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ABSTRACT  

Bacteria that inhabit the epithelium of the animals’ digestive tract provide 

the essential biochemical pathways for fermenting otherwise indigestible 

dietary fibers, leading to the production 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. 

Butyrate plays a major role in enhancing epithelial cell proliferation and 

differentiation and in improving the intestinal absorptive function. It has 

also potential immunomodulatory and anti-inflammatory properties in the 

intestine and may prevent colorectal cancer in humans. 

The mechanisms of action of butyrate are different; this four-carbon chain 

organic acid is a histone deacetylase inhibitor that play a predominant role 

in the epigenetic regulation of gene expression and cell function, therefore 

many of its mechanisms are related to its potent regulatory effect on gene 

expression.  

During the first year of PhD, my research activity was related to the study 

of the effects of dietary sodium butyrate on histone modifications and the 

expression of genes involved in epigenetic regulatory mechanisms and 

immune response in European sea bass (Dicentrarchus Labrax) fed a plant-

based diet. 

Accordingly, the effects of butyrate used as a feed additive on fish 

epigenetics as well as its regulatory role in mucosal protection and immune 

homeostasis through impact on gene expression, were investigated. 

To meet the aims, seven target genes related to inflammatory response and 

reinforcement of the epithelial defense barrier [tnfα (tumor necrosis factor 
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alpha) il1β, (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 endoribonuclease), 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 feeding 

trial showed no significant differences in weight gain or Specific Growth 

Rate (SGR) in sea bass that received 0.2% sodium butyrate 

supplementation in the diet in comparison to control fish that received a 

diet without Na-butyrate. Dietary butyrate led to a two-fold 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 

terrestrial animals were separated on the immunoblots. The expression of 

four (il1 β, il8, irf1, and tnfα) out of seven analyzed genes related to 

mucosal protection and inflammatory response was significantly different 

between the two analyzed tissues but only il10 showed differences in 

expression due to the interaction between tissue and butyrate treatment. In 

addition, 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 butyrate treatment, but 

also due to the interaction between tissue and treatment.  

In the second year of my studies, I focused on a different fish species - 

gilthead sea bream (Sparus aurata), to investigate the effects of a specific 
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combination of short- and medium-chain 1-monoglycerides on intestinal 

microbiome, gene expression, and fish growth performance. 

In aquaculture research, one important aim of the gut microbiota studies is 

to provide a scientific basis for developing effective strategies to 

manipulate gut microbial communities through the diet, promoting fish 

health and improving productivity.  

Currently, there is an increasing research interest towards the use of organic 

acids in commercial aqua-feeds, due to several beneficial effects they have 

on growth performance and intestinal tract’s health of farmed fish. Among 

organic acids, monoglycerides of short-chain fatty acids (SCFAs) and 

medium-chain fatty acids (MCFAs) have attracted particular research 

attention also for their bacteriostatic and bactericidal properties. 

Accordingly, the present study aimed to evaluate the potential beneficial 

effects of SCFA and MCFA monoglycerides, used as a feed additive, on 

fish growth performance, and intestinal microbiota composition. For this 

purpose, a specific combination of short- and medium-chain 1-

monoglycerides (SILOhealth 108Z) was tested in 600 juvenile gilthead sea 

bream (Sparus aurata) of 60 g mean initial weight that were fed for  90 

days with plant-based diets. Two isoproteic and isolipidic diets were 

formulated. The control fish group received a plant-based diet, whereas the 

other group received the same control feed, but supplemented with 0.5% of 

SILOhealth 108Z. The Illumina MiSeq platform for high-throughput 

amplicon sequencing of 16S rRNA gene and QIIME pipeline were used to 

analyse and characterize the whole microbiome associated with both 

thefeeds and S. aurata intestine. The number of reads taxonomically 

classified according to the Greengenes database was 394,611. We 

identified 259 OTUs at 97% identity in sea bream fecal samples; 90 OTUs 

constituted the core gut microbiota. Firmicutes, Proteobacteria and 
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Actinobacteria represented the dominant phyla in both experimental 

groups. Among them, relative abundances of Firmicutes and 

Proteobacteria were positively and negatively affected by dietary SCFA 

monoglycerides supplementation, respectively. In summary, our findings 

clearly indicated that SILOhealth 108Z positively modulated the fish 

intestinal microbiota by increasing the number of beneficial lactic acid 

bacteria, namely, Lactobacillus, and reducing Gammaproteobacteria, 

which include several potential pathogenic bacteria. The specific 

composition of 1-monoglycerides of short- and medium-chain fatty acids 

contained in SILOhealth 108Z could thus have a great potential as a feed 

additive in aquaculture.   

 

1. INTRODUCTION 
 

1.1. AQUACULTURE  

Human societies face the enormous challenge of having to provide food 

and livelihoods to a population well in excess of 9 billion people by the 

middle of the twenty-first century, while addressing the disproportionate 

impacts of climate change and environmental degradation on the resource 

base.  

Food and agriculture are key to achieving the entire set of Sustainable 

Development Goals (SDGs), and many SDGs are directly relevant to 

fisheries and aquaculture. 

The State of World Fisheries and Aquaculture 2018 highlights the critical 

importance of fisheries and aquaculture for the food, nutrition and 

employment of millions of people, many of whom struggle to maintain 

reasonable livelihoods.  
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The total fish production in 2016 reached an all-time high of 171 million 

tonnes, of which 88 percent was utilised for direct human consumption due 

to relatively stable capture fisheries production, reduced wastage and 

continued aquaculture growth. This production resulted in a record-high 

per capita consumption of 20.3 kg in 2016. Since 1961, the annual global 

growth in fish consumption has been twice as high as population growth. 

While annual growth of aquaculture has declined in recent years, 

significant double-digit growth is still recorded in some countries, 

particularly in Africa and Asia (FAO, 2017). The sector’s contribution to 

economic growth and the fight against poverty is growing. Strengthened 

demand and higher prices increased the value of global fish exports in 2017 

to USD 152 billion, 54 percent originating from developing countries. 

