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Abstract 

Aims 

This study used high-throughput sequencing to evaluate the intestinal microbiome dynamics 

in rainbow trout (Oncorhynchus mykiss) fed commercial diets supplemented with either pre- 

or probiotics (0.6% mannan-oligosaccharides and 0.5% Saccharomyces cerevisiae 

respectively) or the mixture of both.  
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Methods and Results 

 A total of 57 fish whole intestinal mucosa and contents bacterial communities were 

characterized by high-throughput sequencing and analysis of the V3-V4 region of the 16S 

rRNA gene, as well as the relationship between plasma biochemical health indicators and 

microbiome diversity. This was performed at 7, 14 and 30 days after start feeding functional 

diets, and microbiome diversity increased when fish fed functional diets after 7 days and it 

was positively correlated with plasma cholesterol levels. Dominant phyla were, in descending 

order, Proteobacteria, Firmicutes, Actinobacteria, Acidobacteria, Bacteroidetes, and 

Fusobacteria. However, functional diets reduced the abundance of Gammaproteobacteria to 

favor abundances of organisms from Firmicutes and Fusobacteria, two phyla with members 

that confer beneficial effects. A dynamic shift of the microbiome composition was observed 

with changes after 7 days of feeding and the modulation by functional diets tend to cluster the 

corresponding groups apart from CTRL group. The core microbiome showed an overall 

stability with functional diets, except genus such as Escherichia-Shigella that suffered severe 

reductions on their abundances when feeding any of the functional diets. 

Conclusions 

Functional diets based on pre- or probiotics dynamically modulate intestinal microbiota of 

juvenile trout engaging taxonomical abundance shifts that might impact fish physiological 

performance.  

Significance and Impact of the Study 

This study shows for the first time the microbiome modulation dynamics by functional diets 

based on mannan oligosaccharides and S. cerevisiae and their synergy using culture 

independent high-throughput sequencing technology, revealing the complexity behind the 

dietary modulation with functional feeds in aquatic organisms. 
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Introduction 

Microbiota are key to regulating health in higher vertebrates (Belkaid and Hand 2014, Kelder 

et al. 2014) and bony fish (Gómez and Balcázar 2008). Microbes colonizing animal intestines 

act as another “organ,” performing important functions unfulfilled by the host (O'Hara and 

Shanahan 2006).  The intestinal microbiota participates in nutrient digestion and metabolism  

(Semova et al. 2012, Gatesoupe et al. 2014), in the immune response (Gómez and Balcázar 

2008, Mansfield et al. 2010), in appetite and regulating ingestion (Marques et al. 2014), and 

in regulating gene expressions (Dalmasso et al. 2011). These regulatory roles are especially 

relevant under culture conditions, when animals can often experience homeostatic disruptions 

as a result of surroundings deviating from norms established in the wild. Aquaculture 

practices, in particular, repeatedly expose fish to a variety of deleterious events (e.g. changing 

water quality, nutritional alterations, high stocking densities, therapeutic applications, etc.) 

that severely impact the microbiome (Olsen et al. 2002, Olsen et al. 2005). For example, 

Olsen et al. (2005) found that a 15 min acute chasing event significantly reduces the intestinal 

microbiota in rainbow trout (Oncorhynchus mykiss). Disruptions in microbiota balance, or 

dysbiosis, negatively affect organisms, and although microbiome research in fish is a recent 

research area, reports have already associated dysbiosis with disease outbreaks (Llewellyn et 

al. 2014). 

 Fish gut microbiomes are shaped by environmental conditions (De Roy et al. 2013), 

feeding habits (Desai et al. 2012, Ingerslev et al. 2014, Li et al. 2014), species (Sullam et al. 

2012), and life cycle stage (Desai et al. 2012), and the last decade has witnessed increased 

investigations on microbiome modulation. While several factors modulate gut microbiota, 

diet-related regulations are a focal point of research (Ringø et al. 2016) since dietary 
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manipulations and optimization are a primary strategy for improving fish development in 

aquaculture. Related to this, Desai et al. (2012) found that rainbow trout fed diets enriched 

with plant-meal rather than fish-meal proteins presented significant changes in the distal gut 

microbiome, reflecting possible health issues for fish. Furthermore, Li et al. (2014) compared 

the gut microbiomes of eight fish species with different feeding habits and found dominant 

taxa-level changes correlated with blood biochemistry, suggesting that microbiota may 

influence physiological processes. Interestingly, Bolnick et al. (2014) studied the effect of 

dietary diversity on the gut microbiomes of the threespine stickleback (Gasterosteus 

aculeatus) and Eurasian perch (Perca fluviatilis), finding a negative correlation in which 

dietary specialists (G. aculeatus) had greater microbial diversity than dietary generalists (P. 

fluviatilis).  

