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Abstract

Bacteria that inhabit the epithelium of the animals’ digestive tract provide the essential bio-
chemical pathways for fermenting otherwise indigestible dietary fibers, leading to the pro-
duction of short-chain fatty acids (SCFAs). Of the major SCFAs, butyrate has received
particular attention due to its numerous positive effects on the health of the intestinal tract
and peripheral tissues. The mechanisms of action of this four-carbon chain organic acid are
different; many of these are related to its potent regulatory effect on gene expression since
butyrate is a histone deacetylase inhibitor that play a predominant role in the epigenetic reg-
ulation of gene expression and cell function. In the present work, we investigated in the
European sea bass (Dicentrarchus labrax) the effects of butyrate used as a feed additive on
fish epigenetics as well as its regulatory role in mucosal protection and immune homeosta-
sis through impact on gene expression. Seven target genes related to inflammatory
response and reinforcement of the epithelial defense barrier [tnfa (tumor necrosis factor
alpha) il1B, (interleukin 1beta), il-6, il-8, il-10, and muc2 (mucin 2)] and five target genes
related to epigenetic modifications [dicer1(double-stranded RNA-specific endoribonu-
clease), ehmt2 (euchromatic histone-lysine-N-methyltransferase 2), pcgf2 (polycomb
group ring finger 2), hdac11 (histone deacetylase-11), and jarid2a (jumonji)] were analyzed
in fish intestine and liver. We also investigated the effect of dietary butyrate supplementation
on histone acetylation, by performing an immunoblotting analysis on liver core histone
extracts. Results of the eight-week-long feeding trial showed no significant differences in
weight gain or SGR (specific growth rate) of sea bass that received 0.2% sodium butyrate
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supplementation in the diet in comparison to control fish that received a diet without Na-
butyrate. Dietary butyrate led to a twofold increase in the acetylation level of histone H4 at
lysine 8, but showed no effect on the histone H3 at Lys9. Moreover, two different isoforms of
histone H3 that might correspond to the H3.1 and H3.2 isoforms previously found in terres-
trial animals were separated on the immunoblots. The expression of four (i/7 8, il8, irf1, and
tnfa) out of seven analyzed genes related to mucosal protection and inflammatory response
was significantly different between the two analyzed tissues but only i/70 showed differ-
ences in expression due to the interaction between tissue and butyrate treatment. In addi-
tion, butyrate caused significant changes in vivo in the expression of genes related to
epigenetic regulatory mechanisms such as hdac11, ehmt2, and dicer1. Statistical analysis
by two-way ANOVA for these genes showed not only significant differences due to the buty-
rate treatment, but also due to the interaction between tissue and treatment.

Introduction

Bacteria associated with the epithelium of an animal’s digestive tract play a critical role in
establishing and maintaining their host’s health. The intestinal microbiota is involved in the
anaerobic fermentation of complex dietary carbohydrates (cellulose, hemicellulose, pectin),
and oligosaccharides that are otherwise indigestible as well as of digestible simple carbohy-
drates such as starch, and glucose that escape digestion and absorption in the small intestine
[1]. Intestinal mucus, sloughed cells from the epithelia, lysed microbial cells, and endogenous
secretions provide other sources of fermentable substrates, especially proteins and polysaccha-
rides [1]. Nearly 75% of the energy content of the fermented carbohydrates is used to produce
metabolic end products such as short chain fatty acids (SCFAs), which are then readily
absorbed by the host, whereas the remaining 25% is used for microbial growth and mainte-
nance or lost as hydrogen, carbon dioxide, and methane [2,3,4,5].

SCFAs, also known as volatile fatty acids, are carboxylic acids with aliphatic tails of 1 to 6
carbon atoms that exist in straight- and branched-chain conformations. Common SCFAs
include acetic (C2), propionic (C3), butyric (C4), valeric (C5), and caproic (C6) acid [4]. The
predominant anions in either the rumen or large intestine are the short, straight-chain FAs
such as acetate, propionate, and butyrate, whereas the short branched-chain FAs, isobutyrate
and isovalerate, which are produced by fermentation of the amino acids valine and leucine,
respectively, are found in much smaller amounts [1,6].

Among the SCFAs, butyrate has received particular attention due to its numerous positive
effects on the health of intestinal tract and peripheral tissues [7]. In addition to being the main
respiratory fuel source of the colonic bacteria, and preferred to glucose or glutamine, butyrate
plays a major role in enhancing epithelial cell proliferation and differentiation and in improv-
ing the intestinal absorptive function [8,9,4]. Furthermore, there are several lines of evidence
suggesting that butyrate has potential immunomodulatory and anti-inflammatory properties
in the intestine and may prevent colorectal cancer in humans [10, 11, 12].

Although the exact underlying mechanisms of action have not yet been elucidated, the influ-
ence of butyrate on cell proliferation may be explained, at least in part, by its potent regulatory
effect on gene expression. This effect is often attributed to the ability of butyrate to inhibit the
activity of many histone deacetylases, leading to hyperacetylation of histones [12]. Histone
acetylation modifies chromatin structure, allowing the binding of transcription factors and
polymerases and hence, the beginning of transcription. The modulation of gene expression
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through core histone acetylation is one of the most relevant means by which cell function and
DNA methylation are epigenetically regulated [12,13,14]. A positive effect of butyrate on tran-
scriptomic activity of some pivotal genes at the intestinal level has also been suggested in fish in
two recent studies carried out on European sea bass (Dicentrarchus labrax) [15] and gilthead
sea bream (Sparus aurata) [16].

