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Abstract
Background The use of antibiotics in aquaculture is a common infection treatment and is increasing in
some sectors and jurisdictions. While antibiotic treatment can negatively shift gut bacterial communities,
recovery and examination of these communities in fish of commercial importance is not well
documented. Examining the impacts of antibiotics on farmed fish microbiota is fundamental for
improving our understanding and management of healthy farmed fish. This work assessed yellowtail
kingfish ( Seriola lalandi ) skin and gut bacterial communities after an oral antibiotic combination therapy
in poor performing fish that displayed signs of enteritis over an 18-day period. In an attempt to promote
improved bacterial re-establishment after antibiotic treatment, faecal microbiota transplantation (FMT)
was also administered via gavage or in the surrounding seawater, and its affect was evaluated over 15
days post-delivery.
Results Antibiotic treatment greatly perturbed the global gut bacterial communities of poor-performing
fish – an effect that lasted for up to 18 days post treatment. This perturbation was marked by a
significant decrease in species diversity and evenness, as well as a concomitant increase in particular
taxa like an uncultured Mycoplasmataceae sp., which persisted and dominated antibiotic-treated fish for
the entire 18-day period. The skin-associated bacterial communities were also perturbed by the antibiotic
treatment, notably within the first 3 days; however, this was unlike the gut, as skin microbiota appeared to
shift towards a more ‘normal’ (though disparate) state after 5 days post antibiotic treatment. FMT was
only able to modulate the impacts of antibiotics in some individuals for a short time period, as the
magnitude of change varied substantially between individuals. Some fish maintained certain
transplanted gut taxa (i.e. present in the FMT inoculum; namely various Aliivibrio related ASVs) at Day 2
post FMT, although these were lost by Day 8 post FMT.
Conclusion As we observed notable, prolonged perturbations induced by antibiotics on the gut bacterial
assemblages, further work is required to better understand the processes/dynamics of their reestablishment following antibiotic exposure. In this regard, procedures like FMT represent a novel
approach for promoting improved microbial recovery, although their efficacy and the factors that support
their success requires further investigation.

Introduction
Aquaculture is the fastest growing sector in the food animal industry [1]. However, its development is not
without challenges. Due to the intensive methods used in production, diseases are common and often
require the use of therapeutics. While there are a range of alternative treatment options available (e.g.
probiotics, prebiotics, synbiotics, postbiotics, phytobiotics, phage therapy, or quorum sensing
interference), antibiotics remains the most common therapy used in some aquaculture sectors to treat
microbial infections [2, 3]. Worldwide, 67 antibiotic compounds were reported to be used in 11 of the top
15 highest producing countries, with oxytetracycline, sulphadiazine, and florfenicol the most commonly
used in the industry [4]. In some countries, usage has increased substantially in recent years. For
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instance, antibiotic use doubled over a three-year period (from 143 to 382 tons between 2013 and 2016)
in the Chilean salmon industry, which was largely attributed to the increased use of florfenicol and
oxytetracycline for combatting Piscirickettsia salmonis infection [5]. While antibiotic use varies
significantly between countries due to different laws and regulations [4, 6], there is widespread concern
regarding the development of antimicrobial resistance in the global aquaculture industry and their
broader impacts on the environment [5, 7-10].

The risks posed by the use of antimicrobials also include changes in an animal’s microbiota. Many of the
antibiotics used in the aquaculture industry are considered to be broad-spectrum, and may
indiscriminately act on both the pathogenic and commensal constituents [11]. Perturbation of the gut
microbiota following antibiotic exposure has been reported in various fish species [8, 12, 13] and may be
associated with changes in microbial enzymatic activity, gene expression, and protein and metabolite
synthesis [14]. In humans and other animals, antibiotic use may have prolonged effects on the gut
bacterial composition, leading to widespread perturbations and the extinction of some species [15].
Considering the importance of the microbiota in nutrient metabolism, digestion, and disease resistance
[16], antibiotic-induced changes may be functionally detrimental, impacting the health and fitness of the
animal. Knowledge of the specific impacts caused by select antibiotics as well as strategies that seek to
minimise their effects on the fishes’ microbiota are thus likely to be a critical feature for supporting
optimal performance and productivity of the system.

Prospects for overcoming or improving the inherent effects that antibiotics impose on the microbiota, or
for optimising the overall health and fitness of fish in a production context, are increasing in demand and
have been extensively studied within the last decade. This includes common strategies that aim to
modulate the fish microbiota through the diet in order to improve disease resistance, nutrient digestibility,
tolerance to stress, and reproduction [17]. More recently, however, procedures such as faecal microbiota
transplantation (FMT) have be touted as a prospective, more holistic approach that has the capacity to
improve outcomes by modulating the entire microbial community and facilitating the re-establishment of
defunct species [18, 19]. First developed in 1958 to cure pseudomembranous enterocolitis in humans [20],
FMT has since been used to successfully treat a range of other conditions including, among others,
Clostridioides difficile infection, inflammatory bowel disease (IBD), and obesity [21]. Its role in mitigating
the effects of antibiotics has also been recently demonstrated in humans and mice and has been shown
to be more effective than treatment with probiotics, which instead resulted in a delayed or incomplete
reconstitution of the microbiota [22]. In animal production systems, similar findings have also been
reported for chickens, alongside improvements in nutritional capacity [23]. To the best of our knowledge,
FMT has thus far not been investigated in fish in response to antibiotic-induced microbiota alterations,
although experiments in African turquoise killifish (Nothobranchius furzeri) have demonstrated the power
of the approach, revealing its capacity to restore bacterial diversity in old fish and influence longevity [24].
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In Australia, the commercial production of valuable species, such as yellowtail kingfish (Seriola lalandi),
is impeded by a variety of diseases including fluke infestation and gut enteritis [25, 26]. The latter is
known to occur when fish are farmed at suboptimal temperatures and fed with a high proportion of
soybean meal, although the mechanisms underlying this disease remain poorly understood and have
limited treatment options available beyond antibiotics [26]. Such conditions have also been reported to be
accompanied by changes in the bacterial diversity of the outer mucosa (skin and gills), suggesting a
body-wide response [27]. An improved understanding of the effects of treatments, as well as new
strategies that ameliorate treatment effects on the microbiota of fish suffering from gut disease, are
warranted. Here, we investigated the influence of a novel antibiotic combination-therapy formulated for
broad spectrum activity against a range of microorganisms (comprising commonly used oxytetracycline,
as well as erythromycin and metronidazole) on the gut and skin mucosal microbiota of poor performing
yellowtail kingfish (i.e. those suffering from enteritis); and the prospective role of FMT in gut microbiota
repopulation.