The fisheries and aquaculture sector is not without challenges, however, 

including the need to reduce the percentage of fish stocks captured beyond 

biological sustainability, currently 33.1 percent; to ensure that biosecurity 

and animal disease challenges are tackled successfully; and to maintain 

complete and accurate national statistics in support of policy development 

and implementation.  

Aquaculture represent 47 percent of the total global fish production and 53 

percent if non-food uses (including the reduction to fishmeal and fish oil) 

are excluded (FAO- Rome, 2018).  Since the late 1980s, the overall capture 

of fishery production has been relatively static. Hence, aquaculture has 

been responsible for the continuing and important growth in the supply of 

fish for human consumption (Figure 1).  
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Figure 1. World capture fisheries and aquaculture production (FAO- Rome, 2018) 

 

Between 1961 and 2016, regrettably the average annual increase in global 

food fish consumption (3.2 percent) outpaced the global population growth 

(1.6 percent) (Figure 2). This increase of fish demand exceeded even that 

of meat from all terrestrial animals combined (2.8 percent). (FAO - Rome, 

2018) 

 
Figure 2. World fish utilization and apparent consumption (FAO- Rome, 2018) 
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In per capita terms, food fish consumption duplicated from 9.0 kg in 1961 

to 20.2 kg in 2015, at an average rate of about 1.5 percent per year. 

Preliminary estimates for the next two years 2016 and 2017, suggest a 

further growth of about 20.3 and 20.5 kg, respectively. The expansion in 

consumption has been directed not only by increased production, but also 

by other several factors, including reduced wastage. About 3.2 billion 

people have been provided by fish consumption with almost 20 percent of 

their average per capita intake of animal protein. People in developing 

countries have a higher share of fish protein in their diets compared to those 

in developed countries, despite their relatively low levels of fish 

consumption. 

The global capture fisheries production was 90.9 million tonnes in 2016 

which is a small decrease in comparison to the two previous years (Table 

1).  

 

 

Table 1. World fisheries and aquaculture production and utilization (million tonnes)a 

(FAO- Rome, 2018) 
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Fisheries in marine and inland waters provided 87.2 and 12.8 percent of the 

global total, respectively (FAO- Rome, 2018).   

About 88 percent of the 171 million tonnes of total fish production in 2016 

(over 151 million tonnes) was utilised for direct human consumption and 

this data has been increasing significantly in recent decades.  

The greatest part of the 12 percent used for non-food purposes (about 20 

million tonnes) was reduced to fishmeal and fish oil. Live, fresh or chilled 

is often the most preferred and highly priced form of fish and represents the 

largest share of fish for direct human consumption (45 percent in 2016), 

followed by frozen (31 percent).  

Fishmeal production reached the peak point in 1994 at 30 million tonnes 

(live weight equivalent) and since then the trend has been fluctuating but 

overall declining. A growing share of fishmeal is being produced from fish 

by-products, which previously were often wasted. It is estimated that by-

products account for about 25 to 35 percent of the total volume of fishmeal 

and fish oil produced. Fishmeal and fish oil are still nowadays considered 

the most nutritious and most digestible ingredients for farmed fish feeds. 

Nevertheless, as they are used more selectively, their inclusion rates in 

compound feeds for aquaculture have shown a clear downward trend 

(FAO- Rome, 2018).   

A significant, but declining, proportion of world fisheries production is 

processed into fishmeal and fish oil. This fraction contributes indirectly to 

human food production and consumption when these ingredients are used 

as feed in aquaculture and livestock raising. These products can be 

produced from whole fish, fish trimmings or other fish by-products 

resulting from processing. Several species, mostly of them small pelagic 

species, are used for the production of fishmeal and fish oil. Many of the 

species used, such as anchoveta (Engraulis ringens), have comparatively 
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high oil yields but are rarely used for direct human consumption (FAO- 

Rome, 2018). 

Owing to the growing demand for fishmeal and fish oil, in particular from 

the aquaculture industry, and coupled with high prices, a growing share of 

fishmeal is being produced from fish by-products, which previously were 

often wasted. It is estimated that by-products account for about 25 to 35 

percent of the total volume of fishmeal and fish oil produced, but there are 

also regional differences. For example, by-product use in Europe is 

comparatively high at 54 percent (Jackson and Newton, 2016). With no 

additional raw material expected to come from whole fish caught by 

reduction-dedicated fisheries (in particular, small pelagic fish), any 

increase in fishmeal production will need to come from use of by-products, 

which can, however, have a negative impact on the overall nutritional value 

as feed. 

Fish oil represents the richest available source of long-chain 

polyunsaturated fatty acids (PUFAs) which are important in human diets 

for a wide range of functions. However, the Marine Ingredients 

Organisation (IFFO) estimates that approximately 75 percent of annual fish 

oil production still goes into aquaculture feeds (Auchterlonie, 2018). 

Because of the variable supply of fishmeal and fish oil production and 

associated price variation, commercial feed producers, nutritionists, and 

many researchers are seeking alternative sources of PUFAs, including large 

marine zooplankton stocks such as Antarctic krill (Euphausia superba) and 

the copepod Calanus finmarchicus, although concerns remain over the 

impacts for marine food webs (FAO- Rome, 2018).  

However, in order to be included as a general oil or protein ingredient in 

fish feed, the cost of zooplankton products remains too high.  
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Fish silage (Kim and Mendis, 2006), a rich source of protein hydrolysate, 

is a less expensive alternative to fishmeal and fish oil and is increasingly 

important as a feed additive, for example in aquaculture and in the pet food 

industry. Silage, obtained by preserving whole fish or fish by-products with 

an acid and letting enzymes from the fish hydrolyse the proteins, has 

potential to increase growth and reduce mortality of animals that receive it 

in their feed. 

Increasingly intensive aquaculture production methods, with greater use of 

crop-based feedstuffs and lower fishmeal and fish oil inclusion rates, are 

likely to influence the nutrient content of farmed aquatic products, 

particularly fat content and fatty acid profiles. A focus on the nutrient 

content of farmed aquatic foods is especially important where they have a 

key role in food-based approaches (FAO- Rome, 2018). 

