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Received: 19 April 2016 . The exposure of fish to environmental free-living microbes and its effect on early colonization in the gut
Accepted: 30 August 2016 have been studied in recent years. However, little is known regarding how the host and environment
Published: 27 September 2016 : interact to shape gut communities during early life. Here, we tested whether the early microbial
. exposure of tilapia larvae affects the gut microbiota at later life stages. The experimental period was
divided into three stages: axenic, probiotic and active suspension. Axenic tilapia larvae were reared
either under conventional conditions (active suspension systems) or exposed to a single strain probiotic
(Bacillus subtilis) added to the water. Microbial characterization by lllumina HiSeq sequencing of 16S
rRNA gene amplicons showed the presence of B. subtilis in the gut during the seven days of probiotic
application. Although B. subtilis was no longer detected in the guts of fish exposed to the probiotic
after day 7, gut microbiota of the exposed tilapia larvae remained significantly different from that of
the control treatment. Compared with the control, fish gut microbiota under probiotic treatment was
less affected by spatial differences resulting from tank replication, suggesting that the early probiotic
contact contributed to the subsequent observation of low inter-individual variation.

The gut microbiota influences a wide range of biological processes in humans'?, domesticated terrestrial ani-
mals** and fish>®. In fish, despite the significant contribution of several studies on gut microbiota, the current
understanding of the functional significance of microbial fluctuations lags well behind that of terrestrial verte-
brates. Apart from a few pathogens, host-microbe interactions in fish remain poorly understood. One reason is
that the fish gut microbiota is dependent on the aquatic environment. Furthermore, compared with terrestrial
animals that undergo embryonic development within an amnion, fish larvae are released into the water at an early
ontogenetic stage, when their digestive tract is not yet fully developed and their immune system incomplete”.
Thus, the use of probiotics in aquaculture is particularly effective during early ontogenetic stages, where large
mortalities are commonly observed.

Live microorganisms that confer a health benefit to the host have been demonstrated as useful in aquaculture®.
Probiotics reduce infections caused by bacterial pathogens”’ and have been successfully used as immunostim-
ulants'®-'? and growth promoters in fish and shrimp®'. However, probiotic strains often only transiently colo-
nize the gut and quickly fall below detection limits”!'*-!. For ingested bacteria to proliferate and persist within
“resident” microbiota, these microorganisms must adapt to the environmental conditions inside the gut, such as
nutrient availability, pH and digestive enzymes'®. The ability of a probiotic strain to survive and successively pro-
liferate in the gut after the cessation of probiotics administration is both host- and probiotic strain-dependent and
is highly determined by the mode and duration of administration (through water or feed)®. Based on the present
level of understanding, the colonization dynamics of fish gut microbiota remain largely stochastic and are affected
by gut habitat (i.e., physiology, anatomy) and host genotype*-22. Yin et al.?® suggested that in newly hatched
chicks, it is possible to steer gut microbiota by feeding bacterial diets (caecal inocula), leading to the develop-
ment of distinct communities. In a recent study, we observed that tilapia larvae fed with different microbial diets
(sludge-based) developed distinct gut microbiota, although all larvae also shared a large number of species®. It
is likely that those shared species resulted from larval contact with a common water source after hatching and
prior to the first feeding. However, the host-specificity for a particular microbial species modulated by selective
pressures within the host gut cannot be excluded.
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Figure 1. Experimental set-up during the 28-day experimental period. The period was divided into three
different stages: Axenic, Probiotic and Active suspension. The numbers in parentheses indicate the initial
number of eggs/larvae distributed in the tanks/chambers at each experimental stage. P-CH: Probiotic chamber,
C: control treatment, P: Probiotic treatment. 1, 2 and 3: Replicate tanks 1, 2 and 3.

Bacillus subtilis is a Gram- and catalase-positive, rod-shaped, facultative, anaerobic and endospore-forming
bacterium observed in air, water, soil and the gastrointestinal tract of humans and animals*>-2%. Several Bacillus
spp. (including B. subtilis) have been commonly used as probiotics in aquaculture, reflecting their antimicrobial
activity against common fish and shrimp pathogens. The beneficial properties of these microbes primarily reflect
immune system enhancement (phenoloxidase activity, phagocytic activity and clearance efficiency), competitive
exclusion or antibacterial substance production?-%. In addition, probiotic treatment with B. subtilis enhanced the
growth and viability of beneficial lactic acid bacteria in the guts of humans and animals®.

Prior to investigating the potential probiotic properties of B. subtilis in Nile tilapia, the scope of the present
study was to assess the impact of the early microbial contact of tilapia larvae on the tilapia gut microbial assembly
during later ontogenetic stages. We hypothesized that administration of the probiotic strain to fish larvae early
in life, when the gut microbiota is still developing, enhances gut-colonization success and therefore leads to the
development of distinct gut communities, even after the fish are exposed to conventional husbandry conditions
in active suspension systems.

Methods

Ethics statement. This experiment was performed in accordance with Dutch regulations regarding the use
of experimental animals and approved by the Ethical Committee of Wageningen University for animal experi-
ments (Project Name: Promicrobe; Registration code: 2011076.¢).

Experimental design. The experimental period was divided into three stages: axenic, probiotic and active
suspension. The first two stages were conducted under laboratory conditions, while the third stage was con-
ducted under normal rearing conditions at the Aquatic Research Facility of CARUS, the Animal Experimental
Facility of Wageningen University. The total experimental period was 28 days, which is considered sufficient for
major ontogenetic changes to occur in tilapia until larvae enter the early juvenile stage*. First, from two days
post-fertilization, the eggs were reared under axenic conditions for seven days (Days 1-7). Subsequently, the
axenic larvae were split into two groups. Half of the larvae was divided over three replicate active suspension
tanks, i.e., C1-3 (from day 8 to 28), while the other half was divided over two probiotic chambers (P-CH1 and
P-CH2). Probiotic bacteria were supplied for seven consecutive days (days 8-14), after which the larvae from
these probiotic chambers were divided over three active suspension tanks (P1-3), where these fish were further
raised for another 14 days (day 15-28) (Fig. 1). Throughout the text, “Control (C) treatment” refers to the axenic
larvae directly transferred into xenic active suspension tanks, whereas “Probiotic (P) treatment” refers to the
axenic larvae initially exposed to the probiotic strain and subsequently transferred to active suspension tanks.