Methods
Study design and experimental set-up
To assess the impacts of antibiotics and FMT on the gut and skin microbiota of yellowtail kingfish
exhibiting symptomatic features of gut disease (as characterised by low body condition and weight loss),
a total of 217 fish with a mean weight of ~1.6 kg were obtained from a single seacage (comprising fish
of the same cohort, though of mixed genetics) under the auspices of a commercial aquaculture enterprise
from temperate waters of southern Australia according to industry best practice veterinary care. Of these,
10 fish were randomly sampled to provide baseline bacterial community composition data. Fish were
transported in a water tanker (with oxygen supplementation) to a research facility and housed in 5,000 L
tanks. Tanks were supplied with seawater at ambient temperature (12.7-14.0ºC; see Additional file 1:
Table S1) from a flow-through system with mechanical filtration (drum filter). Additional water
parameters were also recorded during the length of the experiment such as dissolved oxygen (94-115%
saturation; see Additional file 1: Table S2), pH (7.59-7.73; see Additional file 1: Table S3), salinity (3637‰; see Additional file 1: Table S4), ammonia concentration (<0.25ppm; see Additional file 1: Table S5),
and CO2 concentration (always below detection level). Fish were fed to satiation once a day with the
same proprietary feed formulation used in the commercial operation and were allowed to acclimatise for
3 weeks prior to the investigation. Tanks were flushed once a day to eliminate faeces at the bottom of the
tanks. During acclimation, 15 fish were randomly sampled for histopathological examination to confirm
their condition, revealing mild enteritis (as conducted by an external fish pathologist). After acclimation
(~three weeks), a total of 144 fish were distributed among 12 tanks (n = 12 fish/tank). The lengths and
weights of all fish were recorded following brief sedation in 14 mg/L AQUI-S (AQUI-S New Zealand Ltd.)
solution in surrounding seawater as described previously [26]. The total fish weight for each tank was
recorded with an attempt to make these as even as possible (see Additional file 1: Table S6).
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The experimental design comprised 6 treatment groups: (1) no antibiotic treatment with no FMT
(A-/FMT-); (2) antibiotic treatment with no FMT (A+/FMT-); (3) no antibiotic treatment with FMT via oral
gavage (A-/FMTG); (4) antibiotic treatment with FMT via oral gavage (A+/FMTG); (5) no antibiotic
treatment with FMT via water (A-/FMTW); and (6) antibiotic treatment with FMT via water (A+/FMTW).
Each treatment was replicated across two tanks of 12 fish (Fig. 1). Antibiotic treatment was administered
by oral gavage three days prior to FMT treatment and consisted of a combination therapy comprising
oxytetracycline (200 mg/kg), erythromycin (50 mg/kg) and metronidazole (50 mg/kg) (Sigma-Aldrich),
which was prepared the morning of administration in polypropylene glycol (Sigma-Aldrich). Dose was
determined in consultation with veterinary staff based on existing knowledge from Seriola or other
species and was formulated to maximise the depletion of various types of gram positive and negative
bacteria.

The FMT inoculum comprised the gut contents from 102 x ~3.5-4.5 kg healthy fish from a “healthy”
seacage, where fish showed no signs of disease. The gut contents were obtained by the manual stripping
of fish on-site at the commercial operation, which was immediately transported back to the research
facility on ice for use in the trial on the same day. A total of 110 mL of feacal material was obtained and
was made up to 400 mL in filter-sterilised seawater (as prepared using a 0.22 µm Nalgene™ Rapid-Flow™
filter unit, Thermo Fisher Scientific), and mixed thoroughly by vortexing. The inoculum was subsequently
split into two parts, where one part (200 mL) was inoculated with one capsule (containing ~10 billion
cells, ~5 x107 cells/mL) of the commercial probiotic Lactobacillus rhamnosus GG (LGG®) (Inner Health),
a strain previously reported to have protective effects against pathogen infection [28], while the other part
was left untreated; these are herein referred to as ‘spiked’ and ‘unspiked’ inoculum respectively. FMT was
administered by oral gavage or in the surrounding seawater of the tanks 3 days post-antibiotic treatment,
as described below.

For the treatment groups that received antibiotics and/or FMT via gavage, fish were first sedated in
seawater comprising 14 mg/L AQUI-S (as described above) and then administered the treatment via a
sterile five mL syringe fitted with a soft silicone tube [ø five mm] (Gecko Optical Scientific Equipment,
Australia) that was just long enough to enter the stomach (~17 cm), as guided through a larger [ø 10 mm]
flexible PVC tube. Care was taken to minimise stress by placing the fish on a cushioned surface, covering
with a seawater saturated cloth, and gently restraining the fish during the brief procedure. A total of 1.5
mL of antibiotics and/or three mL of FMT inoculum was administered to each fish during the respective
treatments.

Page 5/32

For the treatment groups that received the FMT inoculum within the surrounding seawater, the water level
of the tanks was dropped to ~1,500 L. The tanks were cleaned to remove any accumulated faecal
material and then 60 mL of the spiked or unspiked inoculum sample was added to a five liter bucket of
seawater which was then added to the respective treatment tanks. Fish were then allowed to bath in the
FMT inoculum treated water with no exchange (though with oxygen supplementation) for three hours
before being refilled to full capacity.

Sampling of fish
Alongside the 10 fish collected for baseline analyses, four fish per treatment/time point (n = 2
fish/replicate tank) were sampled over an 18 day period (i.e. at T0 [three days post antibiotic treatment];
T1 [five days post antibiotic treatment and 2 days after FMT]; T2 [11 days post antibiotic treatment and 8
days after FMT]; and T3 [18 days post antibiotic treatment and 15 days after FMT]) (Fig. 1). From each
fish, a swab of the skin and a scraping of the hindgut was collected. Swabs of the skin were conducted
as detailed earlier using sterile FLOQSwabs® (COPAN) [27]. For the hindgut, the gastrointestinal tract was
first removed, separated from the fore and midgut, an incision made along its length with a sterile scalpel
blade to expose the inner mucosal surface, and a scraping of the entire region obtained using a sterile
glass microscope slide (with care taken to avoid excessive faecal material). Samples were stabilised
immediately in RNAlater™ (Ambion) and stored at -20°C until downstream RNA extraction. In addition,
500 µL aliquots of the spiked and unspiked inoculum sample were placed in 15 mL tubes with 1.5 mL of
RNAlater™ and stored at -20°C until downstream nucleic acid extraction. Finally, one liter of seawater was
also taken from the seacage at the time of the initial fish collection, and one liter from a tank at the start
and end of the experiment (i.e. at T0 and T3).