 

1.2. BUTYRATE   

The availability of marine ingredients, fishmeal and fish oil, traditionally 

utilized in the preparation of feed for cultured fish, is finite. Consequently, 

the rapid rise of global aquaculture have forced the aquafeed industry to 

identify and utilize alternative and more sustainable ingredients that can 

guarantee fish growth and health (Tacon and Metian, 2008). In the last few 

years, significant advances have been made in this direction and the most 

commonly used alternatives to the limited and expensive fishery-derived 

raw materials have been of terrestrial plant origin (Gatlin et al., 2007). 

However, the main drawbacks of using vegetable feedstuff in aquafeeds are 

related to their suboptimal amino acid profile, poor in essential amino acids 

such as methionine and lysine, and to the presence of a wide variety of anti-

nutritional factors (Francis et al., 2001). Those antinutritional components 

found in terrestrial plants, include phytic acid, saponins, and protease 
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inhibitors, which can damage the intestinal lining, compromise nutrient 

digestibility and absorption, thus leading to reduced fish growth, increased 

stressed and impaired resistance to diseases (Zhang et al., 2013; Penn et al., 

2011; Santigosa et al., 2011; Francis et al., 2001). Therefore, there is an 

increasing interest to find feed additives that could prevent the adverse 

effects of plant-based ingredients normally used in fish diet formulations.  

One of the most promising feed additive has been sodium butyrate (Na-

butyrate), a salt of butyric acid. The advantage of salts over free organic 

acids is that they are generally odourless and not volatile. Conversely, 

butyric acid isa short chain fatty acid (SCFA) with four carbon atoms and 

offensive odour, whose acidity is associated with the carboxyl group 

(−COOH) (Mallo et al., 2012; Lim et al., 2015). 

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 (Canani et al., 2012). 

Being weak acids with modest pKas of approximately 3.6 to 4.7, SCFAs do 

not completely dissociate or dissolve in water. Furthermore due to the pH 

of part of the gastrointestinal tract in which the fermentation occurs at 

nearly neutral level (the colonic pH is approximately 6.0-7.5), more than 

90% of SCFAs are present as anions rather than as free acids (Bergman, 

1990). 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 (Bergman, 1990; 

Macfarlane and Macfarlane, 2011). 
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Butyric acid is one of the main end-products of anaerobic bacterial 

fermentation of otherwise undigested complex carbohydrates (cellulose, 

hemicellulose, pectin) in the animals’ intestinal tract. This acid represents 

the major energy source for enterocytes and is involved in the maintenance 

of gut mucosal health, playing a central role in enhancing epithelial cell 

proliferation and differentiation and in improving the gut absorptive 

function (Gálfi and Neogrády 2002; Wong et al. 2006; Canani et al., 2011). 

Hence, in the last years, butyrate has received particular attention for its 

numerous and well documented beneficial effects on the health of intestinal 

tract and peripheral tissues in humans, and animals, including fish 

(Guilloteau et al., 2010; Mátis et al. 2013; Robles et al., 2013; Liu et al., 

2014). Furthermore, there are several lines of evidence to suggest that 

butyrate has potential immunomodulatory and anti-inflammatory 

properties in the intestine and may prevent colorectal cancer in humans 

(Vinolo et al., 2009; Toden at al., 2007; Hammer et al., 2008;Terova et al., 

2016; Rimoldi et al., 2016; Tian et al., 2017). In sea bream (Sparus aurata) 

Robles and colleagues (2013) firstly reported a positive effect of dietary 

butyrate on the availability of several essential amino acids and nucleotide 

derivatives associated with a significant improvement of fish growth rates. 

Similarly, Na-butyrate supplementation positively affected the growth 

performances of Pacific white shrimp (Litopenaeus vannamei) 

(Silva et al., 2016) and juvenile common carp (Cyprinus carpio) (Liu et al., 

2014).  However, the information on the effect of butyric acid and its salts 

on fish growth performances remains elusive. For example, in Atlantic 

salmon (Salmo salar) and rainbow trout (Onchorynchus mykiss) a 

supplemention of a diet with a mixture of SCFA, containing Na- butyrate, 

did not significantly improve growth rate or feed utilization (Bjerkeng et 

al., 1999; Gao et al., 2011).  
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1.2.1. EPIGENETIC EFFECTS OF BUTYRATE 

In the mid-1970s several research groups reported that sodium butyrate 

alters DNA synthesis, arrests cell proliferation, alters cell morphology and 

increases or decreases gene expression. Some of these changes are similar 

to those produced by agents, which increase the intracellular level of 

adenosine 3’, 5’-cyclic monophosphate (cAMP), or by analogs of cAMP. 

Sodium butyrate increases the intracellular level of cAMP by about two 

fold in neuroblastoma cells; therefore, some of the effects of sodium 

butyrate on these cells may in part be mediated by cAMP. Sodium butyrate 

appears to have properties of a good chemotherapeutic agent for 

neuroblastoma tumors because the treatment of neuroblastoma cells in 

culture causes cell death and "differentiation" (Prasad et al., 1976). 

Although the exact underlying mechanisms of action have not yet been 

elucidated, the influence of butyrate on cell proliferation may be explained, 

at least in part, by its potent regulatory effect on the gene expression. This 

effect is often attributed to the ability of butyrate to inhibit the activity of 

many histone deacetylases, leading to hyper acetylation of histones (Hamer 

et al., 2008). Histone acetylation disrupts chromatin structure, allowing the 

binding of transcription factors and polymerases and hence, the beginning 

of transcription. The modulation of genome expression through core 

histone acetylation is one of the most relevant means by which cell function 

and DNA methylation are epigenetically regulated (Hamer et al., 2008; 

Canani et al., 2011; Biancotto et al., 2010). 

Several studies reveal that among the SCFAs, butyrate is the most effective 

in stimulating or repressing the expression of specific genes related to 

tumorigenic cells, in inducing differentiation and haemoglobin synthesis in 

erythroleukemic cells, inhibiting histone deacetylase (HDAC) activity, and 

arresting cell proliferation (Kruh et al., 1982, Davie et al., 2003). 
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Butyrate theoretically reactivates epigenetically-silenced genes by 

increasing global histone acetylation. However, the global gene expression 

profiles of bovine kidney epithelial cells indicate that there are more genes 

down-regulated than up-regulated by butyrate (Li et al., 2010). Similar 

results were also reported from human hepatocarcinoma (Li et al., 2006, 

Rada-Iglesias et al., 2007). It was suggested (Hinnebusch et al., 2002, 

Emenaker et al., 2001) that butyrate may also inhibit the development of 

colon cancer. 