Much of the research on butyrate has focused on its role in the gut, while less is known
about whole-body metabolism of butyrate and, in particular, on how it might influence the
metabolic potential of the liver in vivo [17, 18]. Although butyrate is largely taken up by the
intestinal epithelium, a small fraction can also reach the liver through the blood stream via the
portal vein [18, 19]. In liver, butyrate is readily converted in mitochondria to butyryl CoA to
produce ketone bodies (rather unlikely in fed animals) and acetyl CoA, which then enters into
the Krebs cycle [19, 20, 21]. Hepatic metabolism and clearance of butyrate are substantial since
evidence shows that close to 100% was removed in the liver of rodents fed with a high-fiber
diet [22], whereas butyrate released from the human gut in vivo into the circulatory system was
counterbalanced by hepatic butyrate uptake [18], indicating that the liver is highly involved in
butyrate metabolism [23,24].

For butyrate to exert its physiologic, cellular, and molecular effects, circulating concentra-
tions would need to be maintained at a consistently high level. This is difficult to attain because
plasma clearance of butyrate is very quick, with a half-life of about 6 min when given intrave-
nously in humans [25]. A possible solution to circumvent problems associated with rapid
metabolism of butyrate would be to administer it orally by giving multiple daily doses of stable
derivatives of butyrate. Indeed, when stable derivatives of butyrate were given orally as opposed
to intravenously in humans, its half-life was increased to 40 min, and circulating butyrate con-
centrations reached high enough values to be efficacious [25]. In farmed animals such as pigs
and chickens, butyrate included in the diet has had a positive influence on body weight gain,
feed utilization, and composition of intestinal microflora, as well as trophic effects on the intes-
tinal epithelium through an increase in the villi length and crypt depth [26,27,28]. In poultry,
butyrate applied as a nutritional supplement caused in vivo hyperacetylation of the hepatic
core histones and modified the epigenetic regulation of hepatocyte’s function [7]. In addition,
some authors have suggested significant improvements in fish growth and feed conversion
rates when butyrate is included in diets of some species such as catfish [29], tilapia, carp [30],
and sea bream [16], but not in others such as salmon [31,32]. However, except for these studies,
literature concerning the use of butyrate or its derivatives as an additive in fish feed is very
scarce.

Accordingly, the present study aimed to evaluate in the European sea bass (Dicentrarchus
labrax) the potential effects of butyrate as a feed additive on fish growth, as well as butyrate’s
regulatory role on the mucosal protection and immune homeostasis through its effects on gene
expression. The target genes related to mucosal inflammatory response and reinforcement of
the mucous defense barrier included: tnfotumor necrosis factor alpha), which is a cell-signaling
protein (cytokine) that makes up the inflammatory acute phase reaction and possesses a wide
range of proinflammatory actions [33]; interleukins such as il15, il-6, il-8, and il-10, which are
well-known cytokines that regulate immune responses, inflammatory reactions, and hemato-
poiesis; irfl (interferon regulatory factor 1), which is a transcription factor that stimulates both
innate and acquired immune responses by activating specific target genes expressed during
inflammation, immune responses, and hematopoiesis [34]; and muc2 (mucin 2), which is a
major component of intestinal mucus gel secretions that serve as a barrier to protect the intesti-
nal epithelium [35].

The second goal of the present study was to evaluate the epigenetic effects of dietary buty-
rate in sea bass by monitoring both the acetylation state of hepatic core histones and the
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hepatic and intestinal expression of a suite of genes related to epigenetic modifications [36].
These genes included: dicer 1, which encodes an active, small RNA component that represses
the expression of other genes [37]; ehmt2 (euchromatic histone-lysine-N-methyltransferase 2),
which demethylates Lys9 in histone 3 in euchromatin, creating a tag for epigenetic transcrip-
tion repression [38,39]; pcgf2 (polycomb group ring finger 2), which acts via chromatin remod-
eling and histone modification [40]; hdacl1 (histone deacetylase-11), which can modify core
histone octamer packing chromatin in dense structures or controls various histone methyl-
transferase complexes [41]; and jarid2a (jumonji), which is a nuclear factor that functions as a
powerful transcriptional repressor [42].

Materials and Methods
Ethics Statement

This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the University of Insubria, Varese, Italy. The Commit-
tee on the Ethics of Animal Experiments of the same University approved all of the protocols
performed. Fish handling was performed under tricaine methanesulfonate (MS222) anesthesia,
and all efforts were made to minimize discomfort, and stress and to avoid pain to the animals.

Fish and Experimental Set Up

Juvenile European sea bass (Dicentrarchus labrax) were purchased from a commercial hatchery
(Civitavechia, Italy). Upon arrival to the laboratory, fish were stocked for 40 days into two rect-
angular indoor tanks of 2.5 cubic meters to acclimate.

At the beginning of the trial, after removing fish deviating from the average weight of
approximately 15 g, we distributed fish into six circular experimental tanks (3 replicates) of 600
L each, at a density of 35 fish per tank and let them to acclimate over a period of one week.
There were no significant differences in fish weight between the experimental tanks at the
onset of the experiment (P>0.05; data not shown).