Nucleic acid extraction, library preparation and Illumina sequencing
To investigate the active and thus likely resident bacterial community constituents, RNA was extracted
from hindgut scrapings, skin swabs and spiked and unspiked FMT inoculum as described previously [27].
In brief, samples were placed into lysing matrix B tubes (MP Biomedicals) containing one mL of ice-cold
RLT buffer supplemented with 1% β-mercaptoethanol v/v (Sigma-Aldrich). Bead-beating was performed
to disrupt the samples using the FastPrep-24TM 5G instrument (MP Biomedicals) at an intensity setting of
5.5 for 45 s. Samples were then placed on ice, disrupted a second time using the same settings, and
centrifuged at 14,000 ×g for 10 min at 4°C. RNA was then extracted from the supernatant using the
RNeasy mini kit (Qiagen) following the manufacturer’s instructions. The Turbo DNA-freeTM kit (Life
Technologies) was used to remove any contaminating gDNA. RNA extracts were then converted to cDNA
using the SuperscriptTM III First Strand Synthesis System (Life Technologies) according to the
manufacturer’s instructions.
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To evaluate the contribution of the surrounding environmental bacterial consortia on the fish microbiota,
DNA was extracted from the seawater samples following filtration onto 0.22 μM NalgeneTM Rapid-FlowTM
filters (Thermo Fisher Scientific) using the FastDNA™ Spin Kit for Soil (MP Biomedicals) according to the
manufacturer’s instructions. In addition, DNA was also extracted from the spiked and unspiked FMT
inoculum samples using the same kit to evaluate the contribution of any taxa not represented in the RNA
extracts. All samples were subsequently concentrated by ethanol precipitation using standard
procedures, quantified using the NanoDrop 2000 spectrophotometer (ThermoFisher Scientific) and stored
at -20°C prior to downstream library preparation.

The V1-V2 region of the 16S rRNA gene was amplified from the extracted cDNA and DNA extracts using
universal eubacterial primers 27F and 338R, as described previously [27], and in conjunction with positive
and negative (no template) PCR reagent controls. Briefly, two μL of cDNA and five μL of each sample
were first subjected to 20 cycles of PCR, whereby one μL of this mixture from the first round was used as
template in a further 15 cycles of PCR for incorporating individual barcodes and Illumina specific
adaptors. Finally, one μL of the resultant mixture was used as a template in a final 10-cycle PCR for
incorporating the Illumina multiplexing sequencing and index primers. Libraries were then purified using
Agencourt AMPure XP beads (Beckman Coulter) and quantified using the Quant-iTTM Picogreen® dsDNA
kit (Life Technologies) before being pooled in equimolar ratios and sequenced on the MiSeq platform
(Illumina, San Diego, CA, United States) using 250 nt paired-end sequencing chemistry through the
Australian Genome Research Facility (AGRF, North Melbourne, VIC, Australia).

Bioinformatics and statistical analysis
Sequence reads were paired using PEAR (v0.9.5) where adapter sequences were also removed [29]. The
merged fastq files were then processed and analysed using the QIIME2 (v2019.1) pipeline [30].
Demultiplexed paired-end sequence reads were truncated to a length of 300 bp, quality filtered and
denoised into amplicon sequence variants (ASVs) using the DADA2 plugin [31]. Sequencing resulted in a
total of 15,187,504 demultiplexed paired-end reads from 214 samples (average of 65,463 reads/sample,
range 7,254 – 159,600). Subsequent denoising, removal of reads associated with mitochondria, filtering
of Eukaryote and unclassified Kingdom (after assigning taxonomy) sequences, and removal of samples
with low coverage (<9,848 reads), resulted in 12,116,464 reads across 211 samples for downstream
analysis. Each sample was rarefied to a depth of 9,848 reads resulting in a total of 8,255 ASVs in the
dataset. Alpha rarefaction revealed sufficient sequencing coverage of the remaining samples (Additional
file 2: Fig. S1). Taxonomy was assigned to each ASV using the q2‐feature‐classifier against the Silva 132
99% OTUs reference sequences resource [32]. Alpha‐diversity metrics (Shannon’s diversity, Pielou’s
evenness, Faith’s phylogenetic diversity and total observed ASVs as a measure of richness) were
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estimated using q2‐diversity. QIIME artefacts were imported into R using the package Qiime2R and plots
were made using Phyloseq and ggplot2 [33]. Beta diversity metrics (Bray-Curtis dissimilarity matrix) and
Principle Coordinate Analysis (PCoA) using the Bray-Curtis matrix were performed with Phyloseq. To
investigate the influence of antibiotic and FMT treatment on the bacterial assemblages, read abundances
for each ASV in the feature table were square-root transformed to down-weight the impact of a few
extremely dominant ASVs. Statistical differences for the univariate measures, such as, alpha diversity
were performed using 2-way ANOVA, accounting for both the treatment (i.e. antibiotic or FMT treatment)
and time. For multivariate measures, significant differences between a priori predefined groups of
samples were evaluated using both two-way and one-way permutational multivariate analysis of
variance (PERMANOVA), allowing for type III (partial) sums of squares, fixed effects of sum to 0 for mixed
terms, and exact p-values generated using unrestricted permutation of raw data [34], using the Adonis
function in R. The function pairwise.adonis with Bonferroni correction was used to investigate the
significance between timepoints when time was a significant factor from the PERMANOVA analysis.
Differential abundance was assessed using Deseq2 with p-value corrected using the default BenjaminiHochberg false discovery rate method, as suggested recently for the analysis of microbiome data with a
small number of replicates per treatment (<20) [35, 36]. In some cases (e.g. for some ASVs), the data
distribution was assumed to not follow a normal distribution, so the non-parametric version of 2-sample
or k-sample tests were performed (e.g. the Mann-Whitney U test or Kruskal-Wallis H test). In order to
quantify the change in magnitude in the bacterial communities after antibiotic and FMT treatment, pairwise comparisons between each pair of samples were made using the Bray-Curtis similarity algorithm,
where a higher value indicates that samples share more ASVs of a similar abundance.