 Functional diets that can enhance fish health and improve disease resistance are one 

of the most highly demanded types of nutritional intervention in aquaculture. In general, 

functional diets are defined as natural or processed feeds that contain known or unknown 

biologically-active compounds in amounts clinically proven to promote health traits that aid 

in disease prevention or treatment (Ferguson 2009). Ringø et al. (2016) recently presented a 

thorough review for the effects of dietary components in aquatic animal gut microbiota, 

specifically providing support for the microbiome modulatory capacities of different lipids, 

proteins, carbohydrates, vitamins, amino acids, and several dietary supplements included in 

functional feeds. Of the several compounds under study, the main actors in functional feed 

due to health-improvement and immunostimulatory abilities are prebiotics, which are 

indigestible compounds that promote healthy microbiota growth/host immunostimulation, 

and probiotics, which are live microorganisms that confer host health benefits when 

administered in sufficient concentrations (Merrifield et al. 2010, Lauzon et al. 2014, Ringø 

and Song 2016). The underlying action mechanisms of pre- and probiotics are still under 
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study (Zorriehzahra et al. 2016). Some features known to positively contribute to intestinal 

microbiota (Denev et al. 2009, Merrifield and Carnevali 2014) include a competition for 

mucosal layer attachment sites (Vine et al. 2004), the production of inhibitory substances 

with bactericidal or bacteriostatic actions, competition for available chemicals and energy 

(De et al. 2014, Zorriehzahra et al. 2016), and even interfering with quorum sensing (Fuente 

et al. 2015).  

 Considering the existing literature, the aim of this study was to apply cutting-edge 

high-throughput sequencing technologies towards improving understandings on microbiota 

modulation by functional diets in fish. A metagenomics approach was applied to evaluate 

microbiome dynamics in O. mykiss intestines after being fed with diets supplemented by 

either pre- or probiotics. Overall, the results evidence the complexity of the fish microbiome 

and how functional diets can serve as a powerful modulatory tool to improve fish aquaculture 

worldwide. 

 

Material and Methods 

Experimental Design and Sampling Procedures 

All animals used in this study were treated in accordance to the Biosecurity 

Regulations and Ethical Protocols approved by Universidad de Concepción Ethics Committee 

and the CONICYT-Chile. 

Freshwater-cultured sexually immature juvenile rainbow trout (O. mykiss, n = 120) 

with an average weight (± SD) of 28.3 ± 2.8 g were obtained from a commercial fish farm 

located in the Los Lagos Region of Chile. Fish were screened for health conditions and 

certified free of the most prevalent pathogens prior to experiments. The fish were transferred 

to a recirculating freshwater system (450 L total volume), and individuals were randomly 

divided in triplicate (per diet) between tanks (37 L) reaching a density of 7.8 Kg m
-3

. Fish 
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were acclimated for 14 d to a 12:12 h light:dark photoperiod, 13 ± 0.5 °C, pH 7.5, and 

ammonium levels were below detection limits, and water quality was monitored to maintain 

these conditions. Fish were fed once daily with a commercial diet (Ewos®, Coronel, Chile) in 

proportion to 1.3% of the total biomass for each tank.  

 After acclimatization, fish were fed for 30 d with functional diets (1.2% proportion of 

biomass; Table 1). Three functional diets were formulated, a prebiotic diet (PRE; addition of 

mannan-oligosaccharides), a probiotic diet (PRO; addition of Saccharomyces cerevisiae), and 

a mixed pre/probiotic diet (MIX; addition of mannan-oligosaccharides and S. cerevisiae). The 

supplements, together with an oil mixture (supplied by Ewos®), were incorporated into dry 

commercial pellets by vacuum coating at the Ewos® experimental feed unit (Coronel, Chile). 

A control diet (CTRL) was also prepared following the same protocol, with dry commercial 

pellets incorporating the oil mixture but no supplements.  

 All formulated pellets were kept refrigerated and dry throughout the experimental 

period, and the total feed biomass given to fish was adjusted weekly following sampling, 

thereby accounting for decreased biomass due to fish sampling, as well as increased biomass 

due to the weight gained by non-sampled fish (calculated using the sampled fish as 

indicators). Fish behavior was carefully observed during feeding to ensure that groups 

presented a stable appetite and no feed rejection. To verify S. cerevisiae viability and 

concentration in the probiotic and mix-coated pellets, a suspension (1 g) of each pellet type 

was prepared weekly in sterile phosphate saline buffer, serially diluted, inoculated in a 

Sabouraud agar medium, and finally incubated for 48 h at 30 ºC before posterior counting of 

colony forming units. The concentrations of S. cerevisiae in diets ranged between 3.9x10
4
 

and 4.7x10
4 

c.f.u g
-1

 of feed from PRO and MIX, whereas PRE and CTRL group present no 

yeast growth under the tested conditions. 
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 Fish (n = 3 per tank) were randomly sampled 7, 14, and 30 d after the start of the 

functional diet trials (Additional file 1: Figure S1). All sampled fish were anesthetized with 

clove oil (0.3 mL 10% eugenol L
-1

), weighed, and sized, and blood (≈ 1 mL) was collected 

from the caudal vein with 0.1% EDTA-coated syringes. In a disinfected surface (with 70% 

ethanol) with a permanent flame, fish were then euthanized by cervical dislocation, surface 

cleaned with 70% ethanol, and the peritoneal cavity anatomized. Then, the whole intestines 

were carefully dissected, snap frozen in liquid nitrogen, and stored at -80 ºC. Before sampling 

fish were starved for 24 hours, therefore digesta was not found in the intestines of any 

specimen and sample included intestinal tissue and mucus. At each sampling point one more 

fish per tank was sampled for evaluation of the quantity of S. cerevisiae remained active in 

intestines. This was performed by dissecting the whole intestine, weighted and suspending in 

PBS as above described for feed. Along the experimental trial concentrations of S. cerevisiae 

in intestines of PRO and MIX groups ranged from 1.1x10
4
 and 2.3x10

4
 c.f.u g

-1
 of tissue, 

whereas in PRE and CTRL groups ranged between 50 and 211 c.f.u g
-1

 tissue. Blood samples 

were centrifuged (10 min, 1500 x g) to collect plasma, which was stored at -20 ºC until 

biochemistry analysis. Between each dissection, instruments were disinfected by washing 

with 70% alcohol followed by 10% chloride and ultrapure water.  

