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Gut microbial communities are highly dynamic and respond to factors such as diet and host metabolism. However, there is limited information about how these responses can generate community dynamics at different time scales, such as circadian rhythms. The aim of the present study was to characterize variations along a daily cycle in the gut microbiota of fish on different feeding regimes. In addition, an estimation of the potential contribution of the gut bacterial community to the digestive process of the fish was assessed. The greater amberjack (Seriola dumerili) was used as experimental species, a promising species for Mediterranean aquaculture. Fish were randomly distributed in two different feeding regimes, in triplicate rearing tanks. Feeding regimes were continuous feeding and time-restricted feeding (three meals per day). Fish feces for RNA-based amplicon sequencing and bacterial proteolytic capacity were sampled along a 24h cycle. Time-restricted fed fish exhibited changes in the composition of the active bacterial community promoted by feeding, thus revealing two types of bacterial community profiles: “pre-feeding” and “active-feeder” profiles. Continuous-fed fish maintained an “active-feeder” community profile throughout the whole day. Bray-Curtis and Sørensen similarity indicated that differences in the composition between the two community profiles were mainly driven by the absence/presence of infrequent ASVs (amplicon variant sequences). The potential proteolytic bacterial activity tended to be higher before feeding. Thus, gut microbiota could be a key factor to understanding fish digestion, playing a role in interactions with host metabolism. In conclusion, our results suggest that feeding pattern and time of sampling are important parameters when assessing the microbiome’s contribution to host metabolism.
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1 Introduction

During the last years numerous scientific publications focused on farmed finfish microbiome, and specially on that living inside the digestive tract have been published (Egerton et al., 2018; Kim et al., 2021; Naya-Català et al., 2022; Luan et al., 2023). The gut microbiome is linked with roles involving different physiological functions, like defense against diseases, modulation of the immune response, nutrient absorption, regulation of metabolic processes and synthesis of vitamins. In that sense, fish microbiome research may benefit the aquaculture industry by giving rise to effective manipulations of the microbial communities to enhance immunity and health. Such knowledge may promote sustainable solutions to the challenges the sector is currently facing, such as high stocking density, metabolic diseases, water quality, and antibiotics abuse (Perry et al., 2020; Diwan et al., 2022).

Gut microbial communities are highly dynamic and respond to factors such as diet and host metabolism. These responses to different variables can generate community dynamics at different timescales. Knowledge about temporal natural fluctuations is lacking, which can give insight about factors influencing the stability or instability of the microbiota. The timescales for responses to perturbations may inform us about adaptation strategies that are taking place in the community to optimize the microbial ecosystem (Schlomann and Parthasarathy, 2019). Understanding these dynamics is important to both gaining insights into the ecosystem and into its correlation with the functioning of host physiology. For example, wild great apes exhibit seasonal fluctuations in gut microbiota driven by diet and rainfall patterns (Hicks et al., 2018). On a shorter timescale, light-dark cycles, feeding time or daily temperature fluctuations may stimulate circadian rhythms. In humans, gut microbiota exhibits rhythmicity over the day, with different taxa dominating the gut microbial community at different times in the day (Thaiss et al., 2014; Reitmeier et al., 2020; Wang et al., 2022). In wild meerkats (Suricata suricatta), there are seasonal fluctuations in gut microbiota composition. However, the most noticeable oscillations were those with a diurnal basis (Risely et al., 2021). Accordingly, in laboratory mice the fluctuations were recorded at dusk, the period when mice become active and start feeding (Thaiss et al., 2016).

Feeding/fasting cycles are one of the main drivers of diel oscillations in gut environment. Natural feeding and fasting cycles result in a dynamic milieu in terms of nutrient availability, luminal pH, and secondary metabolites. However, only few studies assessed whether the gut microbiome is similarly dynamic, and the role this dynamism plays in host metabolism (Zarrinpar et al., 2014). In mice, gut microbiome exhibited daily cyclical variation in a variety of feeding pattern conditions. Mice fed ad libitum showed cyclical fluctuations in specific members of the gut microbiome. The α-diversity of the gut microbiome fluctuated with the time of the day, rising with feeding and falling with fasting. By contrast, when mice were submitted to a time-restricted feeding overall species numbers were reduced and α-diversity did not fluctuate; rather it stayed constantly low (Zarrinpar et al., 2014; Dantas Machado et al., 2022). Similarly, in humans the timing of eating plays a key role in shaping the composition of the gut microbiota and the gene transcription network (Thaiss et al., 2014; Zeb et al., 2023).

In fish, gut microbiota develops from the eggs (chorion-associated bacteria), the surrounding water and the first feed. This initial colonizing bacteria is species-specific, with inter-species variations (Egerton et al., 2018; Vadstein et al., 2018). Like in humans, it appears the diversity of bacteria increases as fish develop, although a relatively stable gut microbiota is established within the first days of life, considered the “core microbiota”, and is supported through host system selective pressures regardless of environmental parameters (Roeselers et al., 2011). Sullam et al. (2012) pointed to diet, habitat and host phylogeny as the most likely influencers of fish gut microbiota diversity, presenting substantial intra- and inter-species diversity. Although there are a wide range of studies characterizing gut bacterial communities in different fish species of commercial interest, and also how specific variables can affect these communities (Parma et al., 2019; Dias et al., 2021; Kim et al., 2021; Moroni et al., 2021; Navarro-Guillén et al., 2021; Vargas-Albores et al., 2021; Ghori et al., 2022; Reinoso et al., 2023; Zheng et al., 2023; Mes et al., 2024), there is limited knowledge on the characterizations of cyclic fluctuations at different timescales. Seasonal fluctuations in gut microbiota composition, linked to fluctuations in water temperature, have been described for the Atlantic salmon (Salmo salar) (Zarkasi et al., 2014) and a few species of freshwater fish (Hagi et al., 2004). At the diel timescale, daily fluctuations in bacteria abundance, composition and diversity have been described for the Chinese mitten crab (Eriocheir sinensis), with the higher community richness observed at 18:00h and the lowest at 24:00h (Yu et al., 2021). In maroon clownfish (Premnas biaculeatus) fed once per day, the most substantial change in microbiome composition was between “fed” and “un-fed” states, with differences in both community composition and α-diversity (Parris et al., 2019). In greater amberjack (Seriola dumerili) the diurnal dynamics and metabolic activity of the gut bacterial community have been characterized by RNA-based amplicon sequencing. Feeding was pointed as the main driver modulating these temporal dynamics, with a shift in the composition of the active bacterial community between pre- and post-feeding samplings (Navarro-Guillén et al., 2023a).