Rearing Facility and Maintenance

All rearing tanks were located in an indoor facility. The tanks were equipped with re-circulat-
ing systems and photoperiod, temperature, and salinity could be strictly controlled with this
equipment. The experimental layout consisted of six cylindrical 600 L fiberglass tanks, con-
nected to a central main biofilter of 350 liters. The light source was the natural photoperiod
enhanced with florescent light, providing a light intensity of 1200 Ix during the day. The water
was heated and maintained at 21 + 1°C by using submersible aquarium heaters. The salinity
was 22 + 0.5 g/l throughout the experiment.

Twice a week the following parameters were measured: dissolved oxygen, pH, ammonia,
and nitrite levels. The levels of all parameters remained within the range considered optimal
for European sea bass growth throughout the experiment.

Diet Formulation, and Feeding

As a control diet we used a formulation of 40% crude protein and 16% fat, which was based on
plant protein and fishmeal. The control diet was similar to feed commercially available for
growing European seabass. Control diet was supplemented with 2g/kg (0.2%) of sodium buty-
rate to produce the experimental butyrate diet. A detailed diet composition is presented in
Table 1. Diets were prepared using small-scale machinery for mixing ingredients and preparing
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Table 1. Composition of the diets in g/100 g on a dry weight basis.

Ingredients (g/100g) Control Butyrate
Fish meal 10.00 10.00
Soybean meal 30.00 30.00
Pea concentrate 16.00 16.00
Corn gluten 14.20 14.20
Wheat gluten 5.00 5.00
Fish oil 14.00 14.00
Stay-C 35d 0.03 0.03
Vitamin Mix 0.40 0.40
Mineral Mix 1.00 1.00
DL-Methionine 0.25 0.25
Lysine (98%) 0.05 0.05
Fish Hydrolysate 2.00 2.00
Dextrin 1.56 1.56
Sodium alginate 0.79 0.79
Dicalcium phosphate 0.72 0.72
Filler (gelatin) 4.00 3.80
Na-butyrate - 0.20
Total 100.00 100.00

doi:10.1371/journal.pone.0160332.t001

pellets of 3.5 mm in diameter. Na-butyrate substituted an equivalent amount of filler in the
butyrate diet.

Each diet was provided to fish in triplicate (3 tanks/diet). Fish were fed twice a day and feed-
ing rates were restricted to 3.0% of biomass. The feeding experiment was based on four-weekly
fish weight measurements to adjust the feed ration to a similar percentage of fish biomass in
both treatments. Feed consumption (g) in each tank was estimated from the difference between
feed delivered into the tank and uneaten feed, which was collected from the bottom of the tank.
The feeding trial lasted 8 weeks. Fish SGR was calculated using the following formula: (In Wf—
In Wi)/t x 100, where WT is the final weight (g), Wi is the initial weight (g), and t is growth time

(days).

Fish Sampling
At the end of the eight-week-long feeding trial, fish of each tank were individually weighed
after overnight food deprivation. Six fish from each treatment (three fish/tank) were then ran-
domly fished, and sacrificed. Intestine and liver were excised from each sampled fish using ster-
ile instruments, snap-frozen in dry ice, and then kept at minus 80°C until nucleic acid
extraction and histone protein acetylation analysis.

Growth data statistical analysis. Growth data were analyzed by two-way analysis of vari-
ance (two-way ANOVA) considering diet, time and their interaction as sources of variation,
followed by Tukey's HSD post hoc test. Significance level was set at P< 0.05.

Preparation of Liver Nuclear Protein Fraction

Liver nuclear protein extracts were prepared from six fish per group using 3 ml/g of tissue of
extraction buffer containing: 10 mM Tris/HCIL, pH 7.8, 10 mM KCI, 1.5 mM MgCI2, 0.5 mM
Pefabloc® (SIGMA-ALDRICH®), 0.5 mM DTT, 1 mM Na3VO04, and 1X protease inhibitor
cocktail (SIGMA-ALDRICH®). Tissue lysis and homogenization were carried out in a closed
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system using the gentleMACS™ Dissociator and single-use gentleMACS™ M tubes (Miltenyi
Biotec). Liver lysates were then centrifuged at 1500 g for 20 min at 4°C. The supernatants con-
taining the cytosolic protein fraction were discarded while the nuclear pellets were stored at
minus 80°C until further histone isolation procedure.

Histone Isolation

Purified histone extracts were isolated from nuclear fractions using the Histone Purification
Mini Kit (Active Motif, Carlsbad, CA, USA) according to the manufacturer’s protocol. Active
Motif’s Histone Purification Kit preserves phosphoryl, acetyl, and methyl post-translational
modifications on histones. Briefly, an equal volume of ice-cold extraction buffer was added to
the nuclear suspension. After homogenization, samples were left overnight in the extraction
buffer on a rotating platform at 4°C. Next day, tubes were centrifuged at maximum speed for 5
min in a microfuge at 4°C and the supernatants, which contained the crude histone extracts,
were neutralized with one-fourth volume of 5x neutralization buffer (pH 8.0). Neutralized
extracts were loaded to previously equilibrated histone isolation spin columns. After three
washes with histone wash buffer, we eluted histones in 100 pl of histone elution buffer and pre-
cipitated overnight by adding 4% perchloric acid. On the following day, samples were centri-
fuged at maximum speed for 1 hour; histone pellets were washed first with 4% perchloric acid,
later with acetone containing 0.2% HCI, and finally with pure acetone, after which they were
air dried. Histones were suspended in sterile distilled water and the yield of total core histone
proteins was quantified by measuring the absorbance at 230 nm.