 

Blood Biochemistry 

Plasma levels were measured with commercial kits from Human Diagnostics (Wiesbaden, 

Germany), including for glucose (Glucose LiquiColor), total cholesterol (Cholesterol 

LiquiColor), triglycerides (Triglycerides LiquiColor
mono

), gamma glutamyl transpeptidase 

(Gamma-GT LiquiColor), and alanine (GPT [ALAT] IFCC mod. liquiUV) and aspartate 

transaminases (GOT [ASAT] IFCC mod. liquiUV), following the manufacturer’s 
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instructions. These kits were previously validated as suitable for rainbow trout metabolite and 

enzyme measurements. 

 

DNA Extraction and 16S rRNA Sequencing 

Total genomic DNA was obtained from whole intestinal samples by thawing the samples, 

using a sterile scalpel to scrape internal contents and mucosa, and applying the QIAamp 

DNA Stool Mini Kit (Qiagen, Valencia, USA) following the manufacturer’s protocol. The 

integrity of each DNA sample was evaluated using agarose gel electrophoresis and 

quantification in a Qubit v2.0 fluorometer (Life Technologies, Darmstadt, Germany). Prior to 

library preparation, universal primers (515F sequence GTGCCAGCMGCCGCGGTAA, and 

806R sequence GGACTACHVGGGTWTCTAAT) were used to PCR assess each sample to 

ensure the presence of bacterial DNA following Caporaso et al. (2012), and samples that did 

not present amplicon or had dubious amplicon band were eliminated from subsequent 

analysis. PCR was performed in a Verity Thermal Cycler (Applied Biosystems, Thermo 

Scientific, USA) and the amplification conditions were as follows: 94 °C for 3 min, 35 cycles 

at 94 °C for 45 s, 50 ºC for 60 s, and 72 °C for 90 s and 72°C for 10 min. Samples qualifying 

for metagenome sequencing were sent to Macrogen (Seoul, Korea) for further processing (57 

samples in total, Supplementary Table S1). Libraries were constructed using the Illumina 

MiSeq Platform, with 16S rRNA gene amplicons prepared following the manufacturer’s 

instructions. Briefly, the bacterial V3 and V4 variable regions of the 16S ribosomal gene 

were amplified for each sample from template DNA (60 ng) using Illumina primers and 

barcoded adapters, following the PCR conditions recommended by Illumina. Samples were 

pooled in equal proportions and pair-end sequenced through 300 cycles in a MiSeq Platform 

by Macrogen (Seoul, Korea). PhiX viral DNA was added to the sample pool as a control for 
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focusing, template building, and phasing, thus mitigating possible problems arising from the 

sequencing of a low diversity library, such as 16S rRNA. 

 

Metagenomics Analysis 

Paired-end reads were demultiplexed, and Illumina adaptors were removed by Macrogen’s 

in-house pipeline before being reported in FASTQ format. The paired-end sequences for each 

sample were merged using FLASH (Magoc and Salzberg 2011) and a minimum overlap 

threshold of ten base pairs. Data were further processed using the Quantitative Insights into 

Microbial Ecology (QIIME) bioinformatics pipeline. The resulting sets of merged reads were 

pre-processed to trim low quality (threshold phred score of 33) and chimeric reads, and 

general denoising was applied using CD-HIT-OUT (Li et al. 2012). The remaining 

representative, non-chimeric reads were clustered into operational taxonomic units (OTUs) 

using a 97% identity threshold. The reads were taxonomically classified through matching 

against sequences in the Greengenes database (version gg_13_5). Matching was performed in 

QIIME using the UCLUST algorithm (Edgar 2010). Coverage percentage was estimated by 

Good’s nonparametric coverage estimator method; alpha diversity was evaluated with a bias-

corrected Chao1 richness estimator; and the Shannon and Simpson diversity indices were 

calculated through Mothur (Schloss et al. 2009). Microbial community structures in different 

samples were compared using UniFrac based on the phylogenetic relationship of 

representative reads from different samples, and the weighted UniFrac distances were used to 

build a principal coordinate analysis. 
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Statistical Analysis 

Data from blood biochemistry and condition factor were screened for normality, and 

variables not distributed normally were Box-Cox transformed. Differences between the 

effects of the four diets, in triplicate, were tested with a two-way ANOVA, followed by a 

post-hoc Tukey’s HSD test when applicable. Differences between alpha diversity indices 

were evaluated with the non-parametric test Wilcoxon signed rank test pair by pair at each 

time. Correlation analysis between diversity indices and biochemical parameters was 

performed to infer possible physiological relationship. A two-way permutational multivariate 

analysis of variance (PERMANOVA) was performed with 999 permutations for the weighted 

UniFrac distance matrix that was obtained by beta diversity analysis. This was used to test the 

hypothesis that there were no differences between the intestinal microbiota communities 

when fish were fed functional diets along a 30 days trial. All statistical analysis was 

performed using JMP 9.0 software package (SAS Institute Inc., Cary, NC), except for the 

PERMANOVA that was performed with CLC Genomics workbench version 9 with 

Microbial Module (Qiagen Bioinformatics, USA). For microbiome communities descriptive 

assessment, only taxa that presented a cumulative 1 % abundance in at least one group were 

included in subsequent analysis. 