The present study aimed to determine whether the variations along a daily cycle in the gut microbiota are affected by cyclical fluctuations in feeding. For that, two different feeding regimes were tested: 1) time-restricted feeding, in which fish were fed three meals daily, and 2) continuous feeding, in which the factor “feeding time” was suppressed and feed was supplied continuously along the day. In addition, an estimation of the potential contribution of the gut bacterial community to the digestive process of the fish was assessed. We used the greater amberjack as experimental species, a marine fish species of great interest for the aquaculture industry worldwide due to its fast growth and excellent flesh quality (Sicuro and Luzzana, 2016). Greater amberjack exhibits a voracious appetite, and to maintain high growth rates during the juvenile stage it has to be fed several times a day. Thus, providing a suited model to assess how gut bacterial community dynamics are affected by feeding regime will help to identify and better understand the relationship it may have for host physiology and fitness.




2 Materials and methods



2.1 Fish rearing, experimental protocol and sampling

Greater amberjack juveniles were supplied by Futuna Blue España S.L. (El Puerto de Santa María, Cádiz, Spain) and transferred to the ICMAN-CSIC experimental facility (REGA ES110280000311). Juveniles were randomly distributed in six 1 m3 cylindroconical tanks (28 fish tank-1) with three replicate tanks per feeding regime. Tanks belonged to three different RAS systems (two tanks per RAS). Juveniles with 106.1 ± 19.0 g wet body weight (mean ± SD) were reared under continuous light and two different feeding regimes; continuous feeding (CF) and time-restricted feeding (TRF). For the CF regime the daily feed ration was provided continuously over 24h using belt feeders, whereas for the TRF regime it was provided manually and divided in three daily meals during an 8h window (40% of total daily ration was supplied at 08:00 h, 25% at 12:00 h, and the remaining 35% at 16:00 h, feeding usually took<5 min). Fish were fed a commercial diet (Europa 22, Skretting, Burgos, Spain. Composition shown in Supplementary Table 1) at a daily feeding rate of 4% fish biomass for both experimental groups. Water salinity was 33.2 ± 0.4 g L-1, oxygen was maintained above 85% saturation, pH was 8.0 ± 0.1 and NH4 + NH3< 0.25 mg N L-1. After 15 days under these conditions, twelve fish per feeding regime (4 fish per tank) were sampled at each sampling point over a 24 h cycle. For sampling fish were fed as usual. Samplings were at 08:00 (before TRF-group first meal), 10:00, 12:00 (after TRF-group second meal), 16:00 (after TRF-group third meal), 20:00, 00:00 and 04:00 h. Sampling procedure was performed as described in Navarro-Guillén et al. (2023b). Sampled fish were euthanized with an overdose of phenoxyethanol (77699, Sigma-Aldrich) and rinsed with ethanol to avoid contamination of the intestinal samples with skin microbiota. The rectum of each fish was aseptically excised and feces were collected by stripping. Feces were maintained at -80°C until analysis.

All experimental procedures complied with the Guidelines of the European Union Council (2010/63/EU) for the use and experimentation of laboratory animals and were reviewed and approved by the Spanish National Research Council (CSIC) bioethical committee and Spanish National Veterinary Authority for project THERMODIGEST- RTI2018-096134-B-I00 (REF: 02/07/2019/107).




2.2 Characterization of the active gut bacterial communities

In the present study amplicon sequencing was based on RNA extracts (using reverse transcribed cDNA), thus, this work does not describe bacterial community composition in terms of relative abundance of taxa (as DNA-based amplicon sequencing does). It rather describes the relative abundance of the 16S rRNA copies, thus reflecting the distribution of the active taxa within the bacterial community (Navarro-Guillén et al., 2023a).



2.2.1 RNA and DNA extraction

Feces samples were freeze-dried before analyses, weighed and transferred to sterile Precellys-tubes containing an approximately 2 mm thick layer of 1.4 mm zirconium oxide beads (Bertin Technologies), and 800 µl DNA/RNA shield (Zymo Research). Samples were homogenized using a Precellys 24 (Bertin Technologies) at 5500 rpm, 2 pulses, 30 seconds. DNA and RNA were extracted by using the Quick-DNA/RNA™ Magbead kit (Zymo Research), and the Kingfisher™ Flex (Thermo Fisher), following the protocol and Kingfisher script provided by Zymo Research. The eluted DNA and RNA concentrations were determined with QUBIT™ 3 (Invitrogen), using QUBIT™ dsDNA HS and QUBIT™ RNA HS assay kits, respectively, according to producer’s protocol. cDNA was made from the RNA by using the iScript™ cDNA synthesis kit (BioRad) following the manufacturer’s protocol. Reactions (20 µl total volume) were conducted with 4 µl 5x iScript Reaction Mix, 1 µl iScript Reverse Transcriptase, 10 µl RNA template and 5 µl nuclease-free water.