Axenic conditions. To diminish the effects of water microbiota on early gut colonization, the larvae were
initially reared under axenic conditions according to Situmorang et al.*!. Briefly, two days post-fertilization eggs
were washed from the mouth of an adult female Nile tilapia. Upon collection, the eggs were immersed in 30%
hydrogen peroxide (Merck-Millipore, Amsterdam, The Netherlands) and diluted in autoclaved synthetic fresh-
water (ASF) with a final active peroxide concentration of 2g L~! for 10 min at 26 & 1 °C. The synthetic freshwater
contained 96 mg L~! NaHCO;, 60 mg L~! CaSO,-2H,0, 60 mg L~! MgSO, and 4 mg L~! KCl in nanopure water**.
The eggs were subsequently washed four times with 250 mL of 0.2 pm-filtered ASF at 26 + 1 °C to remove loose
bacteria and damaged eggs. Twenty-four hours later, a second disinfection was conducted using 100 mL of NaClO
(14%) in 1L of ASE, following the same immersion protocol as described for day 1. During the immersion, the
beakers were occasionally shaken to ensure the optimal penetration of disinfectant into the eggs. This disinfection
method was applicable only prior to egg hatching, as this strategy was considered unsafe or lethal for larvae*!.
On day 3, as soon as the eggs began to hatch, the disinfection process was conducted by the immersion of eggs/
larvae into 1L of ASF containing 100 mg/L Bronopol (2-bromo-2-nitropropane-1,3-diol; Sigma-Aldrich 13,470-
8, Zwijndrecht, The Netherlands) for 30 min. Bronopol disinfection was performed daily from day 3 to 7 during
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the axenic stage. All disinfection procedures were performed in a laminar flow hood, and all equipment and tools
were autoclaved prior to use.

Following disinfection on day 3, the hatched eggs were aseptically distributed into 2-L sterile glass bottles
(Duran GL45) containing 500 mL axenic incubation medium (Table S1) and incubated at a density of 300 eggs L.
Air was provided to the bottles through a filter (0.25 um, Whatman) from a single port safety cap (Duran DG),
and the bottles were placed in a moving water-bath (Julabo SW23, 110rpm at 27 °C). During the axenic period
(day 1 to 7), the larvae were not fed.

On day 8, a total of 144 axenic larvae were equally distributed into the two probiotic chambers and exposed
to the probiotic bacteria, whereas 120 larvae were equally distributed into the three AS aquaria and exposed to
conventional (control) rearing conditions (see below for details).

Probiotic conditions. To rear the larvae during the probiotic stage a custom-made cabinet was used (Figure S1).
The larvae were reared in two custom-made 2-L glass chambers installed inside the cabinet. The air in the cab-
inet was pressurized, and the internal surfaces were sterilized at hourly intervals through UV irradiation. The
chambers were water-heated at 27 + 1 °C using the space available within the double-layered outer glass wall. Air
was supplied through 0.25-pum syringe filters (Whatman) placed on single port safety caps (Duran DG). Larvae
collection and water replacement were conducted through a bottom outlet valve (Figure S1). The larvae were
sieved and washed with ASF daily and subsequently externally disinfected with Bronopol solution (100 pl/L) for
30 min (see axenic stage disinfection from day 3 onwards). The incubation chambers were replaced daily with
autoclaved chambers.

The probiotic strain, B. subtilis (Microbiologics 0269P, Mijdrecht, The Netherlands), was grown for 24 h on
E-type agar containing 15g L~! bacteriological agar type E, 10g L™! Tryptone, 5g L™! NaCl, and 5g L™! yeast
extract powder in 1L of demineralized water. The bacterial colonies were further cultured in 100 mL of liquid
medium containing 7g L~! K,HPO,, 2.0g L-! KH,PO,, 1.0g L~! (NH,),SO,, 1.0g L~! glucose, 0.5g L~! sodium
citrate, and 0.1 g L~! MgSO,.7H,0 in demineralized water for another 24 h. Prior to use, the cultures were centri-
fuged for 7min (8000 x g) to pellet the B. subtilis. The supernatant was discarded, and the cell density was adjusted
to 1 x 107 cfu mL~! with 1.5L ASF water as spectrophotometrically determined by optical density (ODgq,)
(Bio-Rad SmartSpec 3000). In the probiotic chambers, the water containing B. subtilis was replaced daily.

Active suspension tanks. Six 20-L aquaria, each connected to a separate 120-L active suspension tank
(AST), were used for rearing the larvae under conventional conditions. One month prior to the experiment, 10
adult tilapias were stocked per AST to initiate microbial growth. Prior to the addition of the axenic larvae, adult
tilapias were removed, and the water from all six ASTs was mixed and re-distributed over the tanks. Water and
suspended solids in the ASTs were constantly mixed and aerated, while the temperature was maintained at 27 °C.
Total ammonia nitrogen (TAN-N), nitrite (NO,-N), nitrate (NO;-N), dissolved oxygen (DO), pH and temper-
ature (°C) were monitored daily in each AST.

During their first week in the ASTs (day 8 to 14), the larvae from the control treatment and in the probiotic
chambers were not fed (Fig. 1). On day 14, the larvae from both probiotic chambers were mixed and redistributed
over the three active suspension tanks (40 larvae/tank). Thereafter, the larvae from both treatments were fed
daily to apparent satiation (30 min) at 09:00, 12:30 and 16:00 with a commercial crumble larval feed (Skretting
Gemma Wean MO0.5, 300-500 um, 58% crude protein, 17% crude fat, 10% ash, 0.6% fibre and 1.3% phosphorus).
The feed was divided into daily portions of 4g in 15-mL Falcon tubes and subsequently sterilized with cobalt-60
gamma irradiation at 25 kGy (Synergy Health, Ede, The Netherlands) prior to the experiment to minimize the
viable microbial load entering with the feed, and the 16 S ribosomal RNA (rRNA) gene-targeted PCR using DNA
extracted from irradiated feed did not yield any products.

Verification of axenic and probiotic conditions by cultivation. During the axenic and probiotic
stages, daily samples of the culture medium, eggs and media/water were monitored for the presence of viable bac-
terial cells. The eggs, larvae and 1 mL of water were separately added into 10 mL of liquid medium (as previously
described for B. subtilis) and incubated at 37 °C for 24 h. The next day, the samples were streaked onto 2YT agar
(Biotrading K604P090KP, Mijdrecht, The Netherlands) and incubated for 24 h at 37 °C. At 48 h after inoculation,
the agar plates were visually assessed for microbial growth.

Sampling of gut and water for bacterial community profiling.  For each of the aquaria/chambers, the
gut samples from four larvae were collected on days 14, 21 and 28 (Table S2, sample meta-data), and the water was
also sampled from each aquarium/chamber after filtering 1 L of water through 0.45- and 0.2-pm membrane filters
(Millipore HAWP-04700 and Millipore GTTP-04700). All samples were frozen in liquid nitrogen and stored
at —80°C until further analysis. All gut and water samples were stored and individually analysed. The detailed
protocols on gut and water sampling are described in Giatsis et al.*.