Results
Impact of acclimatisation on the gut and skin microbiota
In order to evaluate the effects of antibiotics and FMT on the gut and skin bacterial communities of
yellowtail kingfish with poor gut health, fish suffering from a putative enteritis were first translocated
from an offshore seacage to a series of onshore treatment tanks where they were allowed to acclimatise
for three weeks prior to commencing the trial. The impact of this change was initially assessed by
comparing a subset of fish sampled at the time of collection from the seacage (n=10) to a group of fish
sampled from the tanks three weeks post acclimatisation (n=12). Ordination of the samples based on
Bray-Curtis dissimilarity matrix revealed independent clustering of the skin and gut samples (Fig. 2a)
(one-way PERMANOVA: Pseudo-F=38.3, p<0.01), as expected. However, the acclimatisation process had
no effect on the global gut bacterial communities (one-way PERMANOVA: Pseudo-F=2.5, p=0.063) (Fig.
2a), with both the seacage and tank fish comprising similar mean relative abundances of the most
dominant ASVs (namely uncultured Mycoplasmataceae and Allivibrio) (Fig. 2b). However, for these and
many of the other ASVs detected in this study, species level assignment could not be determined. The gut
bacterial assemblages of tank fish comprised a number of additional notable ASVs, representing various
genera particularly Brevinema, Vibrio, and an unclassified Spirochaetaceae, while seacage fish also
comprised Pseudoalteromonas, Cobetia and Halomonas (Fig. 2b). Differential abundance analysis
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identified a total of 17 ASVs that were differentially abundant, whereby two were enriched in tank fish
(namely Brevinema and Allivibrio) vs. 15 in seacage fish (which included eight that were associated with
Pseudoalteromonas) (Fig. 2b, Additional file 1: Table S7).

In evaluating the effect of acclimatisation on the skin bacterial communities, a significant difference was
linked to acclimatisation (one-way PERMANOVA: Pseudo-F=14.8, p<0.001, Fig. 2a), as the fish
acclimatised in tanks showed a shift in the ratio of Proteobacteria:Bacteroidetes (P:B ratio) with the
Gammaproteobacteria becoming the more dominant Class (Fig. 2c). Specifically, the mean P:B ratio
changed from <0.5 to >2 after fish were translocated from seacages and acclimatised in tanks for 3
weeks (Additional file 2: Fig. S2). The seawater samples taken from the seacage and the tanks comprised
similar bacterial assemblages and clustered independently to those taken from the skin and gut (Fig. 2a).

Effect of antibiotics on the gut and skin microbiota
To explore the impact of the antibiotic combination therapy on the gut and skin associated bacterial
communities, fish from two tanks treated with antibiotics were compared with fish from two untreated
tanks over a period of 18 days (i.e. at days 3, 5, 11 and 18 days post antibiotic treatment). Antibiotic
treatment had a significant effect on the global gut bacterial communities (two-way PERMANOVA:
Pseudo-F=4.4, p<0.001), with no significant difference over time (Pseudo-F=1.39, p=0.085) and no
significant interaction effect between antibiotic treatment and time (Pseudo-F=0.86, p=0.669) (Fig. 3a),
indicating that the antibiotic effect lasted for up to 18 days. This corresponded with a loss of ASV
diversity and evenness within the gut bacterial assemblages of fish treated with antibiotics (Fig. 3b and
Additional file 2: Fig. S3a), as based on measures of Shannon’s diversity (two-way ANOVA: F=5.36,
p=0.029) and Pielou’s evenness (F=10.98, p=0.003) respectively. No significant differences were observed
for these diversity metrics over time, indicating that the community did not recover over the 18-day period
(p>0.05). However, this did not correspond to a loss in ASV richness or phylogenetic diversity (two-way
ANOVA: p>0.05; Fig. 3c and Additional file 2: Fig. S3b), indicating that ASVs were diminished but not
completely eliminated following antibiotic treatment. To further explore which microbes were susceptible
to the antibiotics, differential abundance analysis of ASVs was performed. Three ASVs were significantly
reduced in the gut of antibiotic treated fish: two associated with Brevinema (Fig. 3d) and one associated
with Aliivibrio (Additional file 1: Table S8). Moreover, an unclassified Mycoplasmataceae related ASV
became substantially more dominant in fish exposed to antibiotic treatment (Fig. 3e). While its
abundance in control fish varied considerably, this ASV was always dominant in fish administered
antibiotics.
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Antibiotic treatment also had a significant impact on the global skin bacterial communities (two-way
PERMANOVA: Pseudo-F=2.74, p<0.01), with the most notable differences occurring up to 3 days posttreatment (Additional file 1: Table S9; Additional file 2: Fig. S4). Changes in the global bacterial
assemblages were also observed over time, irrespective of antibiotic treatment (two-way PERMANOVA:
Pseudo-F=8.41, p<0.001). Despite some disparity in the clustering of samples from antibiotic treated and
control fish, there was a lack of notable difference in the diversity, evenness, richness or phylogenetic
diversity, which is likely due to variation observed among fish within some treatment groups (Additional
file 2: Fig. S5a-S5d). Eight of the total 2672 skin ASVs were significantly more abundant in antibiotic
treated fish compared to the control. These included Tenacibaculum, Oleiphilus, Glaciecola,

Paraglaciecola and an uncultured Saccharospirillaceae (Additional file 1: Table S10).

Impact of FMT on the gut microbiota
To measure the effect of FMT on antibiotic perturbed and unperturbed gut associated bacterial
communities of yellowtail kingfish, fish from 4 tanks administered FMT via gavage and from 4 tanks
administered FMT via water bathing were compared with and without antibiotic pre-treatment (2 tanks
per treatment group). In addition, these treatment groups were also compared to fish from untreated
tanks and tanks that only received the antibiotic treatment (serving as controls). Fish were endpoint
sampled at 0, 2, 8 and 15-days post FMT treatment. In addition, half of FMT-treated tanks were spiked
with a specific-Lactobacillus strain as an internal control (i.e. L. rhamnosus GG or LGG®). However, this
organism was not established or detected in fish receiving this treatment despite its predominance in the
spiked inoculum (Fig. 4a). The unspiked FMT inoculum was also sampled to discern the global catalogue
and active bacterial constituents by sampling the DNA and RNA respectively. A total of 95 ASVs were
detected from DNA, 41 from RNA, and 27 that were detected in both (Additional file 2: Fig. S6). To exclude
the influence of the environment (seawater) on FMT treatment, ASVs from the unspiked inoculum were
also compared with those from the seawater. Of the 562 ASVs detected in seawater, only 13 occurred in
DNA, one in RNA and two occurred in both the DNA and RNA inoculum samples (Additional file 2: Fig.
S6). These two shared ASVs belonged to an unclassified Lactobacillus sp. and Allivibrio and were
predominant in the unspiked inoculum, with the seawater samples only comprising minute counts,
indicating that they likely represent host rather than environmental associated ASVs. The low numbers of
host-associated (gut-derived inoculum) ASVs in seawater highlights the independent nature of the
sampled niches, and is reflected in the independent clustering of the samples as detailed above and
depicted in Fig.2a.