It has been shown that the SLC5A8 protein, which sits within the apical 

membrane of the enterocytes, is involved in the absorption of SCFAs such 

as butyrate into the colon (Park et al., 2008, Park et al., 2007). As such, 

SLC5A8 gene product that is involved in its transport through the colon 

mucosa has been labeled as a tumour suppressor gene (Park et al., 2007, 

Thangaraju et al. 2008).  

Butyrate impacts cell proliferation through its effect on histones acetylation 

status. Histone modification is very instrumental in the expression level of 

genes within the cell. Butyrate transport by SLC5A8 gene product impacts 

the expression level of many genes that are likely involved in the anti-

proliferative control of the cell cycle within the colon mucosa (Thangaraju 

et al. 2008). Of note, SLC5A8 transported compound, butyrate, affects 

chromatin structure through its effect on histones (Brim et al. 2011). 

SLC genes are known to be involved in the transport of many solutes that 

differ from one gene to another and for the same gene, from one organ to 

the other (Li et al. 2008). SLC5A8 gene is involved in the transport of 

butyrate, propionate, and pyruvate that are all inhibitors of histone 

deacetylases (Ganapathy et al. 2008). 

Accordingly, the first aim of the present study was to evaluate the potential 

effects of butyrate used as a feed additive on fish growth, as well as 
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butyrate’s regulatory role on the gut mucosal protection and immune 

homeostasis through its effects on gene expression in the European sea bass 

(Dicentrarchus labrax). The target genes related to mucosal inflammatory 

response and reinforcement of the mucous defense barrier included: tnfα 

(tumor necrosis factor alpha), which is a cell-signaling protein (cytokine) 

that makes up the inflammatory acute phase reaction and possesses a wide 

range of pro-inflammatory actions (Locksley et al., 2001); interleukins such 

as il1β, il-6, il-8, and il-10, which are well-known cytokines that regulate 

immune responses, inflammatory reactions, and hematopoiesis; irf1 

(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 (Brien et al. 2011); and muc2 (mucin 2), a major 

component of intestinal mucus gel secretions that serve as a barrier to 

protect the intestinal epithelium (Allen et al. 1998). 

 

1.3. INTESTINAL MICROBIOTA 

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 carbohydrates such as starch and glucose, that are well digested and 

absorbed in the small intestine (Bergman, 1990). Intestinal mucus, 

sloughed cells, and endogenous secretions provide other sources of 

fermentable substrates, especially proteins and polysaccharides (Bergman, 

1990). Nearly 75% of the energy content of the carbohydrates is used for 

the production of metabolic end products such as volatile or SCFAs, which 
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are readily absorbed by the host; the remaining 25% is used for microbial 

growth and maintenance or is lost as hydrogen, carbon dioxide, and 

methane (Cummings and Macfarlane, 1991). Microbial fermentation 

mainly takes place in the forestomach (a fermentation chamber cranial to 

the acid-secreting part of the stomach) of foregut fermenters such as 

ruminants (cattle, sheep, goats, etc.) and in the cecum and large intestine of 

hindgut fermenters (the food is fermented after it has been digested by the 

stomach), such as rodents, elephants, and most carnivores and omnivores, 

including humans (Bergman, 1990; Guilloteau et al., 2010). The produced 

SCFAs are waste products to the microbes but represent the main source of 

metabolic energy for colonocytes in hindgut fermenters or serve as a 

principal source of energy for the entire animal in the case of foregut 

fermenters. Indeed, ruminants depend on SCFAs for 80% of their 

maintenance energy (Bergman, 1990; Canani et al., 2012; Louis and Flint, 

2009).   

Fish gut microbiota shares common intestinal microbiota features with 

other vertebrates. It plays important role in hosts’ metabolism, absorption 

of nutrients, immunity, and resistance to diseases (Figure 3) (Rawls et al., 

2004, 2006; Gómez and Balcázar, 2008; Llewellyn et al., 2014). The 

intestinal microbiota is also responsible for the synthesis of some vitamins, 

digestive enzymes and SCFAs, which are the main energy source of the gut 

epithelial cells (Maslowski e Mackay, 2010; Llewellyn et al., 2014; Nayak, 

2010; Ghanbari et al., 2015; Ingerslev et al., 2014a). 
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Figure 3. A combination of biotic and abiotic factors (red arrows) such as genotype, fish 

physiological status (including properties of the innate and adaptive immune systems), 

fish pathobiology (disease status), fish lifestyle (including diet), fish environment and the 

presence of transient populations of microorganisms affect the composition, function and 

metabolic activity of the fish gut microbiota. These changes affect processes involved in 

growth, performance, energy storage and health in fish. (Ghanbari et al., 2015) 

 

Furthermore, it has recently been reported that the dietary supplementation 

of butyrate modulates the intestinal bacterial community of fish species 

such as European sea bass (Dicentrarchus labrax) (De Schryver et al., 

2010), and common carp (Liu et al., 2014), as well as crustaceans such as 

Pacific white shrimp (da Silva et al. 2013, 2016; Anuta et al., 2011).  

Changes in the gut microbiota following dietary butyrate typically consist 

of a shift in the dominant bacterial hierarchies. This is due to the lysis of 

Gram-negative bacteria, which is typically accompanied by an enrichment 

in “good” (beneficial) bacteria strains (Owen et al., 2006; Encarnacao, 

2008; Hoseinifar et al., 2017). Most of the SCFAs and their salts are 

commonly known as acidifiers and are used as antimicrobial compounds in 

the livestock feed industry as well as in aquafeed production (Ng and Koh, 

2017). Due to their capacity in reducing pH of the feed, they act as 
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preserving agents, inhibiting microbial growth and diminishing a possible 

intake of pathogenic organisms (Lückstädt, 2008). Similarly, in the 

intestinal tract, SCFAs cause a reduction of pH leading to growth inhibition 

of pathogenic bacteria, mainly belonging to Gram-negative species 

(Hoseinifar et al., 2017). However, the organic acids mechanism of action 

is very different from antibiotics. The antimicrobial activity of SCFAs is 

due to the ability of undissociated form of the acid to penetrate bacterial 

cell wall and, once inside, dissociate releasing its protons, thereby lowering 

the cytoplasmic ph. Consequently, the bacterium has to readdress its 

energies towards the efflux of the excess protons, thus exhausting the cell 

metabolism and leading to lower cell growth and even to cell death (Salsali 

et al., 2008; Hismiogullari et al. 2008).  