Bacterial community profiling. DNA was extracted from gut samples using the DNeasy Blood & Tissue
Kit (Qiagen, Venlo, The Netherlands) according to the manufacturer’s protocol, with some modifications®.
For DNA extraction from the water samples, the FastDNA SPIN kit for soil (MP Biomedicals, Ohio, USA) was
used. The DNA concentrations were measured with a NanoDrop ND-1000 spectrophotometer (NanoDrop®
Technologies, Wilmington, DE), and the DNA samples were stored at —80 °C until further use. Detailed proto-
cols on gut and water DNA extraction are described elsewhere®.

For 16S rRNA gene-based microbial composition profiling, barcoded amplicons from the V4 region of 16S
rRNA genes were generated by PCR using the 515F and 806R primers*. Seventy different barcodes were used
per library, in which the forward and reverse primer of one sample always carried the same barcode. The primer
sequence and barcode were separated by a 2-nucleotide linker sequence (GA for 515F and CG for 806R). The
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extracted DNA was diluted to a concentration of 20 ngpL™! based on NanoDrop (NanoDrop Technologies,
Wilmington, DE) spectrophotometric readings. The PCR conditions, DNA purification and library preparations
were performed according to Giatsis et al.?*. The nucleotide sequences were generated using an Illumina HiSeq
2000 sequencer at GATC-Biotech, Konstanz, Germany. Raw sequence data were deposited into the Sequence
Read Archive (SRA) at the NCBI under accession number SRP062681.

NG-Tax, an in-house pipeline, was used for the analysis of the 16 S rRNA gene sequencing data®. Briefly,
paired-end libraries were filtered to contain only read pairs with perfectly matching barcodes, and these barcodes
were used to separate reads according to sample. The operational taxonomic units (OTUs) were assigned and
classified using an open reference approach and a customized SILVA 16 S rRNA gene reference database?®.

Data handling and statistical analysis. The Bray Curtis dissimilarity was calculated based on square
root-transformed relative abundance data. Principal coordinate analysis (PCoA) was performed to represent the
samples in a low dimensional space; thus, the relative distances of all points represent the relative dissimilarities
of the samples according to the Bray Curtis index. All statistical analyses were performed using the multivariate
statistical software package Primer V7 (Primer-E Ltd, Plymouth, UK). BLAST searches were used to identify
the closest relatives of selected OTUs (members of the genus Bacillus)*’. Multiple sequence alignments of the
sequences were performed in ClustalW2-Phylogeny using neighbour-joining as the clustering method, and the
corresponding Newick tree file was visualized using a phylogram constructed in Treedyn*.

Results
Axenic stage. In total, 380 fertilized eggs were available at the start of the experiment. By the end of the
hatching period, 304 larvae (80% of all eggs) successfully hatched. On day 7, 120 of the axenic larvae were equally
distributed into active suspension tanks C1, C2 and C3 (named as “control treatment”), whereas the remaining
larvae were exposed to a high load of B. subtilis in chambers P-CH1 and P-CH2 (named “probiotic treatment”)
for one week.

Medium and egg samples cultured on agar plates showed no proliferation of microbes throughout the axenic
period, and 16S rRNA gene-targeted PCR using DNA extracted from washed and antibiotic-treated eggs and
larvae yielded no products, confirming the axenic conditions.

Probiotic stage. The 16S rRNA profiling of water microbiota from chambers P-CH1 and P-CH2 on day 14
confirmed the presence of the probiotic strain in both chambers albeit at different relative abundances. P-CH2
was dominated with Bacillus, whereas P-CH1 was dominated with Pseudomonas (Fig. 2). In both chambers, sev-
eral OTUs belonging to the genus Bacillus were present; however, the most abundant Bacillus OTU (OTU 814)
had 100% sequence identity with the added probiotic strain of B. subtilis (Figure S2). Pseudomonas OTU 338 was
present in the water of both chambers at a relative abundance of >20%.

Subsequent analyses of the gut samples from larvae raised in the probiotic chambers showed that B. subtilis was
among the most dominant species, regardless of the observed differences in the relative abundance of B. subtilis
in the corresponding water samples. At the end of the probiotic treatment (day 14), B. subtilis accounted for
approximately half of all bacteria in the gut (average relative abundance). A comparison between the gut samples
from control (C1, C2 and C3 tanks) and probiotic treatments (P-CH1 and P-CH2 chambers) indicated a clear
difference in the composition of the gut microbiota (Fig. 3a). This difference reflected, in part, the high relative
abundance of B. subtilis in the gut of larvae from the probiotic treatment (and the absence of these bacteria from
the control), according to the SIMPER analysis results (contribution: 25%). Other discriminant OTUs were mem-
bers of the genera Nocardia, Mycobacterium, Rhodococcus, Rhodanobacter and Halomonas (Table S3).

Active suspension stage. At the end of the probiotic stage (day 14), larvae from the probiotic chambers
were transferred to active suspension tanks (P1, P2 and P3). One week after exposure to conventional rearing
conditions (day 21), their gut microbiota was significantly different from that of the control treatment larvae,
which had been acclimated to non-sterile conditions for one week longer (Fig. 3b and Table S4). The replicate
aquaria of the control treatment were significantly more dispersed than those of the probiotic treatment accord-
ing to multivariate permutation dispersion (P, 0.011) (Table S5). However, the observed lower dispersion
within the probiotic treatment no longer reflected the presence of B. subtilis in the gut, as the relative abundance
of these bacteria at day 21 was below detection level. The most predominant OTUs in the probiotic treatment
were members of the genera Bacillus, Rhodococcus, Nocardia, Mycobacterium, Ralstonia and Aquicella (Fig. 2).
These taxa were also among the most predominant bacteria observed in the gut of the control treatment on day
21 but at different relative abundances. One Bacillus-affiliated OTU (OTU 786) was present in all gut samples of
both treatments on day 21, with an average relative abundance of 4.1% (SD £ 2.3). BLAST analysis showed that
this bacterium was a different species than the administered strain, as its 16S rRNA gene sequence was only 94%
identical to that of the probiotic strain of B. subtilis (Figure S2).