Histone Acetylation Western Blots

Western blotting analyses were performed on four samples of purified histones, given that the
quantity of histones isolated from the other two nuclear protein extracts resulted not sufficient.
For the analysis, we followed the instructions of the Acetyl Histone Antibody Sampler Kit (Cell
Signaling) and the protocol applied by Matis et al. [7]. Before using “Acetyl-Histone H4 (Lys8)
Antibody #2594”and Histone H4 (L64C1) #2935 provided with the kit, we used ClustalW to
perform a multiple sequence alignment between the human histone H4 peptide sequence that
was used for the production of antibodies and the ortholog sequences in European seabass
(Dicentrarchus labrax), and other teleosts such as zebrafish (Danio rerio), Nile tilapia (Oreo-
chromis niloticus), and Atlantic salmon (Salmo salar). As shown in S1 Fig, the histone H4 pep-
tide sequence in European sea bass presents 100% similarity with the human sequence, and it
is the same for the other teleosts” histone H4 sequences. This suggest that antibodies were suit-
able for the detection of the antigen in our target species.

Histone proteins were diluted by 2x SDS and B -mercaptoethanol containing loading buffer
(supplemented with 50 mM DTT), sonicated for 15 s, and heat denatured at 95°C for 5 min.
Histones were separated by SDS-PAGE on polyacrylamide (4-20%) precast gradient gels (Bio-
Rad); 3 ug histone protein per lane were loaded for the detection of histones H2A, H2B, and
H3, whereas 6 pg per lane were loaded for histone H4. After electrophoresis, proteins were
blotted onto PVDF membranes (0.22-um pore size, Bio-Rad). Before proceeding to the immu-
nodetection process, a reversible Ponceau staining was applied to membranes to test equal
loading of gels and protein transfer. Histones were identified using antibodies furnished by the
Acetyl Histone Antibody Sampler Kit. After blocking with 5% fat-free milk containing PBST
for 3 h, the immunoblots were incubated overnight at 4°C with primary antibodies against his-
tone H2A (1:1000), H2B (1:500), H3 (1:1000), H4 (1:500), and their acetylated forms. Each ace-
tyl histone antibody was specific for the target histone modified at the lysine residue of the
most frequent acetylation site (AcH2A and AcH2B: Lys 5, AcH3: Lys 9, AcH4: Lys 8). The
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primary antibody was detected using an anti-rabbit secondary antibody (1:2000) or an anti-
mouse secondary antibody (1:900) for the non-acetylated H4 histone. Both secondary antibod-
ies were coupled with horseradish peroxidase. Primary antibodies were diluted in PBST con-
taining 5% BSA, with the exception of anti H4, which was diluted in PBST containing 5% of
defatted milk. Secondary antibodies were diluted in PBST containing 5% fat-free milk. Signals
were detected using an enhanced chemiluminescence system (SuperSignal ®west Dura
Extended Duration Substrate, Thermo Scientific) and exposing to clear-blue X-ray film. After
film exposure, densitometry was used to quantify protein levels on the western blots by means
of Quantity One 1-D software (Bio-Rad). The protein levels were expressed as adjusted volume,
Adj. Vol. [OD*mm?] = [{Sum of the intensities of the pixels inside the volume boundary} x
{area of a single pixel in mm?}]-{the background volume}).

RNA Extraction and cDNA Synthesis for Gene Expression Analysis

RNA from 12 sea bass livers and 12 intestines was extracted using a semi-automatic system
(Maxwell™ 16 Instrument, Promega) and a total RNA purification kit (Maxwell ™ 16 Tissue
LEV). RNA purity and concentration were assessed by a ND-2000 spectrophotometer (Nano-
Drop product, Thermo Scientific).

One hundred nanograms of the total extracted RNA were reverse transcribed to cDNA
using SuperScript III and random hexamers (Life Technologies, Italy) following the manufac-
turer’s instructions. Two rounds of cDNA synthesis per sample were carried out and then
merged.

Quantitative Real-Time PCR (qRT-PCR)

For the already cloned genes in European sea bass, FASTA sequences were taken from the
NCBI repository (http://www.ncbinlm.nih.gov/) and primers were designed by using Primer3
Plus (http://www.bioinformatics.nl/cgi-bin/primer3plus.cgi). For the genes not cloned yet,
exon sequences from other fish species (stickleback or tilapia) were taken from the Ensembl
Genome Browser (http://www.ensembl.org/) and blasted against the European sea bass
genome database (http://seabass.mpipz.de/) [43]. Only when the match was annotated in the
sea bass genome the exon was considered for primer design (S1 Table and S2 Fig). Primer effi-
ciency was evaluated by analyzing the slope of a linear regression from six different dilutions
using a pool with all the samples involved in the analysis: six fish per treatment in the two dif-
ferent tissues. Efficiencies ranged from 1.8 to 2.4. In addition, the correct binding of the prim-
ers and hence the presence of a single amplicon generation was assessed by adding a melting-
curve analysis (95°C for 15 s, 60°C for 15 s and 95°C for 15 s) after the amplification phase.

qRT-PCR was performed on an ABI 7900HT (Life Technologies) under a standard cycling
program (UDG decontamination cycle: 50°C for 2 min; initial activation step: 95°C for 10 min;
40 cycles of 15 s denaturation at 95°C and 1 min annealing/extension at 60°C). A final dissocia-
tion step was also added (95°C for 15 s and 60°C for 15 s).