2.2.2 Amplicon library preparation

PCR was conducted to amplify the variable regions 3 and 4 of the bacterial 16S rRNA genes by using broad-coverage bacterial primers, cDNA was used as template. PCR reactions (25 µl total volume) were conducted with 0.3 µM of each primer, Ill341F_KL (5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNNCCTACGGGN-3′) and Ill805R (5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNGACT CANVGGGTATCTAAKCC-3′), 0.2 mM of each dNTP, 0.4 U Phusion Hot Start polymerase (Thermo Scientific) and 1 µl cDNA as template. The cycles for the PCR reaction were performed in a T100™ Thermal Cycler (BioRad), using the following cycling conditions: an initial denaturation step at 98°C for 60 s; 38 cycles of 98°C for 15 s, 55°C for 20 s, and 72°C for 20 s; and a final elongation step of 5 minutes at 72°C. The resulting PCR-products were purified and normalized using the SequalPrep™ Normalization plates (96-well plates, Invitrogen) following the producer’s protocol. The amplicons were indexed in a second PCR using the Nextera® XT Index Kit v2. The PCR conditions were as described above, except that 2.5 µl of the purified normalized PCR products together with 2.5 µl of each indexing primer were used. The same cycling program as described above was used, but with only 10 cycles. After the indexing, the samples were purified and normalized using the SequalPrep™ Normalization plates following the producer’s protocol. Samples were pooled and concentrated using an Amicon® Ultra 0.5 ml centrifugal filter (30K membrane, Merck Millipore). The DNA concentration and purity were determined with a NanoDrop™ One Microvolume Spectrophotometer (Thermo Scientific™). The amplicon library was sequenced in a MiSeq run (Illumina, San Diego, CA) with v3 reagents (Illumina) and 300 paired-end at the Norwegian Sequencing Centre (NSC), University of Oslo.




2.2.3 Processing of the amplicon sequencing data

The sequencing data were processed by using the USEARCH V11 and UNOISE 3 pipeline (Edgar, 2010; Edgar 2016a). Taxonomy assignment was done based on the SINTAX script (Edgar, 2016b), using a confidence value threshold of 0.8 and included the RDP reference data set (version 15). The resulting amplicon sequence variant (ASV) table was processed in Excel. All chloroplasts, eukaryotes, and abundant ASVs from kit blanks and non-template controls were removed. After quality filtering and chimera removal, a total of 5,215,287 sequence reads were obtained with an average of 31,996 ± 23,631 (± SD) per sample. Finally, the ASV table was normalized to 3,000 reads per sample (the lowest read count observed for a sample) prior to multivariate analyses to avoid bias due to sequencing depth.




2.2.4 qPCR

To compare the amount of DNA and rRNA representing the 16S rRNA gene in the samples, qPCR was conducted. To generate a standard with known concentration for qPCR, end-point PCR was performed for some of the samples using the broad-coverage qPCR primers RT.966F (GCAACGCGMRGAACCTTACCTA) and RT.1089R (SGGACTTAACCSAACATYTCA) (Skjermo et al., 2015). The resulting PCR products were purified using the QIAquick® PCR Purification Kit (Qiagen), following the producers’ protocol. The DNA concentration of the purified PCR products was determined with the NanoDrop™ One Microvolume Spectrophotometer (Thermo Scientific). A serial dilution of one of the purified PCR products was used as a standard for the determination of copy numbers by qPCR in each round of qPCR. The qPCRs were run in triplicates using containing SYBR® Green master mix (Thermo Scientific) with the two primers at a final concentration of 0.3 mM each and DNA-free water to a total volume of 20 µl. For each sample, qPCRs were run both with cDNA and DNA as template (4 µl per reaction). The default program QuantStudio™ 5 Real-Time PCR System (Applied Biosystems™) for quantification based on standard curves was applied. To estimate copy-number for the samples, CT-values for dilution series of the standards were plotted against log copy number/µl. Linear regression resulted in an equation that was used to calculate copy-numbers for cDNA and DNA of the samples by using CT-values from the qPCR.





2.3 Estimation of the potential bacterial contribution to the fish digestive process



2.3.1 Bacterial isolation and extracts preparation

The potential bacterial contribution to digestion was estimated in feces from fish submitted to time-restricted feeding sampled at 0 and 4h postprandial. Sampling times were selected based on the observed changes in the composition of the active bacterial community from the RNA-based amplicon sequencing. Feces of 5 fish per sampling point were weighted and mechanically homogenized in phosphate-buffered saline (PBS, pH 7.4, 1:2 w:v) using an Ultra-Turrax® Homogenizer (IKA-Werke, Germany) and centrifuged for 10 min at 500 g at 4°C (Eppendorf 5417R, Germany) for debris removal. The supernatants were filtered through 0.22 µm filters (Costar® Spin-X® Centrifuge Tube Filter, Corning) for 20 min at 14000 g at 4°C. After filtration the filters were washed three times with PBS to remove dissolved proteins. Washing times were selected based on a preliminary test where bovine serum albumin (BSA) was added to the samples before filtering, and served as marker for the removal of proteins in the feces (host enzymes and bacterial exoenzymes). Serial washing was performed and SDS-PAGE (5% stacking gel, 13% separating gel) was used to determine the presence BSA in the filtered fraction after each washing step. No BSA was recorded after washing the samples three times, thus, this procedure was considered efficient for the removal of luminal proteins from the big size fraction. Washings (small size fraction) from each sample were pooled and considered “Total enzymes in digesta”, containing both, host luminal enzymes and bacterial exoenzymes. The fecal bacteria retained in the filter were lysed and eluted using PBS containing 1% Triton 100-X, and this fraction was considered “Bacterial enzymes”. All samples were kept in ice during the process described above, to avoid enzymes denaturation and/or damage. To determine the activity level and composition of proteases in both fractions enzymatic assays and zymograms were used, respectively (see below). In addition, amylase activity level, as biomarker of carbohydrases activity, was also analyzed.




2.3.2 Determination of enzyme activity

For protease activities, the fluorogenic substrates Boc-Gln-Ala-Arg-7- methylcoumarin hydrochloride (BOC, B4153-Sigma-Aldrich) and N-SuccinylAla-Ala-Pro-Phe-7-amido-4-methylcoumarin (S9761, Sigma-Aldrich) were used for trypsin and chymotrypsin analyses, respectively. Substrates were diluted in dimethyl sulfoxide (DMSO), to a final concentration of 20 μM. For analysis, 5 μL of these substrates, 190 μL of 50 mM Cacodylate buffer, 0.02 mM CaCl2, 0.3 M NaCl buffer (pH 6.5) and 15 μL of the extract were added to the microplate (Rotllant et al., 2008). Fluorescence was measured at 355 nm (excitation) and 460 nm (emission).