 

Results 

Biochemical Plasma Parameters 

No mortalities occurred during the experimental period, nor were differences in Fulton’s 

condition factor (K) found (Table 2). Plasma glucose levels decreased in PRE fish after 14 d 

but increased in PRE and MIX fish after 30 d. These results indicate significant dietary 

effects on this parameter (Table 2). Plasma triglyceride levels were highest in MIX fish at 7 

and 30 d, whereas changes in total cholesterol were not significant between diets or sampling 
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days. However, gamma glutamyl transpeptidase plasma levels were lower in the PRE group 

after 7 d and in the PRE and MIX groups after 14 d, as compared to the PRO and CTRL 

diets. Similarly, lower aspartate transaminase levels were recorded in PRE and MIX fish after 

14 d. Finally, alanine transaminase levels were lower in the MIX group after 14 d and in the 

PRE group after 30 d.  

 

Sequencing 

Paired end merge by FLASH resulted in 4,629,576 reads distributed by the 57 samples 

(Additional file 2: Table S1), after processing raw reads and filtering for quality and 

ambiguities, Illumina MiSeq analysis returned a total of 929,062 reads from the 57 intestine 

samples (Additional file 3: Table S2). Ten samples presented < 1,000 filtered reads and were 

discarded from further analyses, thus controlling for any possible technical issues during 

processing.  A total of 324 different OTUs were identified from the 47 remaining samples. 

Good’s nonparametric coverage estimator method indicated 98.6  0.007% diversity recovery 

per sample.  All samples reached a saturation plateau, as shown by rarefaction curves 

constructed from OTUs (Fig. 1A). Therefore, sequencing contained most of the bacterial 

species present. 

 

Richness and Diversity 

Chao1 richness estimates were not different between groups throughout the experimental 

period, excepting the PRE group, which evidenced significantly higher Chao1 richness after 

30 d of feeding as compared to the CTRL and PRO groups (Fig. 1B). In turn, both the 

Shannon and Simpson indices (Figure 1C, D, respectively) showed a significant increase in 

intestinal bacterial community diversity for all functional diets after 7 d, remaining elevated 

in the PRE group over the entire feeding trial. Both indices were significantly affected by diet 
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(P  0.01), with higher diversity in the functional diet groups when comparing with control 

group.  

 Correlation analyses between biochemical plasma parameters and alpha diversity 

indices obtained no significant results, with the exception of total plasma cholesterol levels, 

which were positively correlated with the number of OTUs and with Chao1 richness 

(Pearson's correlation coefficients of 0.44 and 0.47 with P = 0.02 and P = 0.001, 

respectively). Furthermore, beta diversity analysis, represented by a principal coordinate 

analysis based on weighted UniFrac distances, showed two main groups, indicating 

similarities between CTRL replicates at all sampling points (Fig. 2). Clusters were formed by 

the PRO groups after 30 d and MIX groups after 14 d.  In turn, the PRE group presented 

similarities with the MIX group after 7 and 30 d and with the PRO group after 7 and 14 d. 

PERMANOVA analysis revealed that both time and diet produced an effect on intestinal 

microbial communities (Table 3), and contrast analysis (Table 4S) corroborated most of the 

differences observed by principal coordinate analysis indicating a separation of the microbial 

communities of the three CTRL groups together with PRO 30d and MIX 14d from the 

communities of all the other functional diets groups. 

 

Microbiome modulation at taxonomic levels 

The dominant bacterial phyla identified in all CTRL samples were, in descending order, 

Proteobacteria (75%), Firmicutes (14.6%), Actinobacteria (2.3%), Acidobacteria (2%), 

Bacteroidetes (1.8%), and Fusobacteria (0.6%) (Fig. 3). The functional diet groups 

evidenced a tendency of greater relative abundances of phyla other than Proteobacteria, such 

as Firmicutes, Bacteroidetes, and Fusobacteria. As an exception, the PRO group showed 

notably high Proteobacteria abundances (84%) after 30 d. In PRO, PRE, and MIX groups, 

the average relative abundances of Firmicutes increased to 16.7%, 20.7%, and 16.3%, 
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respectively, over the experimental period. Similarly, Bacteroidetes abundances respectively 

increased to 4%, 8%, and 5.3%, while Fusobacteria increased to 1.4%, 2.8%, and 1.2%. 

 The dynamics of the modulation of Classes in fish fed functional diets is represented 

in Additional File 2: Figure S2 Gammaproteobacteria abundances seemed to be reduced in 

the MIX group after 7 d as compared to the CTRL group, whereas there was an increase in 

the abundances Alphaproteobacteria in the MIX group, Fusobacteriales in the PRE group, 

Betaproteobacteria in the PRO and MIX groups, and Bacilli in all functional diet groups. In 

all functional diets, Clostridium abundances increased in comparison with CTRL group’s 

community, especially after 30 d, a sampling point at which CTRL group Clostridium 

abundances did not reach 1%. Microbial community composition in fish fed functional diets 

seemed influenced by trial duration, with changes occurring over time.  