Fish that received FMT following antibiotic treatment clustered independently away from the donor
inoculum as well as to those fish that received FMT without antibiotic treatment, indicating that the
antibiotics had a prolonged effect on the global gut bacterial assemblages and FMT establishment (Fig.
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4b). This is evident by a clear separation of the A+/FMTG and A+/FMTW samples (purple shaded
symbols) from the A-/FMTG and A-/FMTW samples (green shaded symbols). There were no significant
differences between the global bacterial communities of fish who received FMT via water or gavage to
fish who did not receive FMT, in either the antibiotic treated cohort (two-way PERMANOVA: PseudoF=1.23, p-value=0.183) or the non-antibiotic treated cohort (two-way PERMANOVA: Pseudo-F=0.97, pvalue>0.486). However, there was a significant difference in respect to time post FMT in the non-antibiotic
treated cohort (two-way PERMANOVA: Pseudo-F=2.26, p-value<0.01), indicating that any slight
modifications to the global bacterial communities in this treatment group were not static. Indeed, the fish
gut microbiota was significantly different in T1 compared to both T2 (p=0.018) and T3 (p=0.018)
although it did not change from T2 to T3 (p=0.176). In contrast, time had no influence on the bacterial
communities on the antibiotic-treated cohort (two-way PERMANOVA: Pseudo-F=1.34, p-value=0.132).

There was notably high variation between treated fish within the same treatment group/tank. For
example, of the four fish sampled from each treatment at Day 2, two fish from the A-/FMTG and one fish
from the A-/FMTW had global gut bacterial assemblages better resembling the donor inoculum as
indicated by the three symbols clustering closely to the grey crosses on Fig. 4b. This suggests that FMT
treatment via gavage and water did have some impact on some individual fish (despite the PERMANOVA
results on the global bacterial communities above indicating that the effect of FMT was minor). To best
quantify the effect of FMT on establishment within treated fish, the change in resemblance to the healthy
donor inoculum was calculated using the Bray-Curtis (BC) similarity algorithm. This gives a percent
similarity between pairs of samples. First, the mean similarity between the 16 control fish that received no
antibiotic or FMT treatment to the unspiked inoculum was 10.8% (median of 6.5%). This indicates that
the healthy donor fish and the poor performing fish do not share the same ASVs or that the relative ASV
abundance of shared ASVs differ vastly between these fish cohorts. At the RNA level, the inoculum was
dominated by an ASV associated with Aliivibrio (see Fig. 4a), while the remaining ASVs belonged to
uncultured Mycoplasmataceae, Brevinema, Aliivibrio, Vibrio, and Lactobacillus.

By comparing the global gut bacterial communities of both treated and untreated fish to the healthy
donor inoculum, there was a clear shift in both BC% value and diversity in some treated groups at Day 2
post FMT (Fig. 5a-b). For example, there was an increase in diversity in some fish from the FMT via
gavage treatment group, especially in fish treated with antibiotics (A+/FMTG)(Fig. 5b). This increased
diversity was also associated with an increased richness in some individuals (Additional file 2: Fig. S7).
The two fish with high diversity and richness were sampled from different tanks, excluding a tank effect
during the experimental period. As noted above, the fish with greatest similarity to the donor inoculum
belonged to the A-/FMTG and A-/FMTW groups, with similarities to the inoculum of 44-64% (Fig. 5a), a
marked difference from the median value of ~6% for control fish. However, the other fish within these
treatment groups did not have such high similarities to the inoculum (6-8%), suggesting that FMT only
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works on some animals (Fig. 5a). Furthermore, the lower BC% at later timepoints (8 and 15 days post
FMT) indicates that FMT only induced short-lived changes in the bacterial communities.

Of the 79 healthy-donor (RNA/DNA) inoculum ASVs that were not detected in any control fish (A-/FMT-) or
seawater, 17 were detected at least once in the FMT+ treatment groups (11 ASVs in the A-/FMT+ and 6
ASVs in the A+/FMT+). Sixty-two ASVs were only detected in the inoculum and were not found in any fish
from any treatment group or from seawater. A deeper look into those ASVs that were able to be
transplanted or enriched at Day 2 post FMT in these fish that resembled the inoculum included several
Aliivibrio ASVs such as ASV7859, ASV7856, ASV7855, ASV7850 and ASV7849, and a Lactobacillus ASV
(ASV1312) (Fig. 5c).

Discussion
In commercial aquaculture operations, marine fish species are raised either in open water seacages or on
land in tanks. Inherent variations exist between these systems and may have an impact on the fishes’
associated microbiota. For example, the gut bacterial assemblages of Atlantic salmon (Salmo salar)
raised in a recirculation system compared to those from open commercial cages, have been shown to
vary and are associated with the occurrence of unique species in each system [37]. In this study, however,
no significant differences were observed in the global gut bacterial communities between seacage fish
and those that were translocated from seacages and allowed to acclimate in tanks for 3 weeks. Given
that both groups of fish originated from the same seacage and were maintained on the same pelleted
diet, this is not surprising and suggests that any potential stresses imposed on the translocated fish (e.g.
transport and variations in water quality) did not impact their gut communities prior to the
commencement of the trial. In contrast, the global skin bacterial communities differed between seacage
fish and translocated seacage fish acclimated in tanks, where a shift in the ratio of

Proteobacteria:Bacteroidetes (P:B ratio) was apparent due to the increased abundance of
Gammaproteobacteria in fish acclimated in tanks. Given the occurrence of similar types of environmental
(seawater) bacterial assemblages in both systems, it is likely then that other factors may have
contributed to the selection of particular taxa in this instance. This may include factors that contribute to
the physiological stress of the animal (e.g. stocking density, current, swimming and oxygen availability),
which in turn may impact the way in which they respond and regulate their microbiota [15]. This was
recently demonstrated in work reporting on the skin P:B ratio as a biomarker for performance in yellowtail
kingfish, where in comparing wild to farmed healthy and diseased seacage fish, low P:B ratios of <2 were
associated with fish with early stages of disease (compared to > 10 in wild) [26]. In this work, the mean
P:B ratio changed from <0.5 to >2 after fish were translocated from seacages and acclimatised in tanks
for 3 weeks and may suggest a positive change in the balance of the bacterial communities. However,
further work would be required to elucidate whether this corresponds to improvements in the health
status of these fish.
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In poor performing yellowtail kingfish in this trial, the gut bacterial assemblages were dominated by a
number of ASVs relating to uncultured Mycoplasmataceae and Allivibrio. Some additional ASVs were
more abundant in either tank or seacage fish and included, among others, Brevinema in tank fish, and