Ultra Amylase Assay Kit (E33651, Molecular Probes), was used for amylase analysis. The substrate contained in this kit is a starch derivative labeled with a fluorophore dye. Substrate was diluted according to manufacturer instructions to a final concentration of 200 μg/mL. For analysis, 50 μL of the substrate solution and 15 μL of the extract were added to the microplate. Fluorescence was measured at 485 nm (excitation) and 538 nm (emission).

All enzymatic activity analyses were performed at room temperature (25 °C). The liberation of the fluorophore was kinetically followed during 5 min in a microplate reader (Agilent BioTek Synergy Neo2, BioTek Instrument, Inc.).

The potential bacterial contribution to the fish digestive process was estimated using the following formula:

	

where Bact activity and Digesta activity are the activity levels measured in the bacterial and digesta fractions, respectively, and pre and post make reference to the sampling time, pre- or post-feeding, respectively.




2.3.3 Zymograms of proteases and amylase

Substrate-SDS-PAGE (5% stacking gel, 13% separating gel) was used to determine the composition of proteases in the total and bacterial extracts (Perera et al., 2008; Navarro-Guillén et al., 2022). Gels were run at 30 mA constant current and 4°C in a vertical electrophoresis device (Mini-PROTEAN 3, Bio-Rad, USA). The gels were then immersed in a 3% casein solution for 20 min at 4°C to allow the diffusion of casein into the gel and incubated at 37°C for 40 min to allow the proteases to digest the gel-embedded substrate. The gels were washed with tap water and stained with 0.1% Coomassie Brilliant Blue in 45% methanol with 10% acetic acid and finally destained in 10% methanol with 10% acetic acid solution. Because of the presence of casein the gel stains blue, except in areas with proteolytic activity. Unreduced molecular weight markers (14.4 - 116kDa, Thermo Scientific, USA) were used to determine apparent molecular weights. For protease classification, the same substrate-SDS-PAGE procedure was used, but enzyme extracts were incubated with inhibitors for 60 min at 37°C before electrophoresis. Inhibitors used were 0.5 mM TLCK, 0.3 mM TPCK and 50 µM SBTI (Navarro-Guillén et al., 2022). The absence of bands in the presence of specific inhibitors indicates a specific type of protease. Given the limited efficiency of some inhibitors to completely abrogate the activity of fish enzymes, reduced intensity of band was also taken as indicative of type of protease, as the same amount of protein were always loaded into the gel (2.6 μg of protein).

Substrate-SDS-PAGE for amylase was performed in a 5% stacking gel and a 13% separating gel (modified from Chávez-Rodríguez et al., 2020). Electrophoresis was carried out under the same conditions as for proteases. The gel was immersed in a 1% starch solution for 20 min at 4°C to allow the diffusion of starch into the gel and incubated at 37°C overnight to allow amylase to digest the gel-embedded substrate. Subsequently, the gel was washed and stained with an iodine/KI solution (10%) until clear bands were visualized on the dark background. Molecular weight markers (14.4 - 116kDa, Thermo Scientific, USA) without a reducing agent were used to determine apparent molecular weight.





2.4 Statistical analysis

Statistical differences in fish growth was tested by one-way ANOVA. When significant differences were identified, means of groups were compared by the Post hoc multiple comparisons Tukey’s test. Before analyses, the ANOVA assumptions of normality and homogeneity of variance were tested using the Shapiro-Wilk and Levene’s tests, respectively (SPSS version 27). Cohen’s f index was calculated to report effect size between groups. Effect size was classified as small (f  ≥  0.10), medium (f  ≥  0.25), large (f ≥ 0.40) and very large (f ≥ 1.3) (Chen and Chen, 2010). Statistical analyses of active bacterial community composition, based on the ASV table, were performed using the program package PAST version 3 (Hammer et al., 2001). Principal coordinate analysis (PCoA) (Davis, 1986) was based on Bray-Curtis and Sørensen similarities (Bray and Curtis, 1957; Wolda, 1981). To test for differences in the composition of the active community between sample groups, we applied one- and two-way PERMANOVA based on Bray-Curtis and Sørensen similarities (Anderson, 2001). For analysis of the variation in the relative and absolute potential activity of specific taxa for each feeding regime, one-way ANOVA was used with sampling time as factor. Post hoc multiple comparisons were carried out using Tukey’s test (SPSS v26, IBM). All statistical analyses were considered significant at p< 0.05. Quantification of absolute activity was done by multiplying relative potential activity of ASVs (fraction of reads) by the number of bacterial 16S-RNA copies in each sample quantified by qPCR (Barlow et al., 2020). All results are given as mean ± standard deviation (SD).





3 Results

Fish body weight at the end of the experimental period was, on average, 129.28 ± 26.56 g, which entails a daily growth rate of 1.5% (% of initial body weight). No statistical differences were found between experimental groups.



3.1 Quantitative bacterial density and activity in the fish feces

Bacterial density, measured as 16S rDNA gene copies per mg DW feces, was stable along the day for the CF group with an average of 5.00×105 rDNA copies per mg DW feces. By contrast, the TRF group showed oscillations in bacterial density along the day, ranging from 3.20×104 at pre-feeding time (08:00h) to 2.06×106 at 16h after first-meal (00:00h), with a medium effect size (fCohen = 0.35) (Figure 1A). We used the number of 16S rRNA copies as an estimate of bacterial activity, and observed a similar temporal pattern. While bacterial activity was stable along the day in CF group (1.47×105 rRNA copies per mg DW feces, on average), the bacteria community from TRF showed temporal dynamics in activity. Bacterial activity peaked at 2 and 12h post initiation of feeding (2.91x105 and 1.36×106 rRNA copies per mg DW feces, respectively), with an activity statistically higher at 12h compared to those measured at the other times and a large effect size (fCohen = 0.47, Figure 1B). For the specific bacterial activity (16S rRNA:16S rDNA ratio), no temporal variations were found in feces from the CF group, while for the TRF group a large effect size was observed (fCohen = 0.70) for specific activity, peaking at 2h postprandial (Figure 1C).