A comparison of the gut microbiota on day 28 showed significantly different communities in the two treat-
ments (Fig. 3c and Table S4). As on day 21, the probiotic strain remained below the detection level. The most pre-
dominant genera at day 28 in both treatments were similar to those observed at day 21, albeit at different relative
abundances. The within-treatment variability of replicate tanks was no longer significantly different (P e,: 0.121)
between control and probiotic treatments (Table S5). Notably, the homogeneity of dispersion is a precondition to
accurately interpret, but not perform, a PERMANOVA. On day 21, significant differences in the gut communities
were detected in both PERMDISP (dispersion) and PERMANOVA (location). Thus, to uncover the nature of the
differences among groups, the results are also discussed with respect to the average within- and between-group
dissimilarities and the position of the samples from different groups in the PCoA.
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Figure 2. Heatmap of the 30 most predominant OTUs among all water and gut samples. Each column in
the heatmap represents a sample, and each row represents an OTU. The OTUs were clustered based on group
average, as groups of OTUs better define sample clusters. Only the first thirty OTUs contributing most to
these clusters are displayed. The samples were clustered according to the unweighted pair group method with
arithmetic mean (UPGMA) hierarchical clustering on the basis of Bray Curtis dissimilarity and based on the
complete OTU dataset. The colours are proportional to the increasing percent relative OTU abundance (from
white: lower, to red: higher) within each sample. P1-3 and C1-3: Replicate active suspension tanks 1-3 of the
probiotic and control treatment, respectively. D14, 21 and 28: Experimental days 14, 21 and 28. G1-4: The
number of replicate gut samples from each tank. G and W: Gut and water samples, respectively. P-CH1 and 2
(probiotic chamber 1 and 2) indicate that water samples were obtained from the probiotic chamber at the end of
probiotic period (day 14). Taxonomy (right column) indicates the genus of each OTU ID (left column) unless
otherwise stated (i.e., order (O), family (F) and phylum (P)).

Succession of water and gut microbiota. The effect of time on the water and gut microbiota compo-
sition was evaluated by comparing the profiles on days 14, 21 and 28. The water microbiota in the tanks was
not significantly different between the two treatments on any of the sampling days, but a different pattern was
revealed over time (Table S6), i.e., water microbial communities from the control treatment clearly clustered by
tank, whereas this pattern was not observed in the probiotic treatment (Fig. 4a,b). Sediminibacterium (OTU 521)
was the most abundant genus in the water of both treatments on days 21 and 28, with average relative abundances
between 18% and 35%, respectively (Fig. 2).

Regarding the gut samples, the cluster analysis revealed clearly different patterns between treatments. In the
control treatment, the variability of the gut microbial communities was higher between tanks than between days
(Fig. 4¢), consistent with the pattern observed in the water (Fig. 4a). In the probiotic treatment, the tank effect was
not as clear as in the case of the control (Fig. 4d).

Discussion

Probiotics have been widely applied in aquaculture for many years. However, assessing the effectiveness of their
use is problematic because the probiotic strains residing in the gut transiently and rapidly fall below detection
limits. This effect most likely reflects the low survival and proliferation rate of probiotics in the fish gut”'. For
prolonged gut colonization by probiotics, it is paramount to understand the principles governing microbial com-
munity assembly and the persistence of specific populations.

In the present study, we attempted to enhance the colonization success of the probiotics in a “virgin” gut eco-
system by maintaining the larvae in axenic conditions prior to exposure to a probiotic strain. The results indicated
that B. subtilis was present in the waters of both probiotic chambers, albeit at different relative abundances. In the
first chamber, B. subtilis was the most dominant water OTUj; in the second chamber, populations belonging to
the genus Pseudomonas were present at a higher relative abundance, although the same amount of B. subtilis was
added daily to both chambers. Apparently, we were not successful in maintaining the gnotobiotic conditions of
the water, as both chambers were contaminated with Pseudomonas.

However, regardless of the presence of Pseudomonas in the water of both P-CH, Pseudomonas was barely
detected in the gut at that time point. These results demonstrated that (a) B. subtilis can be successfully transferred
to the gut through water, and (b) Pseudomonas cannot be successfully transferred to the gut irrespective of its
abundance in the source water. Members of the genus Pseudomonas are non-sporulating, aerobic Gram-negative
rods observed in a wide range of terrestrial and aquatic environments in addition to plant and animal-associated
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Figure 3. Principal coordinate analysis (PCoA) of the gut microbial communities based on the square
root-transformed relative abundance data of OTUs. The relative distances of all points represent the relative
dissimilarities of the samples according to the Bray Curtis index. Plots (a-c): ordinations of all gut samples
from probiotic and control treatment from days 14, 21 and 28, respectively. The percentage of total variation
explained by each PCo axis is shown in the parentheses.
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Figure 4. Principal coordinate analysis (PCoA) of microbial communities in the gut and water samples of
the control and probiotic treatments. The plots are based on the square root-transformed relative abundance
data for the OTUs. The relative distances of all points represent the relative dissimilarities of the samples
according to the Bray Curtis index. Ordination plots of water (a,b) and gut (c,d) microbial communities from
the control (a,c) and probiotic treatments (b,d), respectively. The numbers 14, 21 and 28 indicate the three
experimental days that the samples were collected. Rep 1-3: Replicate tank 1 to 3. The percentage of total
variation explained by each PCo axis is shown in the parentheses.

ecosystems. Consistent with this broad environmental distribution, these bacteria exhibit metabolic versatil-
ity***?. In fish, Pseudomonas is commonly observed in the faeces and gut of both salt and fresh water species®>2.
Various phenomena, such as the competitive exclusion of Pseudomonas by B. subtilis, differences in the ecological
preference/adaptability of the two species in the gut and host selectivity for Bacillus but not Pseudomonas, may
have played a role in the recovery of B. subtilis but not Pseudomonas from the guts of tilapia larvae during probi-
otic treatment.

In the present study, B. subtilis was only transiently detected and thus was not included in the stable lar-
val microbiota. One week after the larvae were exposed to conventional aquaculture conditions (day 21), the
abundance of B. subtilis was already below detection level. This finding underscores the challenge of success-
fully colonizing the fish gut with a probiotic strain. The presence of this strain in the gut can be expected only
until a few days after probiotic discontinuation, consistent with previous studies reporting that probiotic strains
added through water or feed could be detected in the guts of fish and shrimp for only a few days after discon-
tinuing application of the probiotic!®17325%> In a recent study, Standen et al.>> observed that the presence of a
multi-species probiotic containing Lactobacillus reuteri, Bacillus subtilis, Enterococcus faecium and Pediococcus
acidilactici gradually declined after probiotic cessation. However, the detection of each probiotic strain in the gut
varied between 6 and 18 days after reverting to the control diet, suggesting that the persistence of probiotics in the
gut is species-specific. Furthermore, the probiotic supplemented feed was administered to adult tilapia for eight
weeks, whereas here, B. subtilis was administered to axenic tilapia larvae for one week. The dosage and duration
of supplementation and the selection of the probiotic strain/s might influence colonization success, and the per-
sistence of the probiotic might also depend on the developmental state of the animal#>%%.