For butyrate to exert its physiologic, cellular, and molecular effects, 

circulating concentrations 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 intravenously in 

humans (Miller et al., 2004). 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 concentrations reached high enough values to be 

efficacious (Miller et al., 2004). 

However, in animals, the butyric acid and sodium butyrate have the 

disadvantage to be immediately absorbed by the upper digestive tract, thus 

limiting the delivery of a sufficient amount of butyric acid to intestine, 

where butyrate performs its aforementioned beneficial actions (Yin et al., 

2016).  



21 
 

Butyrate glycerides, instead, have no such drawback since butyrate release 

from them requires the action of intestinal lipases. This means that butyric 

acid is protected from the absorption in the upper tract and its effectiveness 

in the rest of gut is improved (Sampugna et al., 1967; Namkung et al., 

2011).  

Therefore, butyrins (including mono-, di-, and tri-butyrate glycerides) have 

been developed to overcome this limit. Like butyrate salts, butyrins have 

no offensive odour. In broiler chickens, it has been reported that dietary 

addition of butyric acid glycerides improved the body weight gain, and 

breast weight gain (Leeson et al., 2005; Yin et al., 2016). Among short-

chain fatty acid glycerides, monoglycerides have shown a more effective 

antimicrobial activity than di- and triglycerides of the same fatty acids 

(Namkung et al., 2011). To date, information regarding the effect of butyric 

acid glycerides on intestinal health and growth performances in fish is 

scarce.  

Accordingly, the second aim of this study was to evaluate the potential 

beneficial effects of a mixure of SCFA and MCFA monoglycerides, used 

as a feed additive, on fish growth performance, and gut microbiota 

composition. For this purpose, a specific combination of short- and 

medium-chain 1-monoglycerides, namely SILOhealth 108Z, was tested in 

juvenile gilthead sea bream (Sparus aurata).  Since sea bass and sea bream 

are the two main fish species on the Mediterranean Sea and economically 

very important for the local aquaculture, they have been both on purpose 

selected for this study. 
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2. MATERIAL, METHODS AND RESULTS 

 

2.1 EFFECTS OF SODIUM BUTYRATE TREATMENT ON HISTONE 
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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 [tnfα (tumor necrosis factor

alpha) il1β, (interleukin 1beta), il-6, il-8, il-10, andmuc2 (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 (il1 β, il8, irf1, and

tnfα) out of seven analyzed genes related to mucosal protection and inflammatory response

was significantly different between the two analyzed tissues but only il10 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

DNAmethylation 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: tnfαtumor 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 il1β, il-6, il-8, and il-10, which are

well-known cytokines that regulate immune responses, inflammatory reactions, and hemato-

poiesis; irf1 (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]; andmuc2 (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

Effects of Sodium Butyrate on Histone Modifications and Epigenetic-Related Genes in Marine Fish
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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]; hdac11 (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 lx 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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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: (ln Wf—

ln Wi)/t x 100, where Wf 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/HCl, pH 7.8, 10 mM KCl, 1.5 mMMgCl2, 0.5 mM

Pefabloc1 (SIGMA-ALDRICH1), 0.5 mM DTT, 1 mM Na3VO4, and 1X protease inhibitor

cocktail (SIGMA-ALDRICH1). Tissue lysis and homogenization were carried out in a closed

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
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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 μl 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% HCl, 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 Mátis 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 β -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 μg histone protein per lane were loaded for the detection of histones H2A, H2B, and

H3, whereas 6 μg per lane were loaded for histone H4. After electrophoresis, proteins were

blotted onto PVDF membranes (0.22-μm 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

Effects of Sodium Butyrate on Histone Modifications and Epigenetic-Related Genes in Marine Fish
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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 (SuperSignal1west 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!mm2] = [{Sum of the intensities of the pixels inside the volume boundary} x

{area of a single pixel in mm2}]–{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

(Maxwell1 16 Instrument, Promega) and a total RNA purification kit (Maxwell1 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.ncbi.nlm.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 μl. Each well contained a mix of 5 μl SYBR Green Supermix (Life

Technologies), 2 μl distilled water, 2 μl primer mix (forward and reverse at 10 μM concentra-

tion), and 1 μl 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 2^ddCt 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 2^ddCt 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 t-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

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 4th 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 4th 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!mm2]) 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, dicer1 and hdac11 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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Genes Related to Mucosal Protection and Inflammatory Response
Statistical analysis by two-way ANOVA revealed that the expression of four (il1 β, il8, irf1, and

tnfα) out of seven target genes related to inflammatory response and immune system was

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 μg histone protein per lane were loaded for the detection of histones H2A, and H3, and
6 μg 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
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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 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*mm2] 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* 0.07 ± 0.04 P < 0.05

doi:10.1371/journal.pone.0160332.t002

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 (Ts x Tr) 2.219 (P = 0.050)*

ehmt2 F (Ts) 61.878 (P = 0.000)***

F (Tr) 13.426 (P = 0.002)**

F (Ts x 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 (Ts x Tr) 0.385 (P = 0.542)

hdac11 F (Ts) 45.051 (P = 0.000)***

F (Tr) 0.002 (P = 0.969)

F (Ts x Tr) 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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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,

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: il10) 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.g003
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and conflicting reports exist on the subject. Indeed, growth was significantly enhanced in some

fish species, such as rainbow trout (Oncorhynchus 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 (HDACs) 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–

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

il1 β F (Ts) 11.368 (P = 0.003)**

F (Tr) 0.000 (P = 1.000)

F (Ts x Tr) 0.000 (P = 1.000)

il6 F (Ts) 2.068 (P = 0.165)