Figure 1 | Box and whisker plots for bacterial density (A; 16S rDNA gene copies), activity (B; 16S rRNA copies) and specific activity (C; 16S rRNA:16S rDNA ratio) in feces (copies per mg DW feces) from greater amberjack with time-restricted (red) or continuous feeding (green) at the different sampling points (n = 12 per treatment). Different letters mean statistical differences between sampling points for each treatment. Boxes extend from the 25th to 75th percentiles, the line within the boxes is plotted at the median. Whiskers are drawn down to the 10th percentile and up to the 90th. Data points outside this interval are represented as individual dots.






3.2 Composition of the active bacterial gut community

The Illumina sequencing based on 16S rRNA amplicons had a total of 1649 ASVs. We only observed a temporal variation in the composition of the active bacterial community in feces from TRF-fish.

Relative abundance of phyla based on the rRNA amplicon sequencing, expressed as percent of the total number of reads, is shown in Table 1. The active bacterial community in both experimental groups was dominated by Proteobacteria, Actinobacteria, Firmicutes, Bacteriodetes and Acidobacteria. Before feeding, the active bacteria community of TRF group was dominated by Proteobacteria, whose relative abundance decreased to a minimum at 16h postprandial, range 86.6 to 51.7% at 0 and 16 h, respectively. The phylum Actinobacteria showed an inverse pattern, with a trend to increase after feeding. The maximum abundance was recorded at 16h postprandial (from 2.5 to 32.1% of the relative abundance). Although no statistically significant, effect size was large for Firmicutes (fCohen = 0.86), which showed an increased value in relative abundance at 8h postprandial. For the CF fish, no significant variations in the active bacterial community were detected for any of the more abundant phyla. On average, Proteobacteria, Actinobacteria and Firmicutes had a relative abundance over the daily cycle of 66.0 ± 16.0, 14.9 ± 11.4 and 9.7 ± 7.4%, respective.


Table 1 | Relative abundance of phyla based on the rRNA amplicon sequencing (expressed as percentage of the total number of reads) in feces of greater amberjack juveniles submitted to time-restricted or continuous feeding and sampled at 0, 2, 4, 8, 12, 16 and 20 hours post-first feeding.



When analyzing the active bacterial community at the phylum level in terms of absolute RNA copies (relative abundance multiplied by rRNA copies number), differences in the temporal patterns were observed for Actinobacteria and Firmicutes in the TRF-group. Both phyla increased their absolute abundance after feeding, reaching maximum values at postprandial times 16 and 8h, for Actinobacteria and Firmicutes respectively. Opposite to when expressed as relative data, no temporal variations were detected for the phylum Proteobacteria. Likewise, no temporal differences in absolute abundance were observed for any phylum in CF group. Absolute abundance is shown in Supplementary Table 2.

The time-restricted feeding regime also modulated the composition of the active community at the order level (Figure 2). Feeding promoted a decrease in relative abundance of Pseudomonadales and Xanthomonadales reaching their minimum at 8 and 12h, respectively (p< 0.001 for both, Figure 2A). An increase in the relative abundance was detected for Vibrionales, Lactobacillales and Microccocales, which reached their maximum at postprandial times 12, 8 and 16h, respectively (p = 0.001, 0.005 and 0.004, respectively). Before feeding (postprandial time 0h) the active gut community was dominated by Pseudomonadales, whereas after feeding Vibrionales became the most dominating order at all sampling points, except for postprandial time 16h, when an increase in relative abundance of Pseudomonadales was observed. For the CF fish, no temporal variation was detected at the order level (p > 0.05 for all orders). Vibrionales was the dominating order at all sampling points.




Figure 2 | Structure of the active bacterial community at the order level, expressed as relative (A) and absolute abundances (B) in feces of greater amberjack juveniles submitted to time-restricted (left) or continuous (right) feeding regimes. Samples were taken at 0 hours (pre-feeding) and 2, 4, 8, 12, 16 and 20 hours post-first meal (n = 12 per stacked bar). Time points are referred to TRF-group feeding schedule. The plots represent the most abundant orders (> 1% of total reads).



When analyzing absolute RNA copies at order level (Figure 2B), results supported the temporal patterns described for the relative abundance. For TRF fish, feeding promoted a decrease in the absolute abundance of Pseudomonadales and Xanthomonadales, while Vibrionales, Lactobacillales and Microccocales increased. Feeding also resulted in an increase in the absolute abundance of the order Mycobacteriales, whose activity peaked at 16h postprandial. For the CF fish the composition of the active bacteria community in terms of absolute RNA copies was also stable along the day, with Vibrionales as the order with the highest absolute abundance in all sampling points (2,066.0 ± 1,673.6 16S rRNA copies).

Alpha diversity indices (richness and evenness) revealed statistical differences between sampling points for the TRF group (Figure 3). Richness was significantly higher at postprandial time 8h compared to 12 and 20h. While evenness was higher at postprandial time 4h compared to pre-feeding (0h) and postprandial time 12h. CF group did not present any pattern for the alpha diversity indices. Both groups presented considerable variation between individuals. Nevertheless, effect size was large for all groups (fCohen > 0.4) except for evennes in the CF group (fCohen = 0.23).




Figure 3 | Box-and-wishers plots of the alpha diversity indices (richness and evenness) based on 16S sRNA sequencing of feces in greater amberjack juveniles submitted to time-restricted (red) and continuous (green) feeding regimes. Samples taken at 0, 2, 4, 8, 12, 16 and 20 hours post-first meal (referred to TRF-group feeding schedule). Boxes extend from the 25th to 75th percentiles, the line within the boxes is plotted at the median. Whiskers are drawn down to the 10th percentile and up to the 90th. Different lowercase letters mean statistical differences between sampling points for each treatment.