Pseudoalteromonas in the seacage fish. As the dominant constituent here in poor performing fish, the
occurrence of a single ASV related to an uncultured Mycoplasmataceae raises questions around its
association with disease. As a member of this bacterial family, Mycoplasma have been previously
identified in the gut of other fish such as Atlantic salmon, Chinook salmon (Oncorhynchus tshawytscha),
zebrafish (Danio rerio), common carp (Cyprinus carpio), largemouth bronze gudgeon (Coreius guichenoti)
and rainbow trout [38-44]. While recent genome reconstruction indicates a mutualistic lifestyle of this
organism in the intestine of certain species like Atlantic salmon and hadal snailfish (Pseudoliparis swirei)
[45, 46], for others it has been associated with disease [42]. Members of the genus Allivibrio largely form
part of the natural gut microbiota of various fish (e.g. cods, Atlantic salmon) [47, 48], though certain
species have also been found to be pathogenic (e.g. A. wodanis, A. salmonicida, A. fischeri) [49-51].
Brevinema has been found in the gut of Atlantic salmon and Atlantic cod (Gadus morhua) [52, 53] as well
as in rainbow trout (Oncorhynchus mykiss) with genetic susceptibility to particular pathogens (e.g.
Flavobacterium psychrophylum) [54]. Some members of the genus Brevinema found in Atlantic salmon
have, however, been reported to produce butyrate [53], which may support intestinal barrier function and
mucosal immunity [55, 56]. With other dominant constituents found here (e.g. Pseudoalteromonas) also
reported to comprise both pathogenic [57] and beneficial (probiotic-like) species [58-61] questions thus
remain around their role and changes in abundance between cultivation systems and requires further
elucidation, particularly given the inability to resolve many of the ASVs to a species level in this study.

Antibiotic treatment (consisting of a combination therapy comprising oxytetracycline, erythromycin and
metronidazole) had a notable impact on these taxa (e.g. uncultured Mycoplasmataceae and Brevinema),
and the bacterial communities more broadly. Specifically, in the gut, a shift in the global bacterial
assemblages was evident immediately in response to the treatment and was marked by a loss of species
(ASV) diversity and evenness, which did not recover over the 18 day period. Despite this, the species
(ASV) richness did not change substantially over this period, indicating that while antibiotic treatment
had a significant effect on these assemblages, many of the species were likely diminished but not
completely eliminated. This raises questions around whether these populations have the capacity to
return to their ‘original’ composition over a prolonged period (in this case beyond 18 days), or whether
they are likely to remain in (and continue to evolve from) an altered state after antibiotic treatment.
Studies from other fish species have also demonstrated the notable effects that antibiotics may have on
the gut microbiota. For example, a loss of gut diversity was observed in Atlantic salmon following
oxytetracycline treatment [62], in channel catfish (Ictalurus punctatus) following florfenicol treatment [63],
in fathead minnow (Pimephales promelas) after triclosan use [64] and in zebrafish following olaquindox
treatment [65]. In contrast, in some cases, it has been reported that antibiotic treatment may even
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increase or cause a shift in species diversity, as shown for Atlantic salmon and zebrafish [12, 13], and
pacu (Piaractus mesopotamicus) [8] respectively. This is pertinent given that changes in diversity and
evenness within the gut has been suggested to influence functional capacity and disease resilience [66].
While contentious, the consequences of this may be significant, particularly where the communities fail to
recover over an extended period, as observed here. Attempts to investigate the functional changes in
these communities in response to antibiotic treatment (e.g. using metagenomics or metatranscriptomics)
is thus warranted.

Antibiotic treatment also had a significant impact on the global skin bacterial communities, with the most
notable differences occurring up to 3 days post-treatment. Unlike the gut though, global changes were
also observed to occur with time (irrespective of antibiotic treatment), indicating that while antibiotic
treatment may have immediate, broader effects outside of the gut, the skin communities are also
inherently more dynamic. This was further exemplified by the notable variation observed between
individuals, which obscured any apparent differences in the diversity, evenness, richness or phylogenetic
diversity. Instead, several ASVs were found to be significantly enriched in the skin of antibiotic treated
fish, particularly Tenacibaculum. This is a concern, as this genus encompasses numerous pathogenic
species which have the capacity to cause serious ulcerative disease (tenacibaculosis) in a wide range of
marine fish species [67-69]. In other fish, treatment with antibiotics has also been shown to have negative
effects that extend across the mucosal surfaces. For example, rifampicin exposure (via bathing rather
than oral administration) led to the reduction of both the skin and gut associated microbial diversity in
western mosquitofish (Gambusia affinis) [70] and led to an increase in the susceptibility to certain
opportunistic pathogens and stressors, and a failure to thrive over a prolonged period. Furthermore, it was
shown that while these communities stabilise during recovery, they do not appear to return to their
original state in the short-term (~1 week). In some fish such as sea bass (Dicentrarchus labrax), it has
also been shown that recovery over the longer term (~ 3 weeks following oral administration of
oxytetracycline) may vary between the different mucosal surfaces, with the communities associated with
the skin reported to be more resilient to those of the gills [71]. In support of this, we also observed here a
greater disparity in the effects of antibiotic treatment on the gut rather than the skin bacterial
communities. While we cannot exclude the possibility that variations in dosing may have contributed to
this finding (e.g. from partial or complete regurgitation of the administered antibiotics), it is likely that this
was due to the mode in which the antibiotics were delivered, whereby in this case initial exposure and
uptake occurred first in the gut followed by its subsequent dissemination through the body and into the
outer mucosal surfaces. Further variations in the specific pharmacokinetics of the antibiotics, however,
may also be a contributing feature, particularly given the low level of absorption (< 3% of the
administrated dose) reported for antibiotics like oxytetracycline in other fish species [72]. The approach to
antibiotic administration and treatment should thus be extended to include varied and alternative dosing
regimens.
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To further assess for which taxa were affected by the antibiotics, differential abundance analysis was
performed, revealing three ASVs that were significantly reduced in the gut of antibiotic treated fish (two
associated with Brevinema and one associated with Aliivibrio) and one that became substantially more
dominant (namely an unclassified Mycoplasmataceae sp.). As stated above, the antibiotic treatment
administered in this study comprised a combination of agents (namely oxytetracycline, erythromycin and
metronidazole), which together have the capacity to target a wide range of both gram-positive and gramnegative organisms. Given that both Brevinema and Allivibrio are gram-negative (microaerophilic or
facultative anaerobic) bacteria [73, 74], their depletion following treatment was not surprising. What was
unexpected, however, was the increase in dominance of an ASV representing an unclassified