For qRT-PCR gene analysis, cDNA was diluted 1:10 for all the target genes except for the
reference gene, r18S, which was diluted 1:500. All samples were run in triplicate in a 384-well
plate in a final volume of 10 ul. Each well contained a mix of 5 pul SYBR Green Supermix (Life
Technologies), 2 pl distilled water, 2 pl primer mix (forward and reverse at 10 pM concentra-
tion), and 1 pl cDNA. Negative controls were added in duplicate. The software SDS 2.3 and RQ
Manager (Life Technologies) were used to collect data and calculate gene expression levels
(cycle thresholds, Cts), respectively. The expression of housekeeping gene r18S (the endoge-
nous control) was used to correct for intra- and inter-assay variations.
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Data Analysis

qRT-PCR Raw Data Analysis. Ct values were adjusted, taking into account primer effi-
ciencies per each gene when calculating 2AddCt values. Expression data for each target gene
were also normalized to the housekeeping gene (r18S) and fold-change calculations were made
based on the Schmittgen and Livak’s method [44].

qRT-PCR Statistical Analysis. qRT-PCR analyses were performed using 2AddCt values
in the IBM SPSS Statistics 19 software. Data were evaluated for normality and homoscedasticity
of variance; outliers (no more than one per condition) were eliminated when needed. Treated
versus control groups, in liver and intestine, were analyzed in two steps: 1) by analyzing fold-
change differences with respect to the controls [44] and 2) by a Student ¢-test analysis. In addi-
tion, a two-way analysis of variance (ANOVA) was carried out, taking into consideration both
treatment and tissue for analyzing not only the contributions of each variable but also their
interactions.

Results
Effect of Butyrate on Growth Performance

The initial weight of 14.91+1.73 g of the control fish group (Fig 1) increased to 20.63+4.17 g
after 4 weeks of feeding and to 30.22+5.61 g after 8 weeks of feeding. Fish receiving the buty-
rate-supplemented diet had an initial mean body weight of 15.80+1.60 g, which increased to
20.51+4.74 g after 4 weeks and to 28.97+8.09 g after 8 weeks of feeding. However, the results of

Fish growth

TO 4 weeks 8 weeks

Fig 1. Effects of dietary butyrate on European sea bass growth. The data were tested by ANOVA followed by Tukey's
HSD test to determine whether there were any significant differences between different groups. Fish were fed for 8 weeks two
different diets, a control diet, and an experimental diet, which was the control diet supplemented with 2g/kg (0.2%) of Na-
butyrate. Each histogram shows the mean + SEM of 105 animals. Different letters indicate significant differences (P < 0.05).

doi:10.1371/journal.pone.0160332.g001
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two-way ANOVA showed that, starting from the 4™ week of the feeding trial, there was only a
time effect on the fish growth, whereas the interaction effect between diet and time was not sig-
nificant. By considering the main effect of time (S2 Table), the average weight of fish fed buty-
rate was not significantly different from that of the control fish from the 4™ week until the end
of the feeding trial.

Survival was high (around 95%) with no significant differences between the groups of fish
fed different diets. The SGR of fish fed the butyrate-supplemented diet was 1.06+0.02 after 4
weeks of feeding and 1.19+0.03 at the end of the experiment, whereas that of the control group
was 1.34+0.04 and 1.33£0.07 after 4 and 8 weeks of feeding, respectively. There were no signifi-
cant differences in SGR between the fish fed control and butyrate diet (data not shown).

Effect of Butyrate on Core Histone Acetylation

To investigate the effect of dietary supplementation of sodium butyrate on histone acetylation
in European sea bass, we performed an immunoblotting analysis on liver core histone extracts
of four fish from each group. The results of this analysis are presented in Fig 2, whereas the
intensity values (Adj. Vol [OD*mm?2]) of each band are reported in Table 2. Among the pri-
mary antibodies furnished by the Acetyl-Histone Antibody Sampler Kit (Cell Signaling Tech-
nology) anti-H2A (non-acetylated form), anti-H3 (acetylated and non-acetylated forms), and
anti-H4 (acetylated and non-acetylated forms) recognized respective sea bass’s epitopes. In
contrast, none of the anti-H2B, anti-AcH2B, and anti Ac-H2A antibodies recognized any of
the sea bass epitopes.

Immunoblotting on hepatocyte core histone extracts (Table 2) revealed that dietary butyrate
intake decreased the relative protein expression level of the H2A histone (P<0.05), which was
poorly expressed in butyrate-treated fish but was detected at high amounts (fivefold more) in
control fish. Screening of the principal acetylation sites of core histones revealed that butyrate
treatment caused hyperacetylation of histone H4. Indeed, the addition of sodium butyrate to
the diet significantly increased the ratio of AcH4/H4 at lysine 8 (P<0.05), leading to an approx-
imately twofold increase in comparison to the control group (no butyrate) (Table 2). In con-
trast, the acetylation state of histone H3 at Lysine 9 was not significantly influenced by butyrate
dietary intake. Interestingly, two different isoforms of histone H3 were separated on in the
immunoblots, which could correspond to the H3.1 and H3.2 isoforms previously found in
chicken [7].