F (Tr) 1.126 (P = 0.301)

F (Ts x Tr) 0.949 (P = 0.341)

il8 F (Ts) 8.129 (P = 0.009)**

F (Tr) 0.632 (P = 0.435)

F (Ts x Tr) 0.660 (P = 0.425)

il10 F (Ts) 0.036 (P = 0.851)

F (Tr) 10.881 (P = 0.003)**

F (Ts x Tr) 1.007 (P = 0.326)

irf1 F (Ts) 48.930 (P = 0.000)***

F (Tr) 2.401 (P = 0.136)

F (Ts x Tr) 1.505 (P = 0.233)

tnfα F (Ts) 55.649 (P = 0.000)***

F (Tr) 0.000 (P = 1.000)

F (Ts x Tr) 0.000 (P = 1.000)

muc2 F (Ts) 4.241 (P = 0.059)

F (Tr) 0.148 (P = 0.706)

F (Ts x Tr) 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
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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 Mátis 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 (dicer1,

ehmt2, and hdac11) 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, dicer1 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 irf1, a higher expression of dicer1 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 il10 in antigen-presenting cells [79]. Overexpression of hdac11 is thought to inhibit il10

expression and activate T-cell responses. Our results in intestine showed a decrease in hdac11

expression and a slight increase in il10 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

hdac11, ehmt2, and dicer1. 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 β, il8, irf1, and tnfα) 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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ABSTRACT
In aquaculture research, one important aim of gut microbiota studies is to provide the

scientific basis for developing effective strategies to manipulate gut microbial commu-

nities through the diet, promoting fish health and improving productivity. Currently,

there is an increasing commercial and research interest towards the use of organic

acids in aquafeeds, due to several beneficial effects they have on growth performance

and intestinal tract’s health of farmed fish. Among organic acids, monoglycerides of

short-chain fatty acids (SCFAs) and medium-chain fatty acids (MCFAs) have attracted

particular research attention also for their bacteriostatic and bactericidal properties.

Accordingly, the present study aimed to evaluate the potential beneficial effects of SCFA

and MCFA monoglycerides, used as a feed additive, on fish growth performance, and

intestinal microbiota composition. For this purpose, a specific combination of short-

and medium-chain 1-monoglycerides (SILOhealth 108Z) was tested in 600 juvenile

gilthead sea bream (Sparus aurata) of about 60 g mean initial weight that were fed for

90 days with plant-based diets. Two isoproteic and isolipidic diets were formulated.

The control fish group received a plant-based diet, whereas the other group received

the same control feed, but supplemented with 0.5% of SILOhealth 108Z. The Illumina

MiSeq platform for high-throughput amplicon sequencing of 16S rRNA gene and

QIIME pipeline were used to analyse and characterize the wholemicrobiome associated

both to feeds and S. aurata intestine. The number of reads taxonomically classified

according to the Greengenes database was 394,611. We identified 259 OTUs at 97%

identity in sea bream fecal samples; 90 OTUs constituted the core gut microbiota.

Firmicutes, Proteobacteria and Actinobacteria represented the dominant phyla in both

experimental groups. Among them, relative abundance of Firmicutes and Proteobac-

teria were positively and negatively affected by dietary SCFA monoglycerides supple-

mentation, respectively. In summary, our findings clearly indicated that SILOhealth

108Z positively modulated the fish intestinal microbiota by increasing the number

of beneficial lactic acid bacteria, namely, Lactobacillus, and reducing Gammapro-

teobacteria, which include several potential pathogenic bacteria. The specific com-

position of 1-monoglycerides of short- and medium-chain fatty acids contained in

SILOhealth 108Z could thus have a great potential as a feed additive in aquaculture.
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INTRODUCTION

Aquaculture, with an average annual rate of 8 percent, is probably the fastest-growing

food-producing sector in the world. It provides nearly 50 percent of the seafood consumed

by humans (FAO, 2014) and the World Bank projects that aquaculture will increase to

provide 2/3 of the world’s fish in 2030. Currently, about 68% and 88% of the demand for

fishmeal (FM) and fish oil (FO), respectively, comes from aquaculture (Naylor et al., 2009).

However, with most wild fish capture fisheries at or above maximum sustainable yield,

aquaculture can no longer rely on oceanic resources for the manufacturing of aquafeeds

and such feed options are simply not sustainable (Naylor et al., 2000). To defray rising

costs and avert ecological harm, commercial feed producers and fish farmers have made

substantial efforts to reduce the proportion of FM and FO in aquaculture feed, by replacing

ground-up forage fish with terrestrial plants (Tacon & Metian, 2008; Gatlin et al., 2007).

However, the use of vegetable feedstuff in aquafeed production has several drawbacks

that are related to the low level of indispensable amino acids (in particular lysine and

methionine) and to the presence of a wide variety of anti-nutritional factors that could

damage the intestine, thus reducing nutrient absorption, and consequently, affecting fish

growth and resistance to stress and diseases (Zhang et al., 2013; Penn et al., 2011; Santigosa

et al., 2011; Francis, Makkar & Becker, 2001).

For this reason, nutritionists and feed manufacturers are investing great effort to find

feed additives that could prevent or alleviate the adverse effects at the gut level of plant-based

ingredients that are actually used in fish diet formulations.

Here, the most promising feed additives seem to be organic acids that are compounds

with acidic properties associated with their carboxyl group (−COOH) (Lim et al., 2015).

Among them, short- and medium-chain fatty acids (SCFAs and MCFAs) are known to

play a central role as energy-source for enterocytes. SCFAs are fatty acids with aliphatic

tails of one to six carbon atoms, the most common being acetic (C2), propionic (C3), and

butyric (C4) acid, whereas MCFA comprise fatty acids with seven to 12 carbon atoms.