Two-way PERMANOVA based on Sørensen similarity revealed significantly different fish microbiota between sampling times (p = 0.0001) but not between feeding regimes (p = 0.1559). A statistical interaction between both factors was also observed (p = 0.0074). When samples were ordinated by a Principal Coordinate Analysis (PCoA) based on Sørensen similarity, 11.33% of the variance in the dataset was explained by the coordinate 1 and 7.16% by coordinate 2 (Figure 4). A clear separation of pre-feeding samples from TRF group was observed. These samples were excluded from the 95% confidence ellipses. Results from one-way PERMANOVA comparing both experimental groups at each sampling point are shown in Table 2. Based on Bray-Curtis similarity, no significant differences in fish gut microbiota were observed. By contrast, based on Sørensen similarity the potentially active bacterial community at 0h was statistically different between TRF and CF groups, and close to be significantly different at the end of the day cycle (postprandial 16 and 20h). SIMPER analysis indicated ASVs 15, 8, 14 and 25 as responsible for more than 25% of the difference between the two experimental groups at 0h. These ASVs are assign to the genera Pseudomonas (ASV 14 and 15, 14.15%), Agrobacterium (ASV 8, 7.6%) and Alteromonas (ASV 20, 3.8%).




Figure 4 | PCoA plot based on Sørensen similarity. Samples are from feces of greater amberjack juveniles submitted to time-restricted (red) and continuous (green) and sampled at ▲ 0h (pre-feeding time), ▼ 2h, ♦ 4h, ● 8h, □ 12h, ■ 16h and, * 20h post-first meal. 95% confidence ellipses are represented.




Table 2 | One-way PERMANOVA results based on Bray-Curtis and Sørensen similarities for each sampling point between the two feeding regimes (time-restricted and continuous feeding).






3.3 Estimation of potential contribution of bacteria to the digestive process of fish

We proved that three washes with PBS were enough to completely clear BSA from the bacterial extract. Indeed, the major protein fractions were also removed and collected in the digesta fraction (Supplementary Figure 1).

The proteolytic activity (trypsin and chymotrypsin) in the bacterial fraction tended to decrease after feeding (Figure 5A). No amylase activity was detected. The opposite pattern was observed in the enzymatic pool within the digesta, where the activity of trypsin, chymotrypsin and amylase tended to increase after feeding (Figure 5B). However, the variations in activity were not statistically significant (p > 0.05). The potential contribution of the bacterial community to the proteolytic capacity of fish was higher for trypsin-like proteases (1.96%) than for chymotrypsin-like (0.84%) ones.




Figure 5 | Total activity of digestive enzymes in the bacterial (A) and digesta (B) fractions from feces of greater amberjack juveniles under time-restricted feeding and sampled at 0h (pre-feeding, blue) and 4h (orange) postprandial. Numbers above columns indicate the potential percent contribution of bacteria to the fish digestive process for each enzyme.



Zymograms revealed 6 and 8 zones of caseinolytic activity for bacteria and digesta extracts, respectively (Figure 6A, control lanes). The molecular weights of the enzymes present in both extracts were similar. The three enzymes with higher molecular weight in the digesta extract were not found in the bacterial lanes. SBTI inhibited all bands, indicating they are serine proteases. In the bacteria extract, enzymes with the lowest and the highest electrophoretic mobility were total or partially inhibited by TPCK in addition to SBTI, revealing that these bands correspond to chymotrypsin enzymes (Figure 6A). In addition, one slightly active band was totally inhibited by SBTI and TLCK, which identified this enzyme as trypsin. For caseinolytic enzymes in the digesta, the three very active bands of similar molecular weight identified as chymotrypsins were also present. In addition, the band with the lowest electrophoretic mobility was also totally inhibited by TPCK and thus, identified as chymotrypsin. Bellow this band, two bands were partially inhibited by TLCK, corresponding to trypsin enzymes. The band of lowest molecular weight in both extracts was inhibited by SBTI, but not by TLCK and TPCK, but identified as trypsin according to a previous study (Navarro-Guillén et al., 2022). The same occurred with a band with middle-electrophoretic mobility in the digesta extract (identified with * in Figure 6A). We further explored the variations in activity in extracts coming from pre- (0h) and post-feeding fish (4h) (Figure 6B). No differences in isoenzymes composition were observed within bacteria or digesta extracts between sampling points.




Figure 6 | (A) SDS-PAGE showing bands with caseinolytic activity in bacterial and digesta extracts of greater amberjack juveniles under time-restricted feeding (Ctrl), and inhibition by specific inhibitors for trypsin (TLCK), chymotrypsin (TPCK) and serine proteinases (SBTI). Type of proteases is indicated in the control lane as follows: trypsin like proteinases (→) and chymotrypsin like proteinases (►) Asterisks mean identification based on a previous study Navarro-Guillén et al., 2022. (B)  SDS-PAGE showing bands with caseinolytic activity in bacterial and digesta extracts from feces of greater amberjack juveniles under time-restricted feeding and sampled at 0 and 4h postprandial.



No active bands were identified in the zymogram for amylase neither for bacterial or digesta extracts.





4 Discussion

There is limited information for fish on how different variables can generate bacterial community dynamics at different time scales, such as circadian rhythms. Previously, we have showed that S. dumerili gut microbiota exhibited daily variations driven by feeding (Navarro-Guillén et al., 2023a). In the present study we explored further by evaluating the effects of deleting feeding time as synchronizer of gut microbiota dynamics, i.e. time-restricted versus continuous feeding. For that, we assessed the qualitative and quantitative gut microbiota dynamics and the potential contribution of bacteria to the digestive process of the fish.