 Two main clusters (Fig. 4) resulted from the hierarchical clustering of distances 

obtained from order-level abundances. One cluster was composed by the CTRL (7, 14, and 

30 d), MIX (14 d), and PRO (14 d) groups. The second cluster included the remaining 

groups, all of which were functional diet groups. The two clusters were separated by order-

level abundance averages. The first cluster was mostly loaded by high Enterobacteria 

abundances, followed by several additional taxa, such as Burkholderiales, Fusobacteriaceae, 

Pseudomonadales, and Bacillales.  

 Regarding the number of shared and unique OTUs per diet at each sampling time 

(Fig. 5A), the CTRL group had a higher number of exclusive OTUs after 7 and 14 d. 

However, after 30 d, the number of OTUs shared with the MIX group increased. Among all 

groups, the PRE and MIX groups shared the highest quantity of OTUs from 14 d to the end 

of the experiment. No groups presented exclusive OTUs at all sampling points. Therefore, 

while exclusive OTUs were identified after 7, 14, or 30 d, these were not necessarily the 

same OTUs at all times. In contrast, consistently shared OTUs among all diet groups were 
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identified and taxonomically characterized (Fig. 5B). Specifically, OTUs for 28 taxa were 

found, comprising the core microbiota of rainbow trout in this study. The identified taxa 

strains included five Alphaproteobacteria, two Betaproteobacteria, and seven 

Gammaproteobacteria. The seven Gammaproteobacteria strains were distributed among the 

genera Escherichia-Shigella, Moraxella, Haemophylus, Pseudomonas, Serratia, and 

Acinetobacter. Furthermore, four Firmicutes phylum strains were found, three of which were 

from the Streptococcus genus. Similarly, three Actinobacteria strains; five Acidobacteria 

strains, with four from the DA052 family; and one Bacterioidetes strain identified as a 

Porphyromonas were recorded.  

  Stabilities for the noted core microbiota were evaluated through fold-changes in each 

group as compared to the CTRL group. While the abundances of most taxa changed between 

1- and 2-fold, some had higher abundancy shifts. Specifically, Escherichia-Shigella 

abundance was greatly reduced by functional diets, with the exceptions of PRO and MIX 

after 14 d. Acidovorax had increased abundances after 7 d, followed by a reduction after 14 d 

before again increasing at 30 d. In contrast, Rhodoplanes were less abundant after 7 d but 

more abundant after 14 d. Similarly, the two Streptococcus strains underwent reduced 

abundances after 7 d, but were much more abundant after 14 d. Generally, these two strains 

were more abundant in the functional diet groups as compared to the CTRL group after 30 d, 

with the exception of the PRO group, in which one of the Streptococcus strains evidenced 8-

fold lower abundances.  

 

Discussion 

The microbiome of rainbow trout intestinal mucosa and contents is a dynamic environment 

that can be quickly, but not permanently, modulated by functional diets based on pre- and 

probiotics. Details on the modulatory capacities of these functional ingredients were 
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elucidated in the present study by using high-throughput sequencing to identify microbiome 

taxa in fish fed different diets over 30 d. A core microbiota was identified that showed some 

resilience against the modulatory actions of the functional diets, but several beneficial 

exceptions were identified. 

 Several reports exist in fish regarding the microbiota-modulating effects of dietary 

modifications (revised by (Merrifield and Carnevali 2014) and  (Ringø et al. 2016), but the 

vast majority of these studies were based on culture-dependent techniques, thus limiting 

results. Indeed, the intestinal microbiome of fish is highly complex and dynamic, as only 

recently revealed by PCR-based microbial analyses (Desai et al. 2012, Guerreiro et al. 2015). 

In aquaculture, pre- and probiotics have been used to modulate fish intestinal microbiomes 

due to various beneficial actions, including an ability to promote a healthy microbiota, thus 

improving host condition (Zorriehzahra et al. 2016). However, deciphering the interplay 

between functional ingredients and autochthonous microbiota requires the application of 

newer molecular techniques that can accurately and reliably produce sequence datasets by 

acquiring a large quantity of sequence reads. One such technology is high-throughput 

sequencing, which, to date, has been scarcely applied in the context of fish microbiota 

modulation by diet. To this end, the present study successfully applied high-throughput 

sequencing to the 16S V3 and V4 regions, and these assays identified structural shifts in the 

microbial community of rainbow trout intestinal mucosa and contents after being fed diets 

supplemented with either prebiotics (i.e. mannan-oligosaccharides), probiotics (i.e. S. 

cerevisiae), or a synergetic mix of pre- and probiotics. To our knowledge, this is the first in-

depth report on microbiome composition in fish fed with diets supplemented by S. cerevisiae. 