SCFAs are produced within the intestinal lumen by bacterial fermentation of undigested

dietary carbohydrates and fibers (cellulose, hemicellulose, pectin). Contrariwise, MCFAs

mainly arise from dietary triglycerides and natural sources of MCFAs are generally coconut

oil, palm kernel oil, and milk. The use of SCFAs as additive in aquafeeds and their

impact on fish growth, nutrient utilization, and disease resistance were recently reviewed

(Ng & Koh, 2017). Among SCFAs, butyric acid has received particular attention for its

various well-documented beneficial effects on the health of intestinal tract and peripheral

tissues in human and farmed animals, including fish (Guilloteau et al., 2010; Mátis et al.,

2013; Robles et al., 2013; Liu et al., 2014). Butyrate represents a major energy source for

enterocytes and is involved in maintaining gut mucosal health, playing a central role in

enhancing epithelial cell proliferation and differentiation and in improving the intestinal
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absorption (Gálfi & Neogrády, 2001; Wong et al., 2006; Canani et al., 2011). Butyrate has

anti-inflammatory properties and the potential to stimulate the immune system, too

(Vinolo et al., 2011; Hamer et al., 2008; Terova et al., 2016; Rimoldi et al., 2016; Tian et al.,

2017). However, the data on the effect of butyric acid and its salts (sodium butyrate) on

the growth performance of cultured fish and crustaceans are still controversial. In juvenile

common carp (Cyprinus carpio) (Liu et al., 2014), and Pacific white shrimp (Litopenaeus

vannamei) (Da Silva et al., 2016), butyrate supplementation positively affected the growth

performance. On the other hand, a dietary supplementation of a mixture of SCFAs,

containing butyrate, did not significantly improve growth rate or feed utilization in

Atlantic salmon (Salmo salar), rainbow trout (Oncorhynchus mykiss), and European sea

bass (Bjerkeng, Storebakken & Wathne, 1999; Gao et al., 2011; Terova et al., 2016). Recently,

Simó-Mirabet et al. (2017) reported that sodium salt of coconut fatty acid distillate,

particularly rich in lauric acid (C12), increased feed intake, improved gut development and

nutrient absorption, thus enhancing growth rate of gilthead sea bream (Sparus aurata).

Moreover,MCFAs have been suggested to have a role in immunological response regulation

(Wang et al., 2006). Organic acids, their salts or combinations thereof, are commonly

known as acidifiers and are used as storage preservatives in terrestrial livestock feeds as

well as in aquafeeds (Ng & Koh, 2017). Due to their capacity to reduce pH, they inhibit

microbial growth and diminish a possible contamination of feed by pathogenic organisms

such as Salmonella and Escherichia coli (Lückstädt, 2008; Van Immerseel et al., 2003; Van

Immerseel et al., 2004; Skřivanová et al., 2009). The mechanism of action of SCFAs and

MCFAs differs from that of antibiotics. Salsali, Parker & Sattar (2008) firstly proposed that

SCFAs and MCFAs bacteriostatic and bactericidal activities could be due to the ability of

the undissociated form of the acid to penetrate the bacterial cell wall and, once inside,

to dissociate releasing protons, thereby lowering the cytoplasmic pH. Consequently, the

bacteriummust redirect its energy towards the efflux of the excess protons, thus exhausting

cell metabolism and leading to lower bacterial cell growth and even to cell death (Salsali,

Parker & Sattar, 2008; Hismiogullari et al., 2008; Ng & Koh, 2017). In the digestive tract,

organic acids cause a pH reduction in the intestine via the delivery of H+ ions (Lim et

al., 2015). Actually, in fish, dietary administration of acidifiers inhibits overgrowth of

pH-sensitive pathogenic bacteria favouring the growth of beneficial intestinal flora (Zhou

et al., 2009; Hoseinifar, Sun & Caipang, 2017; Abu Elala & Ragaa, 2015; Ringøet al., 2016;

Da Silva et al., 2013; Da Silva et al., 2016; Anuta et al., 2011; De Schryver et al., 2010; Liu

et al., 2014; Piazzon et al., 2017). Indeed, although the bacteriostatic activity of organic

acids is preserved at the intestinal level, their bactericidal efficacy is limited because of

the intestinal pH. Being weak acids with modest pKas of approximately 3.6 to 4.7, the

majority of organic acids at neutral or slightly alkaline pH, are present as anions rather

than as undissociated forms (free acids) that are assumed to penetrate the lipid membrane,

destroying the bacterial cell (Yoon et al., 2018).

Dietary free organic acids and their salts have also the disadvantage to be easily absorbed

by the upper digestive tract, thus limiting their delivery to the desired target, i.e., lower

intestinal tract, where they exert the aforementioned beneficial actions.
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On the contrary, monoglycerides, which are esters formed by glycerol and one molecule

of fatty acid, have no such drawbacks. The great advantage of monoglycerides is that

organic acid is released from the glycerol backbone only under the action of intestinal

lipases. This means that SCFA or MCFA remains protected from absorption in the upper

gastrointestinal tract and could reach the final portion of intestine, where it would exert its

major functions (Sampugna et al., 1967; Namkung et al., 2011). Moreover, monoglycerides

possess a more effective antimicrobial activity than the corresponding free fatty acids, since

their efficacy is independent from environmental pH (Bergsson et al., 2001; Sun, O’Connor

& Roberton, 2003; Thormar, Hilmarsson & Bergsson, 2006). Due to their amphipathic

properties, monoglycerides show a membrane-lytic action, which leads to bacterial

membrane destabilization and pore formation. Membrane-destabilizing activity causes

increased cell permeability and cell lysis, leading to inhibition of growth and cell death

(Yoon et al., 2018). MCFA monoglycerides are able to penetrate also the peptidoglycan

layer of Gram-positive bacteria’s cell wall (Bergsson et al., 2001).

Up to date, antimicrobial and growth-promoting action of monoglycerides have

been widely investigated in poultry (Bedford & Gong, 2018; Yang et al., 2018; Jahanian &

Golshadi, 2015; Leeson et al., 2005), whereas in fish their effects have been poorly explored.

Accordingly, the present study aimed to evaluate the potential beneficial effects of dietary

SCFA and MCFA monoglycerides on fish growth performances and intestinal microbiota

composition. For this purpose, a specific synergic combination of 1-monoglycerides of

short- andmedium-chain fatty acids (SILOhealth 108Z), commercially available from SILO

SpA, Florence, Italy (http://www.silohealth.com/), was tested in juvenile gilthead sea bream

(Sparus aurata) fed a plant-based diet. The Illumina MiSeq platform for high-throughput

sequencing of 16S rRNA gene was utilized to analyse and characterize the whole gut

microbiome of gilthead sea bream.