In the present study, the development of gut microbial communities in the two treatments revealed different
patterns. The gut microbiota in the control treatment were more affected by spatial (tank) rather than tempo-
ral differences (time), i.e., the samples clustered according to replicate tank rather than sampling day (Fig. 4¢).
Interestingly, the spatiotemporal patterns observed in gut bacterial communities were also observed in the water
microbiota of the control treatment. In a previous study on tilapia larvae, we observed that tank replication deter-
mined the inter-individual variation of gut microbiota (Giatsis et al.®). Here, this finding was differently applied
for each treatment. This difference could be associated with the initial contact of larvae with the probiotic strain.
At the time larvae from the probiotic treatment were introduced to conventional conditions, their guts were
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Figure 5. Principal coordinate analysis (PCoA) of the gut (right) and water (left) microbial communities
from all sampling days (14, 21 and 28) and treatments (probiotic and control). The blue spheres along the
PC3 (centre) correspond to water and gut samples from the probiotic chambers on day 14. This analysis was
based on the square root-transformed relative abundance data of the OTUs. The relative distances of all points
represent the relative dissimilarities of the samples according to the Bray Curtis index. The percentage of total
variation explained by each of the three first PCo axes is shown in the parentheses.

already colonized with certain bacteria (primarily B. subtilis), whereas the larvae from the control treatment were
introduced to conventional conditions while their guts were germ-free.

The successful transfer via water and the high relative abundance of the probiotic strain in the gut indicate that
it is conceivable to inoculate the gut community with bacteria during early gut development. At the end of the
probiotic stage, four gut samples were collected from both probiotic chambers. The observed inter-individual var-
iation in the abundance of the probiotic strain in the gut suggests that the results should be interpreted with cau-
tion. Studies on the use of probiotics in humans and animals have also reported high inter-individual variation,
even for identically treated groups®®-°!. The abundance of a probiotic strain in the gut or faeces is neither clear-cut
proof of successful probiotic use nor evidence of probiosis, primarily reflecting the difficulty in establishing the
precise relationships between the health benefits and the presence and/or relative abundance of a specific microbe
(except for specific pathogens)*’. Notably, inter-individual variation could certainly mask treatment effects by
either type-I or type-II errors. Thus, more data points (higher statistical power) should be included in future
studies to verify whether the observed correlations are maintained.

The observed low persistence of the probiotic strain in the gut could indicate a lack of ecological preference
or adaptability of the probiotic strain in the gut and/or host selectivity against the probiotic. Nevertheless, the
gut communities remained different between treatments, even after discontinuation of the probiotic and despite
receiving the same diet and living in water containing similar microbial profiles (Fig. 5). It is doubtful (although
there is no clear-cut evidence) that the presence of Pseudomonas in the probiotic chambers induced the observed
probiotic legacy effects, as Pseudomonas, although present in the water, was nearly absent from the larval gut. It
is more likely that the initial presence of B. subtilis led to a different sequence of events of bacterial colonization,
reflecting the synergistic or antagonistic interactions between the bacteria already present and/or other bacteria
entering the gut. It is also likely that the transition from axenic to either conventional or probiotic conditions
differentially modulated the immune response and mucosal innate immunity of the larvae. The responses of IgA,
cytokine production and the development of mucosal T-regulatory cells were likely reduced in germ-free animals
through the activation of TLR-dependent pathways®2-%4. TLR9 was expressed on the colonic apical surface in wild
type but not germ-free mice®. These results demonstrated that the gut microbiota alters the way the host reacts
to infectious stimuli or particular bacterial taxa® entering the gut, and this difference could also be the case in the
present study. Differences in the initial priming of the immune system in the probiotic group are certainly among
the potential mechanisms®”.

After the discontinuation of probiotic administration, differences in the gut microbiota between treatments
primarily reflected differences in the relative abundance of the genera Nocardia, Mycobacterium, Rhodococcus,
Rhodanobacter, Halomonas and Ralstonia. Most of these genera have been identified in previous studies on
tilapia larvae and other fish species. The genus Rhodococcus has been reported in the guts of tilapia, sole, red

| 6:33965| DOI: 10.1038/srep33965



www.nature.com/scientificreports/

rock fish, Norwegian mackerel, USA smelt, rainbow trout and shrimp?*%-72, and the genus Nocardia has been
reported in the guts of tilapia®*”* and Atlantic salmon’*. Ralstonia has been observed in the guts of seabass’>,
rainbow trout?>%°7¢, yellow catfish’’, zebrafish’® and shrimp”®. Furthermore, members of the genus Halomonas
have been reported in the guts of Arctic charr®, Atlantic cod®!, Midas cichlids®?, queen conch®® and Artemia
brine shrimp3%®. These findings indicate that some of the predominant genera observed in the present study
could represent common members of the gut microbiota of tilapia larvae or fish in general, suggesting that (a)
host-specificity for particular microbial taxa is modulated by selective pressures within the host gut, and (b) these
taxa are involved in major metabolic functions in the fish gut. Host-selective capabilities have been revealed in
axenic zebrafish (Danio rerio) that received a faecal transplant derived from mice. The implanted mouse commu-
nity subsequently shifted towards a state resembling a native zebrafish community?!. In addition, zebrafish orig-
inating from the wild shared a core gut microbiota with those reared in captivity, demonstrating a host-specific
microbial community in the gut®. The observed differences in the abundance of these genera within and between
studies could reflect a certain degree of influence of the environmental microbiota (i.e., available bacteria, includ-
ing the probiotic strain used in the present study), community-level interactions and dietary interventions,
underlying powerful organizing principles in community composition.

To what extent post-treatment gut microbial uniformity or distinctness reflects a sustained effect of the pro-
biotic remains unknown. We suggest that future studies focus on the long-term effects of probiotic legacy during
the early developmental stages of animals. To observe a general phenomenon, future experiments are needed to
determine how this effect compares with that of antibiotic or dietary interventions. It has been suggested that leg-
acy effects in humans play a role in defining the microbial structure during early life stages, and these effects can
be minimized based on the diet of the host®. If this idea also applies to animals, then the early administration of
a probiotic strain, accompanied by continuous prebiotic administration, could further extend probiotic residence
in the gut, even after its discontinuation.