  The presently observed increase in intestinal microbiome diversity in fish fed pre- and 

probiotic supplemented diets, as measured by the Shannon and Simpson diversity indices, 

was in line with that found by other researchers. Dimitroglou et al. (2010) reported that 
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dietary mannan-oligosaccharides increase microbial gut diversity in gilthead seabream 

(Sparus aurata). This result was also obtained by Waché et al. (2006) after feeding rainbow 

trout fry with a S. cerevisiae supplemented diet. In contrast, Falcinelli et al. (2016) recently 

reported  reduced microbial diversity in zebra fish (Danio rerio) larvae fed with probiotic 

Lactobacillus rhamnosus GG for 8 d, but this was mainly associated with potential 

pathogenic taxa being limited by increased abundances of beneficial microbiota. In general, a 

diverse microbiome is indicative of community stability and proper functioning, translating 

into better adaptive capacities when faced with deleterious events, such as stress or 

pathogenic invasion (Kassen and Rainey 2004, De Roy et al. 2013). The present findings 

suggest that PRE and PRO fish have a healthier microbial community, which should be 

reflected in the long-term by better fish health. 

 The microbe-host health connection is well reported in vertebrates (Albenberg and 

Wu 2014, Belkaid and Hand 2014), including bony fish. Intestinal bacteria have such an 

important role in host physiological balance that any dysbiosis can have severe effects. 

Metabolic, immune, digestive and neuronal processes are regulated by intestinal microbiota 

(Gómez and Balcázar 2008, Belkaid and Hand 2014, Marques et al. 2014), and probiotic 

modulations towards a healthier state can promote physiological robustness in fish. For 

example, Falcinelli et al. (Falcinelli et al. 2015) recently identified a relationship between 

lower microbial diversity and lower plasma cholesterol/triglycerides in zebrafish after being 

fed L. rhamnosus. Interestingly, the present analyses positively correlated plasma cholesterol 

and microbial community Chao1 richness, suggesting lipid metabolism modulation via 

microbiome richness. The observed increases in plasma glucose and triglyceride levels in the 

PRE and MIX groups are indicative of improved nutritional statuses, where these fish would 

have more energy resources available for rapid use against any homeostatic impairment 

(Peres et al. 2014). These results were likely influenced by overall microbial community 
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diversity and consequently better health arising from improved digestion and nutrient 

utilization (Nayak 2010). While Fulton’s condition factor (K) was not altered by the tested 

functional diets, the ranges presented by fish were generally good. This observation was 

further supported by reduced plasma enzyme activities in PRE and MIX fish, which is 

indicative of hepatic stability and proper functioning (Peres et al. 2014). Future studies will 

evaluate how functional diets impact the condition index during the rainbow trout culture 

production cycle (up to 18 months), as well as if functional diets work better or more 

efficiently during specific periods.  

 Despite the fact that this study was performed in a controlled environment, fish were 

maintained under recirculating conditions. Consequently, one concern for analyses was if the 

duration of the experimental period could have affected intestinal microbiome compositions. 

This concern was discarded after evaluating beta diversity results, which showed all CTRL 

group replicates clustered in the same group, indicating phylogenetically similar microbiome 

communities. Furthermore, phyla/class community compositions in the CTRL groups 

remained rather stable over time, which was in contrast with the more dynamic microbiomes 

of the functional diet groups. The most dominant phyla in CTRL fish were consistent with 

previous reports for rainbow trout (Pond et al. 2006, Mansfield et al. 2010, Navarrete et al. 

2010) and Atlantic salmon (Salmo salar) (Gajardo et al. 2016). Nevertheless, while the 

functional diet groups had the same dominant phyla, pre- and probiotic supplements 

promoted a redistribution of abundances towards Firmicutes, Bacteroidetes, and 

Acidobacteria. Increased Firmicutes abundances were also observed by Falcinelli et al. 

(2016) in trials where zebrafish larvae were fed the probiotic L. rhamnosus GG. Regarding 

the class-level changes induced by functional diets, not only did Proteobacteria abundances 

decreased, but the abundances of the three main classes also shifted. Specifically, Alpha- and 

Betaproteobacteria abundances increased while the relative abundances of 
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Gammaproteobacteria decreased. Gammaproteobacteria include the most pathologically 

important Gram-negative bacteria, particularly from the families Enterobacteriaceae, 

Vibrionaceae, and Pseudomonadaceae. Therefore, a reduced abundance of phylum members 

indicates an effect of potentially pathogenic microorganisms. In the short-term (7 d), 

abundances of the Bacilli and Clostridia classes also increased in the intestines of functional 

diet fish. These classes include most of the known beneficial bacteria used as probiotics, such 

as Bacillus sp., Lactobacillus sp., Leuconostoc sp. Streptococcus sp., Staphylococcus sp., 

Carnobacterium sp., and Enterococcus sp., among others (Romero et al. 2014). In turn, 

Clostridium species are frequently isolated from freshwater fish and are recognized enzyme 

producers (Ray et al. 2012) or probiotics, as in the case of Clostridium butyricum (Pan et al. 

2008). Interestingly, all functional diet groups showed increased abundances of Clostridia. 