The quantification of 16S rDNA genes through qPCR can be used as proxy of bacterial density. In addition, if the same procedure is performed with cDNA, obtained by reverse transcription of 16S rRNA, it can be interpreted as an estimation for activity (protein synthesis capacity) of the bacterial community (Wang et al., 2021; Navarro-Guillén et al., 2023a). Time-restricted feeding modulated the diurnal bacterial abundance and activity in feces, measured as 16S rDNA and 16S rRNA copies number, respectively. Interestingly, this temporal pattern disappeared under continuous feeding, demonstrating that feeding is the main synchronizer of gut microbiota dynamics. It is worth noting that the daily pattern of bacterial abundance and activity is coinciding with the pattern in transit of digesta through the posterior intestine in this species under the same rearing conditions (Navarro-Guillén et al., 2023b). Thus, both the maximum bacterial abundance and activity, and maximum amount of digesta in this intestinal segment were observed at 12-16h postprandial. In line with the objective of the present study, Thaiss et al. (2014) revealed fluctuations in mice microbiota function on the scale of hours over a daily cycle, by using shotgun metagenomic sequencing. In their study, mice were fed ad libitum during the dark phase under a photoperiod of 12h L:12h D. In feces collected 6h after starting the active-feeding phase (dark period) the predominant predicted bacterial functions were those involved in energy metabolism, DNA repair, and cell growth. By contrast in feces from the light phase (inactive phase for mice) it was functions related to bacteria “maintenance” such as detoxification, motility, environmental sensing, and bacterial chemotaxis which were dominating. The total gastrointestinal transit time in mice is around 6h (Padmanabhan et al., 2013), therefore, feces collected in the dark period corresponded to the first digesta reaching the rectum. Considering that in greater amberjack at 22°C total gastrointestinal transit time is around 16h (Navarro-Guillén et al., 2023b), data suggest that the increase in bacterial activity registered in the present study at 12h postprandial in TRF fish may relate to functions involved in energy metabolism and cell growth, which is supported by the peak in bacterial abundance (16S rDNA copies number) registered 4h later (16h postprandial). These daily variations in bacterial abundance and activity were absent in CF group. This indicates that changes in the luminal conditions in terms of nutrients, pH, and metabolites derived from feeding and fasting cycles, are key synchronizers of the bacterial community metabolism and dynamics. It must be examined in the greater amberjack how feeding induced variations in the gut environment but also in the host’s status translate into variations in biological processes performed by microbiota. Further studies using bacterial and host transcriptomics would clarify this issue.

Also, the taxonomic composition of the active bacterial community, i.e. as characterized based on rRNA, was modulated by the feeding rhythm. At the phylum level, Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes, and Acidobacteria dominated, with Proteobacteria as the most abundant phylum in the active community, accounting on average for 69.8%. The dominating phyla have previously been described as the dominant ones in greater amberjack intestinal ecosystem at both, larval and juvenile stages (Paralika et al., 2023; Navarro-Guillén et al., 2023a; Milián-Sorribes et al., 2024). The group with time-restricted feeding revealed diurnal variation in the composition of the active bacteria community driven by feeding activity. While the relative abundance of Proteobacteria tended to decrease after feeding, the relative abundance of Actinobacteria increased, reaching their minimum and maximum activity at 16h postprandial, respectively. An increase in Proteobacteria during fasting conditions has been described also for two other fish species, the leopard coral grouper (Plectropomus leopardus) and Nile tilapia (Oreochromis niloticus) (Kohl et al., 2014; Mekuchi et al., 2018). Such increase has been related to the fact that this phylum was the most abundant in the rearing water. Thus, the variation seems to be influenced by seawater drunk during the fasting period. Proteobacteria have been reported as dominant in greater amberjack rearing tanks in the facilities used in the present study (Navarro-Guillén et al., 2023a). CF group displayed an “active feeder”-community profile during the whole daily cycle, with no statistical significant fluctuations in abundance for any of the phyla and similar values in Proteobacteria and Actinobacteria abundances to those registered in TRF group during the period of feeding. Similarly, it has been reported in mice that time-restricted feeding promotes cyclical fluctuations in the gut microbiota, while these cyclical patterns were not detected in mice fed ad libitum (Zarrinpar et al., 2014).

At the order level, results were similar when expressed as relative or absolute abundance. In TRF group, the most noticeable changes were the decrease in Pseudomonadales with the reestablishment of feeding activity, and the dominance of the order Vibrionales during the feeding period. Interestingly, the bacterial community of CF fish was also dominated by Vibrionales during the complete 24h cycle. A correlation between the increase in Pseudomonas spp. abundance and fasting/restricted diet has been reported for Nile tilapia, Atlantic salmon and rainbow trout (Oncorhynchus mykiss) (Askarian et al., 2012; Kohl et al., 2014; Messina et al., 2023). This reorganization of the bacterial community linked to changes in host feeding rhythms may be explained by the bacteria capacity to metabolize substrates. When food intake is interrupted, bacteria capable of utilizing host-derived substrates (mucins, shed epithelial cells) proliferate to the detriment of bacteria strictly relying on dietary substrates (Ducarmon et al., 2023). Some members of the order Pseudomonadales display enzymatic activity capable of hydrolyzing host-derived substrates under fasting conditions, producing helpful metabolites to bacteria and the fish (Ray et al., 2012; Hinkel, 2020). On the other hand, feeding activity and the presence of chyme within the intestinal tract were accompanied by an increase in the potential activity of the order Vibrionales. The dominance of the order Vibrionales in the gut microbiota of actively feeding greater amberjack was previously reported by Navarro-Guillén et al. (2023a). Members of the order Vibrionales as Vibrio spp. or Photobacterium spp. are the dominant gut bacteria in several carnivorous fish species such as Atlantic cod (Gadus morhua), Atlantic halibut (Hippoglossus hippoglossus) and Snapper (Lutjanusn bohar) (Verner-Jeffreys et al., 2003; Smriga et al., 2010; Star et al., 2013). It has been proposed that these genera might aid digestion. Vibrio spp. isolated from marine fish intestines has been found to produce proteases, and along with Photobacterium spp. have also been reported to produce chitinases (Ray et al., 2012; Egerton et al., 2018).