Mycoplasmataceae species. As a member of this bacterial family, Mycoplasma are characterised by a
lack of cell wall around their membrane which makes them resistant to antibiotics targeting cell wall
synthesis such as beta-lactams, glycopeptides and fosfomycin [75]. However, oxytetracycline (a
tetracycline) is known to be an effective treatment for Mycoplasma infections as it targets protein rather
than cell wall synthesis [76]. In addition, erythromycin (a macrolide) and metronidazole (a nitroimidazole)
are also both inhibiters of protein synthesis [77, 78], thus their mode of action should presumably have
contributed to the depletion (rather than the increase in abundance) of Mycoplasma. Despite this, it has
been found that this genus can quickly develop resistance to both macrolides and tetracyclines [79].
While it is tempting to postulate then that such mechanisms may have led to its increase in abundance
here, it is important to note that it could have equally been depleted following antibiotics but remained at
a high relative abundance because of the depletion of other taxa. Nevertheless, given the inherent
parasitic nature of the Mycoplasma [80], it would be prudent to further investigate changes in their actual
abundance in response to antibiotic treatment (e.g. using qPCR) in a farm setting more broadly, as well
as the likely resistance mechanisms encoded within its genome, and would support an improved
understanding of its role in yellowtail kingfish health.

Since antibiotic exposure can perturb the microbiota and may have possible consequences for the health
of the animal, attempts have been made in helping the microbiota recover to re-establish homeostasis.
Traditionally, this has included, among others, the use of various probiotic microorgansims. For instance,
within black molly (Poecilia sphenops) the administration of native probiotics (namely Phaeobacter
inhibens and Bacillus pumilus) following antibiotic exposure led to improved disease resistance to
pathogenic Vibrio species [81]. In this study, we attempted to introduce a purported probiotic

Lactobacillus species (L. rhamnosus GG or LGG®, of human origin) in conjunction with FMT, which was
previously used to improve disease resistance and the immune response in other fish species [82].
However, this organism was not detected in any of the samples here. While this suggests that this strain
may thus not be able to colonise the mucosal surfaces of yellowtail kingfish, further validation using
more sensitive approaches like qPCR would be required. Despite this, other differentiable Lactobacillus
related ASVs were detected in the gut samples following FMT treatment, indicating that these organisms
may naturally occur in yellowtail kingfish as part of a broader group of other lactic acid bacteria (LAB)
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reported in finfish [83]. In this regard, the use of autochthonous probiotics for this species would be more
appropriate and would likely improve the prospect of successful establishment within the gastrointestinal
tract. Recently, a total of 11 isolates (including members of Shewanella, Psychrobacter, Acinetobacter)
from yellowtail kingfish was discovered but further work is required to evaluate their potential benefits in
the farming of this species [84].

As an alternative, more holistic biological approach for modulating the gut microbiota, FMT was also
investigated in this study and was administered to a total of 96 poor-performing yellowtail kingfish.
Alongside groups of fish that solely received or were administered FMT following antibiotic pre-treatment,
two approaches to FMT were evaluated. As strategies used previously for fish [24, 85, 86], this included
the direct delivery of a single FMT inoculum via oral gavage, and the indirect delivery of this inoculum via
bathing in a reduced volume of seawater for a prolonged period (~three hours). To elucidate the effects
of FMT and the approach to its administration, end-point samples of both the gut and skin were
evaluated over a 15-day period (i.e. at 0, 2, 8 and 15-days post FMT administration). Although no
significant differences in the global bacterial communities were observed between the FMT treated and
control groups of fish (regardless of the route of administration), any broad effect of FMT was masked
by the notable variation apparent between individuals. Despite this, samples from several of the oralgavage and seawater bathed FMT-treated fish appeared to cluster more closely to the FMT donor
inoculum samples, indicating some level of impact. Indeed, for some fish, a similarity with the donor
inoculum of up to 64% was observed (compared to only ~6% for the control fish) and was most notable
at Day 2 post FMT treatment. Much lower similarities were observed, however, at the later time points (i.e.
at 8 and 15 days post FMT delivery) and for many of the other fish, thus indicating that FMT may only
induce short-lived changes in certain individuals. While it is unclear why this was observed, likely
explanations may include variations in the “colonisation resistance” of the respective gut communities to
the introduction of exogenous microorganisms; a feature that has been suggested for humans and
rodents and purported to be exacerbated by treatment with antibiotics [87, 88]. Further investigations into
the mechanisms that contribute to resilience would thus be pertinent for improving the efficacy of FMT.

While it is not possible to completely exclude variations in the initial composition of the microbiota
between fish in the individual treatment groups (due to end-point sampling), the gut bacterial
assemblages of the poor-performing control fish at the beginning of the trial were markedly different to
those from the healthy donor inoculum (as derived from 102 healthy seacage fish), and suggests that
other factors may have contributed to the higher similarities observed for these select individuals. As
postulated in studies using FMT to modulate the gut microbiota of killifish [24], such findings may also
include variations in the fish’s immune response and its capacity to influence establishment. Furthermore,
genetic diversity is also known to shape the selection of the host microbiota [89-91], potentially resulting
in the varied responses to FMT among the same population of fish. Considering that these fish came
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from a cohort comprising mixed genetics, this may in part also explain why only a small proportion of the
total ASVs detected in the inoculum (i.e. 17/79) were observed in the FMT treated fish and may reflect a
limitation of the current approach. Nevertheless, given that certain dominant constituents prone to the
antibiotic treatment were able to be transferred to select individuals (e.g. Allivibrio spp.), this suggests
that FMT has some capacity to influence the microbiota (irrespective of whether it is delivered directly or
indirectly) and warrants further investigation. This should include strategies used elsewhere to improve
and prolong its effects in other animals, e.g. through the administration of multiple consecutive doses of
the FMT inoculum and by pre-treating the inoculum to support the survival of potentially fastidious
constituents [92] or by using material derived from wild (rather than healthy farmed) individuals for
restoring potentially ‘extinct’ autochthonous taxa [93]. In addition, given the profound impacts FMT
mediated gut microbiota alterations can have on the animal’s health (as recently demonstrated in Pacific
white shrimp, Litopenaeus vannamei [94]), further work is also required to elucidate the role of FMT in
modulating the health outcomes in yellowtail kingfish.