The PRE group also evidenced increased Fusobacteria, which are Gram-negative bacilli that 

can produce butyrate, a short-chain fatty acid. In mammals, butyrate is beneficial, providing 

energy to gastrointestinal cells or enhancing mucus production (Hamer et al. 2009), whereas 

in fish, butyrate improves growth and physiological function (Robles et al. 2013). However, 

Fusobacteria have scarce abundance in carnivorous species such as rainbow trout (Wong et 

al. 2013), therefore, dietary mannan-oligosaccharides could increase Fusobacteria 

abundances, granting the host benefits of the biological functions performed by this class as 

seen by Burr et al. (2010). Much of the research on pre- and probiotic supplemented diets has 

focused on the positive modulation of Bacilli class members (Hoseinifar et al. 2014, Adel et 

al. 2016) which are beneficial Gram-positive bacteria (Ringø et al. 2016). While the presently 

obtained results did evidence increases in Bacilli members, differences were not significant 

for any specific bacterium. 
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 The interplays existing between different microbiome species in fish and other 

vertebrates remain unknown and should be considered in future studies due to possible health 

enhancing effects. Order-level microbial abundances were clustered into two clades, one of 

which represented nearly all mannan-oligosaccharide experimental groups (i.e. all PRE and 

MIX groups, excepting the MIX group at 14 d). This clustering was also detected by 

principal coordinated analysis of the weighted UniFrac distances between each community, 

as well as by the increasing number of shared OTUs between PRE and MIX groups over the 

experimental period. In particular, this clustering was mainly based on a reduction of 

Enterobacteriales (Gammaproteobacteria), a modest increase of Lactobacillales, and 

increases in Clostridiales, Bacillales, and, to lesser extents, Pseudomonadales, Rickettsiales, 

and other orders with potentially pathogenic members, such as Flavobacteriales. Relative 

abundance increases in these types of bacteria are not necessarily connected with pathologies 

since mannan-oligosaccharides can activate mechanisms of intestinal protection to reduce 

bacterial translocation (Torrecillas et al. 2011). These mechanisms might be linked to the 

functional capacities of each species and to respective roles in microbiota interplays, but this 

hypothesis requires further investigation.  

 This study identified a core microbiota that included 28 taxa, 12 of which are also 

found in the core rainbow trout microbiota reported by Wong et al. (2013). However, while 

Wong et al. (2013) did not report dietary effects on the core microbiota, such effects were 

found in the current study. Members of the genus Escherichia-Shigella were severely 

affected by functional diets, with dramatic decreases in relative abundances starting at 7 d as 

compared to CTRL groups. Although this effect was seen for all diets, excepting PRO and 

MIX groups at 14 d, the PRE group presented the most stable effect. Gram-negative bacteria, 

such as Escherichia sp., present exterior carbohydrate-binding proteins associated with 

antigen recognition and fimbrial adhesins. Among these, lectins attach to oligosaccharide 
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components of glycoconjugate receptors binding to enterocytes, and type-1 fimbrial adhesins, 

common to many pathogenic bacteria, present specificity to mannan residues (Spring et al. 

2000, Newman et al. 2006). Therefore, mannan-oligosaccharides could act as potential 

receptor analogs for this adhesins, thereby preventing colonization by these bacteria (Spring 

2003, Newman et al. 2006).  

In conclusion, the present study detected modulations in the intestinal microbiota of 

juvenile rainbow trout fed with functional diets based on pre- or probiotics. Whole intestinal 

mucosa and intestinal contents were evaluated together, but considering a recent study by 

Gajardo et al. (2016), in which dominant microbiota taxa significantly varied in Atlantic 

salmon depending on the analyzed intestinal section, future studies should be performed in 

distinct microbial compartments. Functional diets based on prebiotic mannan-

oligosaccharides and probiotic S. cerevisiae modulated intestinal microbiota, with 

physiological parameters indicating these modulations to be beneficial to animal health. 

Specifically, the assessed functional diets reduced Gammaproteobacteria abundances while 

increasing the relative abundances of other phyla, such as Firmicutes and Fusobacteria, many 

members of which exercise beneficial functions in hosts. 
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Figure captions 

Figure 1. Alpha diversity of bacterial communities in the intestinal mucosa and contents of 

juvenile rainbow trout fed functional diets for 30 d. (A) Rarefaction curves of 

intestinal microbial communities from each experimental group; (B) Chao1 

richness estimator; (C) Shannon diversity index and number of OTUs; (D) 

Simpson’s diversity index (1-D). Columns represent the average values for each 

group and black line in C chart represent the number of OTUs for comparison 

purposes. Error bars indicate standard deviation, and different letters indicate 

significant differences between diets for each sampling point (Wilcoxon signal 

rank test; P  0.05). 

Figure 2. Principal coordinate analysis score plot indicating the centroids of each 

experimental group. Phylogenetic relationships are shown between intestinal 

mucosa and contents in rainbow trout communities after being fed functional diets 

for 30 d. Beta diversity was calculated for all samples using the UniFrac metric for 

the V3 and V4 regions of the 16S gene, and principal coordinate analysis was 

performed based on weighted UniFrac distances. PC1 and PC2 are principal 
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coordinates 1 and 2, respectively. Symbols are: CTRL-Circles; PRO-Triangles; 

PRE-Squares; MIX- Crosses 

Figure 3. Bacterial phyla found in the intestinal mucosa and contents of rainbow trout fed 

functional diets for 30 d.  Compositions were obtained by sequencing the 16S V3 

and V4 regions. Groups were established as follows: CTRL, fish fed only the 

commercial diet; PRO, probiotic supplemented diet; PRE, prebiotic supplemented 

diet; and MIX, pre- and probiotic supplemented diet. (Please see online version for 

color version) 