Genes Related to Epigenetic Regulatory Mechanisms

Regardless of treatment, a two-way ANOVA showed that the differences between hepatic and
intestinal levels of expression of five target genes related to epigenetic regulatory mechanisms
were statistically significant (P<0.05) or highly significant (P<0.01; P<0.001) (Table 3 and S3
Table), being in general higher in the intestine. However, pairwise individual comparisons
between control and treated fish for each tissue and gene analyzed by a Student’s t-test showed
no differences in any case, despite fold-change ranges of 0.49 to 2.66 in the intestine and of
1.67 to 14.74 in the liver. This could be due to the high variability observed between fish. Fur-
thermore, regardless of tissue, ehmt2 showed significant differences due to butyrate treatment
(P =0.002), with significant differences (P = 0.010) for the interaction between tissue and treat-
ment, too. Similarly, dicerl and hdacll showed statistically significant differences due to the
interaction between tissue and treatment (P = 0.050 and P = 0.038, respectively). Fold-change
differences in the expression of genes that reached significance due to tissue, treatment, or both
are shown in Fig 3A-3C.
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Fig 2. Effects of butyrate on the acetylation state of histones from isolated hepatocytes in European sea bass. One—
dimensional immune-blotting analysis of histones H2A and H3 as well as H3, H4 acetylated histones is shown. Each
column represents individual fish. 3 pg histone protein per lane were loaded for the detection of histones H2A, and H3, and
6 ug per lane for histone H4. Before immunodetection, a reversible Ponceau staining was applied to membranes to test
equal loading of gels and protein transfer. After X-ray film exposure, densitometry was used to quantify protein levels on the
western blots by means of Quantity One 1-D software (Bio-Rad). Putative isoforms for histone H3 [H3.1 (upper band) and
H3.2 (lower band)] were accounted for the densitometry analysis.

doi:10.1371/journal.pone.0160332.g002

Genes Related to Mucosal Protection and Inflammatory Response

Statistical analysis by two-way ANOV A revealed that the expression of four (il1 §, il8, irfl, and
tnfo) out of seven target genes related to inflammatory response and immune system was
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Table 2. Quantification of core histone protein expression (Adj. Vol [OD*mm2]) and H4 acetylation ratio by densitometry. (*) (**) indicate statistical
significant differences between experimental groups with P <0.05 and P <0.01, respectively.

BUTYRATE | CONTROL
Histone Adj. Vol [OD*mm?] t-test
H2A 1.12+1.10* 5.46 £ 2.62 P <0.05
H3 5,43+1.36 5.78 £ 4.64
AcH3 6.42+1.33 8.36+1.20
H4 38.23+6.48** 10.18 £ 7.81 P<0.01
AcH4 6.55 £ 3.30%* 0.53+0.44 P<0.01
Acetylation ratio
AcH4/H4 0.16 £ 0.05* 1 0.07 +0.04 P <0.05

doi:10.1371/journal.pone.0160332.t002

significantly different (P<0.05) between the two analyzed tissues (liver and intestine) but only
the il10 gene showed differences in expression (P = 0.003) due to the butyrate treatment

(Table 4 and S4 Table). This effect was also demonstrated with pairwise comparisons using
Student’s t-test (P = 0.002). In contrast to what was observed with the epigenetic regulatory
mechanism-related genes and with the exception of il10 in the liver (fold change 25.09+17.18;
Fig 3D), the magnitude of fold change in the other two genes (il6, muc2) was lower (range
0.01-4.74). Furthermore, in contrast to the epigenetic regulatory mechanism-related genes, the
interaction effect between tissue and treatment did not reach statistical significance for any of
the seven target genes related to the inflammatory response and mucosal protection.

Discussion

Due to the paucity of oceanic resources utilized in the preparation of diets for cultured fish, the
amount of fishmeal (FM) included in compound aquafeeds is steadily decreasing and commer-
cial feed producers have been trying to replace FM by using alternative protein sources such as

Table 3. Two-way ANOVA statistical analysis of the expression of genes involved in epigenetic regu-

latory mechanisms.

Gene 2- way ANOVA
dicer 1 F (Ts) 14.661 (P =0.001)***
F (Tr) 0.025 (P =0.875)
F (TsxTr) 2.219 (P =0.050)*
ehmt2 F (Ts) 61.878 (P =0.000)***
F (Tr) 13.426 (P = 0.002)**
F (Tsx Tr) 8.093 (P =0.010)**
pcgf2 F (Ts) 7.211 (P=0.014)*
F (Tr) 0.003 (P = 0.096)
F (Ts x Tr) 0.024 (P =0.878)
jarid2a F (Ts) 6.159 (P = 0.022)*
F (Tr) 0.825 (P =0.374)
F (Tsx Tr) 0.385 (P =0.542)
hdac11 F (Ts) 45.051 (P =0.000)***
F (Tr) 0.002 (P =0.969)
F (TsxTr) 4.843 (P =0.038)*

Note: Asterisks mark statistical differences (*P<0.05; ** P<0.01; *** P<0.001). Ts = Tissue, Tr = Treatment,

Ts x Tr denotes de interaction between Tissue and Treatment.

doi:10.1371/journal.pone.0160332.t003
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Fig 3. Effects of dietary butyrate on gene expression in two tissues of the European sea bass: liver and intestine, as
determined by qRT-PCR analysis. Only those genes that showed statistical differences for the interaction between tissue and
treatment (A: dicer1, B: ehmt2 and C: hdac11), or differences in expression solely due to the treatment (D: i/70) are depicted. Fish were
fed for 8 weeks two different diets, a control diet, similar to feed commercially available for growing European seabass, and the
experimental diet, which was the control diet supplemented with 2 g/kg (0.2%) of Na-butyrate. The means of six animals in each group

are shown.

