotic and eukaryotic
microbial communities of oyster larvae in response to antibiotics is of critical importance
for understanding the microbial structure and function for oyster management practices
during hatchery rearing.

Our findings showed that although PCoA showed a distinction in both prokaryotic and
eukaryotic communities between treatment group and control group, analysis of similarity
revealed no significant difference in the β-diversity between both groups. This finding
is also supported by Venn diagrams demonstrating that the two groups shared a large
proportion of common OTUs after antibiotics exposure. Further testing with larger sample
sizes may be necessary to identify significant compositional differences between antibiotics-
treated and non-treated larvae. These results were inconsistent with the observation on the
yolk-sac larvae of Atlantic halibut showing that antibiotics addition significantly affected its
gut microbiota [6]. Intriguingly, here, antibiotic treatment increased the α-diversity indexes
of oyster larval microbiome communities, indicating that the application of antibiotics did
not result in the suppression of larval microbial numbers.

It has been reported that antibiotic exposure does not eliminate the gut bacteria due
to high levels of resistance in several bacterial members [27]. In contrast to this find-
ing, antibiotic treatment obviously induced the change in larval bacterial compositions
of Kumamoto oyster in this study. In particular, the abundances of Bacteroidetes and
Verrucomicrobia greatly decreased in antibiotics-treated larvae. Bacteroides is a probiotic
bacillus, and can take advantage of various feed carbohydrates as energy [28,29]. Verru-
comicrobia members are known probiotics in aquaculture, and their overrepresentation
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and colonization can promote the homeostasis of gut microbial community in healthy
individuals [30]. However, the Bacteroidetes and Verrucomicrobia members in Kumamoto
oyster larval microbiome were shown to be underrepresented under antibiotics exposure.
The decrease in the abundances of these known probiotics may have a negative effect on
oyster larval growth. Additionally, we observed that Proteobacteria was the most abundant
phylum in Kumamoto oyster larvae, which was consistent with the previous reports on
the larval microbiome of Kumamoto oyster and eastern oyster [8,31]. It is well known
that most members of Proteobacteria are pathogenic, especially Vibrio species [2]. Notably,
we found its enrichment in antibiotics-treated larvae, and this result was also evident
at the finer genus level. For example, potentially pathogenic Photobacterium and Vibrio
affiliated with Proteobacteria were markedly overrepresented in larval microbiome under
antibiotics treatment. It has been shown that juvenile oyster disease is caused by Stappia
stellulata-like strains [32]. Consistently, Stappia showed a substantially proportional increase
in antibiotics-treated larvae. Collectively, these findings indicate that larvae under antibiotic
exposure may be at a high risk for developing diseases due to the underrepresentation of
probiotics and the enrichment of potential pathogenic bacteria. Indeed, probiotic treatment
has been demonstrated to improve the performance of Kumamoto oyster larvae exposed to
virulent Vibrio coralliilyticus [33]. Thus, a new perspective for Kumamoto oyster farming is
to regard the use of probiotics as an alternative to antibiotic use.

It is becoming increasingly clear that eukaryotes have important ecological roles in the
microbiome and health of hosts [34,35]. Previous studies have found the insensitivity of
eukaryotic microbial members to antibiotics [36]. Consistent with this assertion, compared
with larval bacteria, fewer eukaryotes varied at finer taxonomic levels under antibiotics
treatment. Nevertheless, our results showed high variability in eukaryotic microbial com-
positions. This finding may be explained by the weak resistance to environmental change
due to larval organ immaturity [8,37]. Interestingly, dynamic changes of the eukaryotic
microbiota, including the alternation of dominant taxa, were observed between antibiotics-
treated and non-treated larvae in this study. This may be an important finding because
the eukaryotic microbial community and their characteristics in oyster larvae are not as
well studied as the bacterial microbial community. Here, Metazoa was the most abundant
eukaryotic phylum in larval microbiome, followed by Streptophyta. However, antibiotic
treatment did not affect the abundance of Metazoa, indicating that this species was in-
sensitive to antibiotics. In contrast, the relative abundance of Streptophyta was lower in
antibiotics-treated larvae in comparison with non-treated ones, but an opposite trend was
observed in Cercozoa. The fluctuation of these dominant eukaryotes could disturb the
structure of larval microbiome, thereby destabilizing the microbial communities. Under this
scenario, larval microbial-mediated potential functions may be affected. It has been shown
that Cercozoa is abundant in marine habitats, and it serves as a quantitatively important
player in carbon cycles and food webs by preying on diatom and bacteria [38,39]. Notably,
the exposure to antibiotics can cause stress to the immune system of Kumamoto oyster
larvae. Our results showed that the proportion of Cercozoa was enhanced in antibiotics-
treated larvae, which may aid host energy compensation. These results were coincident
with the notion that low-rank organisms can reallocate energy from anabolism to immuno-
logical activity in the environment stress [40,41]. Notably, the abundance of Crassostrea
was detected in tested Kumamoto oyster larvae, which was consistent with the notion of
host species-specific microbial communities [10,13,42]. Putting these pieces together, the
addition of antibiotics altered the structure and compositions of Kumamoto oyster larval
microbiome to some extent.

5. Conclusions

This study allows to obtain a complete profile of the prokaryotic and eukaryotic
microbiota in oyster larvae. Our findings showed that antibiotic treatment perturbed the
larval microbiome, in particular, causing alteration in the dominant taxa. Some potentially
pathogenic microorganisms became abundant in antibiotics-treated larvae, which may
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have a negative impact on oyster larval growth. Further investigation on the effect of
antibiotic exposure on oyster larval survival and immunity is recommended to provide
a more comprehensive understanding of the physiological response of larvae exposed
to antibiotics.
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