Figure 4. Order-level heatmap for relative OTU abundances (log transformed) from intestinal 

mucosa and contents of rainbow trout fed functional diets for 30 d. The average 

relative abundances of OTUs are summarized at the order level for each 

experimental group at 7, 14, and 30 d. Two-way hierarchical clustering grouped 

and ordered taxa (rows) and dietary groups (columns)through complete-linkage 

hierarchical clustering. Groups were established as follows: CTRL, fish fed only 

the commercial diet; PRO, probiotic supplemented diet; PRE, prebiotic 

supplemented diet; and MIX, pre- and probiotic supplemented diet. (Please see 

online version for color version) 

Figure 5. (A) Venn diagrams representing shared and unique operational taxonomic units 

(OTUs) identified in rainbow trout intestine mucosa and contents after being fed 

functional diets for 7, 14, and 30 d. (B) Table representing the core microbiome 

taxa identified in all fish regardless of diet and feeding time. 
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Additional File 3: Table S1. Summary of the paired-end merging result on the 57 samples of 

the study by FLASH.  

Additional File 4: Table S2. Summary of the results of clustering and preprocessing by CD-

HIT-OTU 

Additional File 5: Table S3. Summary of all OTUs count in each sample 

Additional File 6: Table 4S. Permanova contrast analysis 

 

 

 

 

 

Table 1.  Proximate composition of different experimental functional diets 

 

 

 

 

 

 

 

 

 

Diet 

 Ingredients (%) CTRL PROBIOTIC PREBIOTIC MIX 

Crude Protein 48 48 48 48 

Lipids 16 16 16 16 

Humidity 11 11 11 11 

Ash 11 11 11 11 

Crude fiber 2,5 2,5 2,5 2,5 

S. cerevisiae 0 0,5 0 0,5 

Mannan-oligosaccharides 0 0 0,6 0,6 

Diet proximate composition available from EWOS-Cargill; Mannan-oligosaccharides provided 

from a commercial source with a minimum of 12% mannan-oligosaccharides in the mixture.  
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Table 2. Plasma biochemistry levels and condition factor of juvenile rainbow trout fed functional diets for 30 days  

 7 d    14 d    30 d    2-Way ANOVA P-value 

Parameter CTRL PRO PRE MIX CTRL PRO PRE MIX CTRL PRO PRE MIX Diet Time D x T 

GLU (mg/mL) 86.1 10.5 86.6  9.6 77.2  9.9 75.2  3.4 78.3  6.6
a
 75.4  20.3

ab
 51.2  14.0

b
 61.0  7.3

ab
 75.8  21.9

a
 75.3  11.2

a
 91.8  13.9

b
 95.4  15.1

b
 0.041 0.001 0.001 

TG (mg/mL) 153.6  16.5
a
 147.5  21.3

a
 177.0  44.6

ab
 186.1  50.0

b
 169.8  17.5 157.3  33.0 163.9  22.9 184.4  26.7 126.7  36.5

a
 142.8  27.2

ab
 149.5  31.2

ab
 202.5  89.8

b
 0.027 ns ns 

TCHO (mg/mL) 273.6  63.0 204.4  140.9 244.7  110.1 249.8  31.2 198.8  70.6 139.6  45.6 177.8  75.8 147.0  47.1 112.7  38.6 110.3  22.9 102.4  24.8 113.6  13.4 ns 0.001 ns 

GGT (U/L) 7.5  4.4
a
 5.1  3.2

ab
 3.3  3.0

b
 5.2  3.9

ab
 9.1  1.6

a
 8.7  4.8

a
 3.8  2.7

b
 3.5  1.2

b
 6.8  6.3 9.3  4.4 8.9  2.3 7.6  2.7 0.032 ns ns 

AST (U/L) 50.6  23.2 33.5  9.4 37.3  17.1 56.3  31.7 80.9  37.2
a
 55.3  36.1

ab
 25.7  17.8

b
 25.3  18.8

b
 25.6  12.2 28.3  11.3 28.5  8.4 34.8  16.2 ns 0.037 0.049 

ALT (U/L) 1.4  0.9 1.8  1.2 1.9  1.3 4.4  4.7 6.3  3.3
a
 6.4  5.8

a
 4.7  2.1

ab
 3.6  1.7

b
 5.1  6.5

a
 3.4  0.9

a
 0.9  1.2

b
 2.9  1.0

a
 ns 0.01 0.047 

Fulton’s K 1.09  0.11 1.08  0.11 1.15  0.05 1.13  0.06 1.06  0.05 1.10  0.06 1.02  0.04 1.03  0.07 1.06  0.08 1.08  0.04 1.04  0.06 1.12  0.08 ns ns ns 

Abbreviations: CTRL- group fed control diet; PRO-group fed diet supplemented with probiotic S. cerevisiae; PRE-group fed diet supplemented with prebiotic mannanoligosaccharides; MIX- group fed diet supplemented with the mix of both pre and probiotic: GLU- Glucose; TG-Triglycerides; TCHO-Total 

cholesterol; GGT-Gamma glutamyl transpeptidase; AST- Aspartate transaminase; ALT- Alanine transaminase; ns- not significant. Values are average  standard deviation and different letters indicate significant differences between the experimental diets on the respective time (n=3/replica; Tukey HSD; 

P0.05) 
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Table 3. Two-way PERMANOVA output 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Source df Pseudo-F test P-value 

Time  2 5.11 0.012 

Diet 3 4.32 0.011 

Time x Diet 6 3.21 0.014 
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