In the present study, the bacterial community of CF fish kept similar richness and evenness throughout the day. The high variation between individuals and the absence of statistical significant temporal patterns can be explained by the fact that feed was spread along the day and, together with the social hierarchy observed in this species, fish did not probably eat all at the same time but alternately. Although, interestingly, at 12 and 16h the ASV richness was considerably less variable among the CF individuals. By contrast, the group with intermittent feeding had daily diurnal variations in both alpha diversity indices. Especially richness but also evenness decreased during the feed-restricted period. Fasting generally leads to a decrease in gut microbial diversity, as reported for the hybrid grouper (Epinephelus fuscoguttatus♀ × E. lanceolatus♂) and the leopard coral grouper (Mekuchi et al., 2018; Liu et al., 2020). The differences in beta diversity were statistically clearer when based on Sørensen similarity, but not when the PERMANOVA test was based on the Bray-Curtis similarity. PCoA revealed that the community of TRF fish before the first meal (0h) differed from all the other samples. These might be explained by the fact that in greater amberjack juveniles reared at 22°C, and under this feeding regime, the gut content is completely evacuated during the night, so this was the only batch of samples coming from individuals with empty gastrointestinal tract (Navarro-Guillén et al., 2023b). The presence of digesta within the gastrointestinal tract, and its related transit time, appears to be a major driver of temporal variation in gut microbiome. As discussed above, it is associated with gut microbial composition, and consequently with community diversity and functionality (Procházková et al., 2023). These differences in community structure driven by the intestine filling status became evident also in the results from the one-way PERMANOVA based on Sørensen similarity. Both experimental groups were statistically different at time 0h, before the feeding started in the TRF group, whereas no differences were observed when both groups were actively feeding (2 – 12h). In addition, the difference increased again between the CF and TRF samples at the end of the daily cycle (16 and 20h; p = 0.0723 and 0.0824, respectively) when the gut content started to decrease due to evacuation in the restricted group. Thus, including feeding patterns and time of sampling in microbiota-related studies will help to better understand the relation between gut microbiota, nutrition, and fish health.

The diverse bacterial community that inhabits the fish gut has an extensive metabolic repertoire that complements the activity of host enzymes, including functions such as aiding digestive function through the digestion of dietary substrates (Butt and Volkoff, 2019). In fact, germ-free rats excreted 87% more calories with the feces than conventional rats, compensating this loss by an 18% higher intake to maintain the same body weight (Wostmann et al., 1983). The present study assessed the potential direct contribution of the microbial community to the fish digestive process by using a routine laboratory assays. As it is difficult to discriminate between host and microbiota enzymes in the intestinal lumen, BSA was used as a protein marker to confirm that host enzymes were completely washed from the bacteria extract. This is clearly evidenced by the absence in the bacteria extract of some high active bands present in the digesta fraction. Thus, these techniques allow, for the first time, the quantitative estimation of the potential contribution of bacteria enzymes to host digestive process. The inhibition of caseinolytic activity in the zymogram corroborated the key role of trypsin and chymotrypsin-like enzymes in protein digestion in fish, but also in the extract from the bacterial community. Molecular weights were similar to those previously reported for caseinolytic enzymes in greater amberjack (Navarro-Guillén et al., 2022) and in bacteria (Lantz and Ciborowski, 1994). Trypsin and chymotrypsin activities were kept similar before and after feeding, although it tended to decrease in the bacterial extract. This decreasing pattern might arise from the secretion of bacteria enzymes promoted by a nutrient-rich milieu, partially contributing to the increase in activity in the digesta extract after feeding, or by changes in the structure of the microbiota community. The increase in activity in the digesta extract with feeding was expected because feeding induces the release of digestive pancreatic enzymes (Volkoff, 2016; Yúfera et al., 2019). After feeding, bacteria can also benefit from absorbable nutrients derived from digestion by the host. These host-bacteria interactions are denominated microbe-host co-metabolism (Zhang et al., 2023). In any case, potential proteolytic contribution of bacteria to total digestion under the current feeding conditions in this fish species would be, at maximum, 2%. It is worth highlighting that the present methodology may underestimate the direct contribution of bacteria to chemical digestion since does not consider the already released bacteria exoenzymes, which are washed into the digesta fraction.

Surprisingly, no amylase activity was detected in the bacterial extract although members of the orders Pseudomonas and Vibrionales are known to include amylase-producing bacteria as reported in other fish species (Ray et al., 2012). Amylase activity in the digesta was low compared to the proteolytic enzyme activity. Bairagi et al. (2002) did not detect amylolytic bacterial strains in the gastrointestinal tract of several carnivorous fish species, but did in herbivorous species. This indicates a possible co-evolution between microbial functionality and host feeding habit. Furthermore, by using our methodology with other enzyme substrates the understanding on the bacteria contribution to nutrients hydrolysis can be enlarged.

In conclusion, the present study characterized variations along a daily cycle in the gut microbiota of fish under different feeding regimes and assessed its potential contribution to the digestive process. The feeding and fasting cycles are key synchronizers of the bacterial community dynamics in terms of structure and metabolic activity. Time-restricted fed fish exhibited changes in the active bacterial community promoted by feeding, resulting in two types of community profiles: “pre-feeding” and “active-feeder” profiles. Continuous-fed fish maintained an “active-feeder” community profile the whole cycle. Bray-Curtis and Sørensen similarity indices indicated that differences between the two community profiles were mainly driven by the absence/presence of specific ASVs. The potential proteolytic bacterial activity tended to be higher before feeding, probably due to the capacity of gut bacteria to hydrolyze host-derived substrates in the absence of dietary nutrients. Thus, gut microbiota could be a key factor to understanding fish digestion, playing a role in interactions with host metabolism. Overall, our results suggest that feeding pattern and time of sampling are important parameters when assessing the microbiome’s contribution to host metabolism.
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