doi:10.1371/journal.pone.0160332.9003

vegetable proteins meals (VMs) [45]. VMs are able to replace a substantial part of the FM.
However, these products have limitations due to unbalanced amino acid profiles, high fiber
content, antinutritional factors and competition with use for human consumption [46]. There-
fore, to further proceed with low FM inclusion levels, fish feeds should be adequately supple-
mented with natural feed additives such as butyrate [47] or other organic acids, which have
generated increasing interest in the industry. Currently, there is strong interest in the use of
organic acids and their salts as natural feed additives since such products seem to have growth-
promoting effects in livestock. Their positive effects are well documented in terrestrial livestock
production [28,48,49,50], but some questions remain regarding their efficacy in fish farming,
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Table 4. Two-way ANOVA statistical analysis of the expression of genes involved in inflammatory
response, mucosal protection, and immune homeostasis.

Gene 2-way ANOVA
il B F (Ts) 11.368 (P = 0.003)**
F (Tr) 0.000 (P =1.000)
F (TsxTr) 0.000 (P =1.000)
il6 F (Ts) 2.068 (P =0.165)
F (Tr) 1.126 (P =0.301)
F(TsxTr) 0.949 (P =0.341)
il8 F (Ts) 8.129 (P =0.009)**
F (Tr) 0.632 (P =0.435)
F (TsxTr) 0.660 (P = 0.425)
il1o F (Ts) 0.036 (P =0.851)
F (Tr) 10.881 (P =0.003)**
F (TsxTr) 1.007 (P = 0.326)
irft F (Ts) 48.930 (P = 0.000)***
F (Tr) 2.401 (P =0.136)
F (TsxTr) 1.505 (P =0.233)
tnfa F (Ts) 55.649 (P = 0.000)***
F(Tr) 0.000 (P =1.000)
F (TsxTr) 0.000 (P = 1.000)
muc2 F (Ts) 4.241 (P =0.059)
F (Tr) 0.148 (P =0.706)
F (TsxTr) 0.070 (P =0.795)

Note: Asterisks mark statistical differences (** P<0.01; *** P<0.001). Ts = Tissue, Tr = Treatment, Ts x Tr
denotes interaction between Tissue and Treatment.

doi:10.1371/journal.pone.0160332.t004

and conflicting reports exist on the subject. Indeed, growth was significantly enhanced in some
fish species, such as rainbow trout (Oncorhiynchus mykiss), when fed an organic acid blend sup-
plement mainly consisting of formate and sorbate [51], but not in trout fed other commercial
supplements such as lactic acid [52] or citric acid [52,53]. On the other hand, neither hybrid
tilapia (Oreochromis niloticus x O. aureus) fed potassium diformate [54] nor Atlantic salmon
(S. salar) fed sodium salts of acetic, propionic, and butyric acid (5:5:2 w/w/w) showed any
growth enhancement [55, 31]. Species differences may thus occur. The results of our work are
in accordance with the last two studies, Gislason et al., [55], and Bjerkeng et al., [31] as we did
not find differences in the growth of European sea bass fed a diet supplemented with Na-buty-
rate. To date, literature related to the use of butyric acid or its salts in fish feed is still scarce and
mainly focused on the effects of butyrate on fish growth performance, intestinal morphology,
and metabolism [55,32,16,56]. Only few reports have described butyrate-induced epigenetic
and transcriptional changes in intestinal and hepatic genes of farmed fish [15,56]. In view of
this, the present study aims to contribute to the current understanding of the epigenetic regula-
tory effects of butyrate in European sea bass, which is one of the most important species in
Mediterranean aquaculture.

Butyrate belongs to a well-known class of epigenetic factors known as histone deacetylase
inhibitors (HDACi) [4]. Histone deacetylases (HDAC:s) are critical enzymes involved in epige-
netic transcriptional regulation, i.e., histone acetylation associated with chromatin structure
and function [57,58].There are very compelling data showing that sodium butyrate increases
the quantities of acetylated H3 and H4 core histone proteins in certain cells and tissues [59-
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62]. However, very limited evidence can be found in the literature regarding butyrate-induced
histone acetylation in vivo. The only data available were obtained in chicken, mice, and pigs
[7,63,64,65]; hence, the present study represents the first in fish. Our results on sea bass clearly
confirmed the capability of butyrate to induce histone hyperacetylation even in vivo. In agree-
ment with what Matis and colleagues [7] observed in liver of chickens fed a low dose of buty-
rate (0.25 g/kg body weight, BW), no significant differences were found in the acetylation state
of total histone H3 at lysine 9 after the dietary administration of 2 g/kg feed of Na-butyrate in
sea bass. Interestingly, a higher dose of butyrate (1.25 g/kg BW) caused, instead, a relevant
increase in H3 acetylation ratio in chicken [7]. This indicated that the level of histone H3 acety-
lation was dose-dependent and therefore the failed hyperacetylation observed in sea bass fed
butyrate could be explained by the amount of Na-butyrate in the diet (2 g/kg feed), which was
perhaps not sufficient to induce histone H3 hyperacetylation. Moreover, likewise in chicken
[66], two isoforms of histone H3 were separated on the immunoblots in sea bass; in mammals,
in contrast, three H3 variants have been characterized (H3.1, H3.2, H3.3) [67].