Conclusion
In this study, the impacts of antibiotics on the gut and skin microbiota of a commercially important
farmed finfish species Seriola lalandi (yellowtail kingfish) was investigated. The oral administration of a
broad-spectrum antibiotic combination therapy in poor-performing fish significantly perturbed the global
gut and skin bacterial assemblages and led to the loss of key constituents and the concomitant
enrichment of potentially opportunistic species. Unlike the gut where a prolonged effect was observed,
the bacterial assemblages of the skin appeared to be dynamic and inherently more resilient to the
treatment (likely due to the varied pharmokinetics of the compounds), and shifted towards a more
‘normal’ (though disparate) state over the recovery period. Given the increasing awareness of the role the
microbiota plays in supporting host health, attempts to restore changes exerted by the antibiotic
treatment on these bacterial communities was undertaken using faecal microbiota transplantation
(FMT). As derived from a population of healthy farmed yellowtail kingfish, FMT was delivered both
directly (via oral gavage) and indirectly (through the surrounding seawater). Despite the lack of notable
global changes in the gut bacterial communities in FMT treated fish, for some individuals the effect was
profound (regardless of the mode of delivery) and was associated with a change in the bacterial
composition that more closely resembled that of the donor inoculum. Though short-lived, this suggests
the potential of FMT for modulating these communities. Further work is required, however, to improve the
approach (e.g. using more varied, pre-screened inoculums) and to evaluate its capacity to influence
health in yellowtail kingfish. To this end, metagenomic and/or metatranscriptomic methods would
represent useful tools for supporting an improved understanding of the global functional changes in
these communities in response to these treatment regimens.
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Fig. S1: Rarefaction plot of all samples analysed in this study.

Fig. S2: Stacked barplots presenting the mean relative abundance (%) of the top 10 bacterial Phylum
found in the seawater (SW) and on the skin of fish, comparing fish housed in seacages and those
relocated and acclimatised in tanks.

Fig. S3: Means plots showing the change in mean value of Pielou’s evenness (a) and Faith’s phylogenetic
diversity (b) in the gut bacterial communities, over the 18-day treatment period (from n=4 fish).

Fig. S4: PCoA plot representing Bray-Curtis similarities comparing the change in global skin bacterial
assemblages after treatment with antibiotics (+) over 18-days, with those fish that did not receive
treatment (-).

Fig. S5: Means plots showing the change in mean value of Shannon’s index of diversity (a), Pielou’s
evenness (b), total observed ASVs (as a measure of richness) (c) and Faith’s phylogenetic diversity (d) in
the skin bacterial communities, over the 18-day treatment period (from n=4 fish).
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Fig. S6: Venn diagram showing the distribution of unique and shared ASVs in the seawater, and the DNA
and RNA inoculum samples. The total number of ASVs within each group are denoted in parentheses.

Fig. S7: Mean plot presenting the mean number of observed ASVs for the different treatment groups;
A-/FMT-, A+/FMT-, A-/FMTG, A+/FMTG, A-/FMTW and A+/FMTW over 15 days post FMT (mean from n=4
fish).

Figures

Figure 1
Overview of the experimental design of the study. A total of 6 treatment groups were compared and
included no antibiotic treatment with no faecal microbiota transplantation (A-/FMT-); antibiotic treatment
with no FMT (A+/FMT-); no antibiotic treatment with FMT via gavage (A-/FMTG); antibiotic treatment
with FMT via gavage (A+/FMTG); no antibiotic treatment with FMT via water (A-/FMTW); and antibiotic
treatment with FMT via water (A+/FMTW). Each treatment was replicated across 2 tanks. Antibiotic
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treatment was administered by oral gavage 3 days prior to FMT, with sampling conducted at: T0 =
immediately prior to FMT; T1 = 2 days post FMT; T2 = 8 days post FMT; and T3 = 15 days post FMT.

Figure 2
Impact of acclimatisation on the gut and skin microbiota of yellowtail kingfish. a) PCoA plot representing
Bray-Curtis similarities comparing global bacterial assemblages between sample types (gut, skin and
seawater) from fish housed in seacages and those relocated and acclimatised in tanks. b-c) Stacked
barplots presenting the mean relative abundance (%) of the top 20 most abundant bacterial ASVs found
in the gut of fish and the top 10 bacterial Classes found in the seawater (SW) and on the skin of fish,
respectively, comparing fish housed in seacages and those relocated and acclimatised in tanks.
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Figure 3
Effect of antibiotics on the gut microbiota of yellowtail kingfish. a) PCoA plot representing Bray-Curtis
similarities comparing the change in global gut bacterial assemblages after treatment with antibiotics (+)
over 18-days, with those fish that did not receive treatment (-). b-c) Means plots showing the change in
mean value of Shannon’s index of diversity and total observed ASVs (as a measure of richness),
respectively, over the 18-day treatment period (from n=4 fish). d-e) Boxplots presenting the median and
IQR of the relative abundances of the summed Brevinema-associated ASVs and a single ASV associated
with Mycoplasmataceae (ASV1452), respectively, comparing fish treated and not treated with antibiotics.
The level of significant difference is denoted by *p≤0.05, **p≤0.01 or ***p≤0.001, following the MannWhitney U test.
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Figure 4
Impact of FMT on antibiotic perturbed and unperturbed gut microbiota. a) Stacked barplot presenting the
mean relative abundance (%) of the top 20 bacterial ASVs found in the healthy donor inoculum compared
to the fish from the different treatment groups; A-/FMT-, A+/FMT-, A-/FMTG, A+/FMTG, A-/FMTW and
A+/FMTW. Mean from n=4 fish. b) PCoA plot representing Bray-Curtis similarities, comparing global gut
bacterial communities between the treated (antibiotic and/or FMT) and untreated fish to the donor
inoculum, comparing treatment effects for 15 days post FMT.
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Figure 5
Impact of FMT on antibiotic perturbed and unperturbed gut microbiota. a-b) Line plot presenting the
mean Bray-Curtis similarity to the donor inoculum and mean Shannon’s index of diversity, respectively, for
the different treatment groups; A-/FMT-, A+/FMT-, A-/FMTG, A+/FMTG, A-/FMTW and A+/FMTW over 15
days post FMT (mean from n=4 fish). c) PCoA plot representing Bray-Curtis similarities, comparing global
gut bacterial communities between the treated (antibiotic and/or FMT) and untreated fish to the donor
inoculum at Day 2 post FMT, with superimposed wedges indicating the relative abundance of the 12
most abundant ASVs in the RNA component of the donor inoculum. Wedge size is proportional to its rank
order across all samples, whereby large wedges indicate those ASVs that had the greatest ranked
abundance between samples, and the smallest wedges having the lowest ranked abundance between
samples.
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