References
1. Rawls, J. E. Enteric infection and inflammation alter gut microbial ecology. Cell host & microbe 2, 73-74 (2007).
2. Sekirov, I, Russell, S. L., Antunes, L. C. M. & Finlay, B. B. Gut microbiota in health and disease. Physiological reviews 90, 859-904
(2010).
. Chaucheyras-Durand, E. & Durand, H. Probiotics in animal nutrition and health. Beneficial microbes 1, 3-9 (2010).
4. McFall-Ngai, M. ef al. Animals in a bacterial world, a new imperative for the life sciences. Proceedings of the National Academy of
Sciences of the United States of America 110, 3229-3236 (2013).
. Nayak, S. K. Role of gastrointestinal microbiota in fish. Aquaculture Research 41, 1553-1573 (2010).
6. Sullam, K. E. et al. Environmental and ecological factors that shape the gut bacterial communities of fish: a meta-analysis. Molecular
Ecology 21, 3363-3378 (2012).
7. Gatesoupe, E. J. J. The use of probiotics in aquaculture. Aquaculture 180, 147-165 (1999).
8. Pérez-Sanchez, T., Ruiz-Zarzuela, I., de Blas, I. & Balcazar, J. L. Probiotics in aquaculture: a current assessment. Reviews in
Aquaculture 6, 133-146 (2014).
9. Martinez Cruz, P, Ibafiez, A. L., Monroy Hermosillo, O. A. & Ramirez Saad, H. C. Use of probiotics in aquaculture. ISRN
microbiology 2012, 916845 (2012).
10. Cain, K. & Swan, C. Barrier function and immunology. Fish Physiology 30, 111-134 (2010).
11. Lepage, P. et al. A metagenomic insight into our gut’s microbiome. Gut 62, 146-158 (2012).
12. Song, S. K. et al. Prebiotics as immunostimulants in aquaculture: a review. Fish & shellfish immunology 40, 40-48 (2014).
13. Merrifield, D. L. et al. The current status and future focus of probiotic and prebiotic applications for salmonids. Aquaculture 302,
1-18 (2010).
14. Grzeskowiak, L., Collado, M. C. & Salminen, S. Evaluation of aggregation abilities between commensal fish bacteria and pathogens.
Aquaculture 356-357, 412-414 (2012).
15. Skjermo, J., Bakke, L., Dahle, S. W. & Vadstein, O. Probiotic strains introduced through live feed and rearing water have low
colonizing success in developing Atlantic cod larvae. Aquaculture 438, 17-23 (2015).
16. Robertson, P. A. W,, O’Dowd, C., Burrells, C., Williams, P. & Austin, B. Use of Carnobacterium sp. as a probiotic for Atlantic salmon
(Salmo salar L.) and rainbow trout (Oncorhynchus mykiss, Walbaum). Aquaculture 185, 235-243 (2000).
17. Kim, D.-H. & Austin, B. Innate immune responses in rainbow trout (Oncorhynchus mykiss, Walbaum) induced by probiotics. Fish ¢
shellfish immunology 21, 513-524 (2006).
18. Balcazar, J. L. et al. Sequencing of variable regions of the 16S rRNA gene for identification of lactic acid bacteria isolated from the
intestinal microbiota of healthy salmonids. Comparative immunology, microbiology and infectious diseases 30, 111-118 (2007).
19. Hansen, G. H. H. & Olafsen, J. A. A. Bacterial Interactions in Early Life Stages of Marine Cold Water Fish. Microbial Ecology 38, 1-26
(1999).
20. Yan, Q., van der Gast, C. J. & Yu, Y. Bacterial community assembly and turnover within the intestines of developing zebrafish. PLoS
ONE 7, €30603 (2012).
21. Rawls, J. E, Mahowald, M. A,, Ley, R. E. & Gordon, J. I. Reciprocal Gut Microbiota Transplants from Zebrafish and Mice to Germ-
free Recipients Reveal Host Habitat Selection. Cell 127, 423-433 (2006).
22. Navarrete, P. et al. PCR-TTGE analysis of 16S rRNA from rainbow trout (Oncorhynchus mykiss) gut microbiota reveals host-specific
communities of active bacteria. PLoS ONE 7, e31335-e31335 (2012).
23. Yin, Y. et al. Exposure of different bacterial inocula to newborn chicken affects gut microbiota development and ileum gene
expression. The ISME journal 4, 367-376 (2010).
24. Giatsis, C. et al. The impact of rearing environment on the development of gut microbiota in tilapia larvae. Scientific reports 5, 18206
(2015).
25. Nakano, M. M. & Zuber, P. Anaerobic growth of a ‘strict aerobe’ (Bacillus subtilis). Annual review of microbiology 52, 165-190 (1998).
26. Green, D. H. et al. Characterization of two Bacillus probiotics. Applied and environmental microbiology 65, 4288-4291 (1999).
27. Hong, H. A. et al. Bacillus subtilis isolated from the human gastrointestinal tract. Research in microbiology 160, 134-143 (2009).
28. Tseng, D.-Y. et al. Enhancement of immunity and disease resistance in the white shrimp, Litopenaeus vannamei, by the probiotic,
Bacillus subtilis E20. Fish & shellfish immunology 26, 339-344 (2009).
29. Wang, Y.-B,, Li, J.-R. & Lin, J. Probiotics in aquaculture: Challenges and outlook. Aquaculture 281, 1-4 (2008).
30. Liu, K.-E, Chiu, C.-H., Shiu, Y.-L., Cheng, W. & Liu, C.-H. Effects of the probiotic, Bacillus subtilis E20, on the survival, development,
stress tolerance, and immune status of white shrimp, Litopenaeus vannamei larvae. Fish & shellfish immunology 28, 837-844 (2010).
31. Balcazar, J. L. & Rojas-Luna, T. Inhibitory activity of probiotic Bacillus subtilis UTM 126 against vibrio species confers protection
against vibriosis in juvenile shrimp (Litopenaeus vannamei). Current microbiology 55, 409-412 (2007).

w

v

SCIENTIFICREPORTS | 6:33965 | DOI: 10.1038/srep33965 9



www.nature.com/scientificreports/

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45.

46.

47.

48.

49.
50.

51

54.

55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.

66.
. Thompson, A., Van Moorlehem, E. & Aich, P. Probiotic-Induced Priming of Innate Immunity to Protect Against Rotaviral Infection.

68.
69.
70.
71.

72.

Vaseeharan, B. & Ramasamy, P. Control of pathogenic Vibrio spp. by Bacillus subtilis BT23, a possible probiotic treatment for black
tiger shrimp Penaeus monodon. Letters in Applied Microbiology 36, 83-87 (2003).

Aly, S. M., Abdel-Galil Ahmed, Y., Abdel-Aziz Ghareeb, A. & Mohamed, M. F. Studies on Bacillus subtilis and Lactobacillus
acidophilus, as potential probiotics, on the immune response and resistance of Tilapia nilotica (Oreochromis niloticus) to challenge
infections. Fish & shellfish immunology 25, 128-136 (2008).

Kumar, R., Mukherjee, S. C., Prasad, K. P. & Pal, A. K. Evaluation of Bacillus subtilis as a probiotic to Indian major carp Labeo rohita
(Ham.). Aquaculture Research 37, 1215-1221 (2006).