Butyrate treatment undoubtedly induced an increase of histone H4 acetylation in sea bass
liver. In chicken, hyperacetylation of histone H4 occurred independently of the dietary intake
levels of butyrate [7]. Similarly, acetylation of histone H4 in mammals [64] seemed to be inde-
pendent of the butyrate dose, since both low and high diet content of Na-butyrate increased
acetylated H4 levels in mouse hippocampus. Furthermore, in functional studies such as tran-
scription factor-binding assays or gene expression analysis, acetylation of histone H4 was often
found to be inversely correlated with acetylation of H3 [68-70]. Therefore, it would not be sur-
prising if histone H3 and H4 differ from each other in response to dietary butyrate and this
could be tested in a future research.

Among all core histones, H2A has the largest number of variants. In mammalian Jurkat
cells, at least thirteen H2A variants were identified [71]. According to Brower-Toland et al.,
[72], and Ishibashi et al., [73] acetylation of H2A is involved in conformational changes of
nucleosomes, which influence some strong, specific, and key histone-DNA interactions. In
contrast, Gansen et al. [70] suggested that acetylation of H2A and H2B histones did not influ-
ence nucleosome stability, but could instead affect the nucleosome entry-exit region. However,
multiple studies revealed that butyrate caused hyperacetylation of H2A both in vivo [7] and in
cell culture [60,73,74]. We could not verify in sea bass whether butyrate induced H2A hypera-
cetylation since the antibody we used did not recognized our species epitope. However, we
found that dietary butyrate caused a significant decrease in the total amount of H2A histone in
European sea bass hepatocytes.

Concerning gene transcript abundance analysis, this study clearly showed tissue-dependent
differences in the expression of five target genes involved in epigenetic regulatory mechanisms
[75]; the expression was in general, higher in the liver than in the intestine. As previously
found in European sea bass reared in different temperatures [36], three of target genes (dicerl,
ehmt2, and hdacl1) exhibited increased expression in the liver as a consequence of butyrate
treatment, suggesting that these genes are involved in physiological processes in charge of cop-
ing with external insults.

The Dicer1 family is known to participate in the innate immune response to pathogens,
mainly in RNA silencing-based antiviral immunity [76,77]. Indeed, studies in the past twenty
years have established a completely new RNA-based immune system against viruses that is
mechanistically related to RNA silencing or RNA interference. This viral immunity begins with
recognition of viral double-stranded or structured RNA by the Dicer nuclease family of host
immune receptors. Moreover, dicer! knockdown experiments showed an increase in the inter-
feron response against pathogens [77]. Although our results showed a slightly increase in the
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expression of irfl, a higher expression of dicer] was also observed in the liver, suggesting that
in butyrate-treated fish dicer 1 was inhibiting an interferon response against the external insult.

The higher expression of ehmt2 found in both tissues due to butyrate treatment could prob-
ably be related to the histone H3 dimethylation of lysine residue 10, as this is the expected effect
of this enzyme. As demonstrated previously, this creates an epigenetic mark on nucleosomes
associated to the il6 promoter that may repress its expression and alter the il6 signaling path-
way [78]. A similar effect is possible in our experiment with butyrate treatment since il6 expres-
sion was downregulated (although not significantly) in both the intestine and liver.

Finally, hdac11 has also been related to the immune system by downregulating the expres-
sion of {10 in antigen-presenting cells [79]. Overexpression of hdacl 1 is thought to inhibit i[10
expression and activate T-cell responses. Our results in intestine showed a decrease in hdacl1
expression and a slight increase in /10 levels. This suggests that, in butyrate-treated fish, anti-
gen-specific T-cell responses could be impaired, which probably activates immune tolerance.
This situation is known to prevent self-tissue damage [80] and the scenario fits nicely with the
known anti-inflammatory effect of butyrate in the fish that received the supplemented diet.

Conclusions

Results of the 8-week-long feeding trial showed no significant differences in weight gain and
SGR of sea bass that received 0.2% sodium butyrate supplementation in the diet in comparison
to control fish that received a diet without Na-butyrate.

Butyrate in the feed significantly increased the acetylation state of histone H4 at lysine 8,
leading to a twofold increase in comparison to the control group, but no changes were found in
the acetylation of histone H3 at Lys9. Interestingly, for histone H3 two different isoforms were
separated on the immunoblots, which could correspond to H3.1 and H3.2 isoforms previously
found in terrestrial animals.

Concerning gene expression, butyrate applied as a nutritional supplement caused significant
changes in vivo in the expression of genes related to epigenetic regulatory mechanisms such as
hdacl1, ehmt2, and dicerl. Statistical analysis by two-way ANOVA for these genes showed sig-
nificant differences due to the butyrate treatment (P = 0.002) and to the interaction between
tissue and treatment (P = 0.010). The expression of four (il1 f3, il8, irfl, and tnfo) out of seven
target genes related to mucosal protection and inflammatory response was significantly differ-
ent between the two analyzed tissues but only for the il10 gene were differences observed in the
expression (P = 0.003) due to the butyrate treatment. Thus, in this study we reveal some of the
effects of butyrate supplementation. This information is essential for the development of sub-
stitution diets in the efforts to improve the sustainability of the aquaculture of carnivorous
species.
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