Kumar, R., Mukherjee, S. C., Ranjan, R. & Nayak, S. K. Enhanced innate immune parameters in Labeo rohita (Ham.) following oral
administration of Bacillus subtilis. Fish & shellfish immunology 24, 168-172 (2008).

Salinas, 1., Cuesta, A., Esteban, M. A. & Meseguer, J. Dietary administration of Lactobacillus delbriieckii and Bacillus subtilis, single
or combined, on gilthead seabream cellular innate immune responses. Fish & shellfish immunology 19, 67-77 (2005).

Raida, M. K,, Larsen, J. L., Nielsen, M. E. & Buchmann, K. Enhanced resistance of rainbow trout, Oncorhynchus mykiss (Walbaum),
against Yersinia ruckeri challenge following oral administration of Bacillus subtilis and B. licheniformis (BioPlus2B). Journal of Fish
Diseases 26, 495-498 (2003).

Newaj-Fyzul, A. et al. Bacillus subtilis AB1 controls Aeromonas infection in rainbow trout (Oncorhynchus mykiss, Walbaum). Journal
of applied microbiology 103, 1699-1706 (2007).

Ngo Thi Hoa et al. Characterization of Bacillus species used for oral bacteriotherapy and bacterioprophylaxis of gastrointestinal
disorders. Applied and Environmental Microbiology 66, 5241-5247 (2000).

Fujimura, K. & Okada, N. Development of the embryo, larva and early juvenile of Nile tilapia Oreochromis niloticus (Pisces:
Cichlidae). Developmental staging system. Development, growth & differentiation 49, 301-324 (2007).

Situmorang, M. L., Dierckens, K., Mlingi, E T., Van Delsen, B. & Bossier, P. Development of a bacterial challenge test for gnotobiotic
Nile tilapia Oreochromis niloticus larvae. Diseases of Aquatic Organisms 109, 23-34 (2014).

US Environmental Protection Agency. US EPA: Methods for Measuring the Acute Toxicity of Effluents and Receiving Waters to
Freshwater and Marine Organisms. Environmental Protection 232, 266 (2002).

Giatsis, C., Sipkema, D., Smidt, H., Verreth, J. & Verdegem, M. The Colonization Dynamics of the Gut Microbiota in Tilapia Larvae.
PLoS ONE9, 103641 (2014).

Caporaso, J. G. et al. QIIME allows analysis of high-throughput community sequencing data. Nature methods 7, 335-336 (2010).
Ramiro-Garcia, J. et al. NG-Tax, a highly accurate and validated pipeline for analysis of 16S rRNA amplicons from complex biomes.
F1000Research 5, 1791 (2016).

Quast, C. et al. The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic acids
research 41, D590-D596 (2013).

Altschul, S. Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic Acids Research 25,
3389-3402 (1997).

Chevenet, E, Brun, C., Baiiuls, A.-L., Jacq, B. & Christen, R. TreeDyn: towards dynamic graphics and annotations for analyses of
trees. BMC bioinformatics 7,439 (2006).

Pérez, T. et al. Host-microbiota interactions within the fish intestinal ecosystem. Mucosal immunology 3, 355-360 (2010).

Ozen, A. L. & Ussery, D. W. Defining the Pseudomonas genus: where do we draw the line with Azotobacter? Microbial ecology 63,
239-248 (2012).

. Austin, B. The bacterial microflora of fish, revised. TheScientificWorldJournal 6, 931-945 (2006).
. Cahill, M. M. Bacterial flora of fishes: A review. Microbial Ecology 19, 21-41 (1990).
53.

Sharifuzzaman, S. M., Al-Harbi, A. H. & Austin, B. Characteristics of growth, digestive system functionality, and stress factors of
rainbow trout fed probiotics Kocuria SM1 and Rhodococcus SM2. Aquaculture 418-419, 55-61 (2014).

Zhang, L. et al. Effects of dietary administration of probiotic Halomonas sp. B12 on the intestinal microflora, immunological
parameters, and midgut histological structure of shrimp, Fenneropenaeus chinensis. Journal of the World Aquaculture Society 40,
58-66 (2009).

Standen, B. T. et al. Modulation of the intestinal microbiota and morphology of tilapia, Oreochromis niloticus, following the
application of a multi-species probiotic. Applied microbiology and biotechnology 99, 8403-8417 (2015).

Ramos, M. a. et al. Dietary probiotic supplementation modulated gut microbiota and improved growth of juvenile rainbow trout
(Oncorhynchus mykiss). Comparative Biochemistry and Physiology - A Molecular and Integrative Physiology 166, 302-307 (2013).
Gerritsen, J., Smidt, H., Rijkers, G. T. & de Vos, W. M. Intestinal microbiota in human health and disease: the impact of probiotics.
Genes & nutrition 6, 209-240 (2011).

Garcia-Mazcorro, . E. et al. Effect of a multi-species synbiotic formulation on fecal bacterial microbiota of healthy cats and dogs as
evaluated by pyrosequencing. FEMS microbiology ecology 78, 542-554 (2011).

Baxter, N. T. et al. Intra- and Interindividual Variations Mask Interspecies Variation in the Microbiota of Sympatric Peromyscus
Populations. Applied and Environmental Microbiology 81, 396-404 (2015).

Montesi, A. et al. Molecular and microbiological analysis of caecal microbiota in rats fed with diets supplemented either with
prebiotics or probiotics. International Journal of Food Microbiology 98, 281-289 (2005).

Ling, Z. et al. The Restoration of the Vaginal Microbiota After Treatment for Bacterial Vaginosis with Metronidazole or Probiotics.
Microbial Ecology 65,773-780 (2013).

Gomez de Agiiero, M. et al. The maternal microbiota drives early postnatal innate immune development. Science (New York, N.Y.)
351, 1296-1302 (2016).

Fagundes, C. T. et al. Transient TLR Activation Restores Inflammatory Response and Ability To Control Pulmonary Bacterial
Infection in Germfree Mice. The Journal of Immunology 188, 1411-1420 (2012).

Kubinak, J. L. & Round, J. L. Toll-like receptors promote mutually beneficial commensal-host interactions. PLoS pathogens 8,
€1002785 (2012).

Ewaschuk, J. B. et al. Surface Expression of Toll-Like Receptor 9 Is Upregulated on Intestinal Epithelial Cells in Response to
Pathogenic Bacterial DNA. Infection and Immunity 75, 2572-2579 (2007).

Neish, A. S. Mucosal immunity and the microbiome. Annals of the American Thoracic Society 11 Suppl 1, S28-832 (2014).

Probiotics and Antimicrobial Proteins 2, 90-97 (2010).

Corthésy, B., Gaskins, H. R. & Mercenier, A. Cross-talk between probiotic bacteria and the host immune system. The Journal of
nutrition 137, 7815-790SS (2007).

Kim, D. H., Brunt, J. & Austin, B. Microbial diversity of intestinal contents and mucus in rainbow trout (Oncorhynchus mykiss).
Journal of Applied Microbiology 102, 1654-1664 (2007).

Sanchez, L. M., Wong, W. R., Riener, R. M., Schulze, C. J. & Linington, R. G. Examining the fish microbiome: vertebrate-derived
bacteria as an environmental niche for the discovery of unique marine natural products. PloS one 7, €35398 (2012).

Spanggaard, B. et al. The microflora of rainbow trout intestine: a comparison of traditional and molecular identification. Aquaculture
182, 1-15 (2000).

Huber, L. et al. Phylogenetic analysis and in situ identification of the intestinal microbial community of rainbow trout (Oncorhynchus
mykiss, Walbaum). Journal of Applied Microbiology 96, 117-132 (2004).

SCIENTIFICREPORTS | 6:33965 | DOI: 10.1038/srep33965 10



www.nature.com/scientificreports/

73. Kohl, K. D., Amaya, J., Passement, C. a., Dearing, M. D. & McCue, M. D. Unique and shared responses of the gut microbiota to
prolonged fasting: a comparative study across five classes of vertebrate hosts. FEMS Microbiology Ecology 90, 883-894 (2014).

74. Bakke-McKellep, A. M. et al. Effects of dietary soyabean meal, inulin and oxytetracycline on intestinal microbiota and epithelial cell
stress, apoptosis and proliferation in the teleost Atlantic salmon (Salmo salar L.). The British journal of nutrition 97, 699-713 (2007).

75. Carda-Diéguez, M., Mira, A. & Fouz, B. Pyrosequencing survey of intestinal microbiota diversity in cultured sea bass (Dicentrarchus
labrax) fed functional diets. FEMS Microbiology Ecology 87, 451-459 (2014).

76. Pond, M. J.,, Stone, D. M. & Alderman, D. J. Comparison of conventional and molecular techniques to investigate the intestinal
microflora of rainbow trout (Oncorhynchus mykiss). Aquaculture 261, 194-203 (2006).

77. Wu, S. et al. Microbial diversity of intestinal contents and mucus in yellow catfish (Pelteobagrus fulvidraco). Aquaculture 303, 1-7
(2010).

78. Rawls, J. E, Samuel, B. S. & Gordon, J. I. Gnotobiotic zebrafish reveal evolutionarily conserved responses to the gut microbiota.
Proceedings of the National Academy of Sciences of the United States of America 101, 4596-4601 (2004).

79. Durand, L. et al. Microbial diversity associated with the hydrothermal shrimp Rimicaris exoculata gut and occurrence of a resident
microbial community. FEMS Microbiology Ecology 71, 291-303 (2010).

80. Ringo, E., Sperstad, S., Myklebust, R., Mayhew, T. M. & Olsen, R. E. The effect of dietary inulin on aerobic bacteria associated with
hindgut of Arctic charr (Salvelinus alpinus L.). Aquaculture Research 37, 891-897 (2006).

81. Fjellheim, A. J., Playfoot, K. J., Skjermo, J. & Vadstein, O. Inter-individual variation in the dominant intestinal microbiota of reared
Atlantic cod (Gadus morhua L.) larvae. Aquaculture Research 1-10 (2011).

82. Franchini, P, Fruciano, C., Frickey, T,, Jones, J. C. & Meyer, A. The gut microbial community of Midas cichlid fish in repeatedly
evolved limnetic-benthic species Pairs. PLoS ONE 9, €95027 (2014).

83. Carrascal, O. M. P, Elorza, M. P, Restrepo, G. E. C. & Herrera, C. X. M. Assessment of the bacterial community diversity associated
with the queen conch Strombus gigas (Linnaeus, 1758) from the Caribbean coast of Colombia using denaturing gradient gel
electrophoresis and culturing. Aquaculture Research 45, 773-786 (2014).

84. Tkavc, R., Ausec, L., Oren, A. & Gunde-Cimerman, N. Bacteria associated with Artemia spp. along the salinity gradient of the solar
salterns at Eilat (Israel). FEMS Microbiology Ecology 77, 310-321 (2011).

85. Riddle, M. R,, Baxter, B. K. & Avery, B. ]. Molecular identification of microorganisms associated with the brine shrimp Artemia
franciscana. Aquatic biosystems 9,7 (2013).

86. Roeselers, G. et al. Evidence for a core gut microbiota in the zebrafish. The ISME journal 5,1595-1608 (2011).

87. Turnbaugh, P. J. et al. The effect of diet on the human gut microbiome: a metagenomic analysis in humanized gnotobiotic mice.
Science translational medicine 1, 6ral4 (2009).

Acknowledgements

The authors thank M.P. Rizqi, I. Tankowski, M. Ter Veld and H. Heilig for assistance with fish husbandry, sample
collection and laboratory analysis. This work was funded by The European Community’s Seventh Framework
Programme (FP7/2007-2013) under grant agreement no. 227197 Promicrobe “Microbes as positive actors for
more sustainable aquaculture”.

Author Contributions

C.G. conceived, designed and performed the experiments; analysed and interpreted the data; and drafted the
manuscript. M.V, D.S., ].V. and H.S. conceived the experiments and contributed to the experimental design.
G.M.B. also contributed to the experimental design, and J.R.-G. and J.A. analysed the sequencing data. All authors
revised, read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Giatsis, C. et al. Probiotic legacy effects on gut microbial assembly in tilapia larvae.
Sci. Rep. 6,33965; doi: 10.1038/srep33965 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

= or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:33965 | DOI: 10.1038/srep33965 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Probiotic legacy effects on gut microbial assembly in tilapia larvae
	Introduction
	Methods
	Ethics statement
	Experimental design
	Axenic conditions
	Probiotic conditions
	Active suspension tanks
	Verification of axenic and probiotic conditions by cultivation
	Sampling of gut and water for bacterial community profiling
	Bacterial community profiling
	Data handling and statistical analysis

	Results
	Axenic stage
	Probiotic stage
	Active suspension stage
	Succession of water and gut microbiota

	Discussion
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Probiotic legacy effects on gut microbial assembly in tilapia larvae
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33965
            
         
          
             
                Christos Giatsis
                Detmer Sipkema
                Javier Ramiro-Garcia
                Gianina M. Bacanu
                Jason Abernathy
                Johan Verreth
                Hauke Smidt
                Marc Verdegem
            
         
          doi:10.1038/srep33965
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep33965
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep33965
            
         
      
       
          
          
          
             
                doi:10.1038/srep33965
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33965
            
         
          
          
      
       
       
          True
      
   