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 indoor experimental facility of Civita

Ittica (Civitavecchia, Italy), and in accordance with EU Directive 2010/63/E U for animal

experiments. TheCommittee on the Ethics of Animal Experiments of the same experimental

facility approved all of the study protocols (approval n. 120/2008-A of 03/09/2008 (Art.12

of D.Lgs.116/92)). Fish handling was performed under tricaine methanesulfonate (MS222)

anesthesia, and all effort was made to minimize discomfort, stress, and pain to the fish.

Experimental diets

The two experimental diets were formulated and manufactured by VRM S.r.l. Naturalleva

(Verona, Italy). Feeds were prepared using small-scale machinery for mixing ingredients

and preparing pellets of 3.0 mm in diameter. The formulation and proximate composition

of diets are shown in Tables 1 and 2. The diets were isoenergetic (17.5 MJ kg−1),

isoproteic (50%), and isolipidi c (16%), fully satisfying the gilthead sea bream nutritional

demands (Table 2). The control group (CTRL) received a commercial plant-based diet;
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Table 1 Formulation (g kg−1 diet) of experimental diets.

Ingredient CTRL Sh108

Fish meal 280.0 280.0

Corn gluten 220.0 220.0

Guar germ meal 132.0 132.0

Soybean seed meal 120.0 120.0

Wheat middlings 120.0 120.0

Fish oil (94%) 64.5 62.4

Rapeseed oil 44.3 41.4

DL-methionine 4.5 4.5

Lysine hydrochloride 2.7 2.7

Taurine 4.5 4.5

Vitamin C (stay-C 35) 0.6 0.6

Vitamin and mineral premixa 7.0 7.0

SILOhealth108 – 5.0

Notes.
aVitamin and mineral premix (quantities in 1 kg of mix): Vitamin A, 4,000,000 IU; Vitamin D3, 800,000 IU; Vitamin C, 25,000

mg; Vitamin E, 15,000 mg; Inositol, 15,000 mg; Niacin, 12,000 mg; Choline chloride, 6,000 mg; Calcium Pantothenate, 3,000

mg; Vitamin B1, 2,000 mg; Vitamin B3, 2,000 mg; Vitamin B6, 1,800 mg; Biotin, 100 mg; Manganese, 9,000 mg; Zinc, 8,000

mg; Iron, 7,000 mg; Copper, 1,400 mg; Cobalt, 160 mg; Iodine 120 mg; Anticaking & Antioxidant + carrier, making up to

1,000 g.

Table 2 Proximate composition (g kg−1 diet) of the experimental diets.

DIET

CTRL Sh108

Moisture 42.1 42.1

Crude protein 500.0 500.0

Crude lipids 160.0 160.0

Crude fibre 19.6 19.6

NFE 213.3 213.3

Ash 65.0 65.0

DP 403.9 403.9

DE (MJ kg −1) 17.5 17.5

DP/DE (g MJ −1) 22.9 23.0

EPA 12.3 11.8

DHA 8.2 7.8

n−3/n−6 1.3 1.3

DHA/EPA 0.6 0.6

Notes.
NFE, Nitrogen-free extract; DP, digestible protein; DE, digestible energy; EPA, Eicosapentaenoic acid; DHA, Docosahex-

aenoic acid; n−3, omega-3 fatty acids; n−6, omega-6 fatty acids.

the treated group (Sh108) received the same control feed but it was supplemented

with 0.5% of SILOhealth 108Z commercially available from SILO SpA, Florence, Italy

(http://www.silohealth.com/). SILOhealth 108Z is composed of a specific combination

of 1-monoglycerides of short- and medium-chain fatty acids (from C3 to C12), in which

1-monobutyrin represents 65% of total blend (Table 3).
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Table 3 Fatty acid composition (%) of SILOhealth 108Z.

Fatty acid Quantity (%)

C3:0 Propionic acid 20

C4:0 Butyric acid 65

C6:0, C7:0, C8:0, C9:0, C12 Blend of caproic, heptanoic, caprylic, lauric acid 15

Table 4 Growth and feed efficiency indices. Final mean body weight, specific growth rate (SGR), relative growth rate (RGR), biological feed

conversion ratio (bFCR), and economic feed conversion ratio (eFCR) values of sea bream fed with two experimental diets (CTRL and Sh108). The

weight data represent the mean value ± SD (n = 300 fish/per diet). SGR, RGR, bFCR, and eFCR were tank-based determined (n = 3) and reported

as mean ± SD. Different letters indicate statistically significant differences between groups (Student’s t -test, P < 0.05).

Diet Initial weight Final weight SGR (% day−1) RGR (%) bFCR eFCR

CTRL 60.56 ± 1.44 126.84 ± 1.90 0.75 ± 0.01 109.49 ± 2.49 1.53 ± 0.05 1.55±0.05a

Sh108 60.50 ± 0.70 129.39 ± 1.12 0.77 ± 0.01 113.88 ± 3.27 1.47 ± 0.01 1.48±0.01b

Fish and feeding trial

Six hundred juvenile gilthead sea bream of about 60 g mean initial body weight (Table 4)

were randomly distributed into six fiberglass tanks of 2m3 each (100 fish/tank) at the indoor

experimental facility of Civita Ittica (Civitavecchia, Italy). The tanks were supplied with

filtered sea water (salinity of 37 mg/l) at a temperature and average dissolved oxygen level

of 21.2± 1.4 ◦C and 11.7± 0.6 mg/l, respectively. Fish were kept under a 12:12 h light:dark

photoperiod regimen. Feeding rate was restricted to 2.0% of biomass during the feeding

experiment based on four-weekly fish weight measurements. During the experiment that

lasted 90 days, fish in triplicate groups (three tanks/diet) were fed with their respective diet

twice a day (7:00 am and 4:00 pm) for 6 days per week, except Sunday. Feed consumption

(g) in each tank was estimated from the difference between feed delivered into the tank

and uneaten feed. Uneaten feed was collected from the bottom of the tank one hour after

each meal by siphoning, dried at 70 ◦C and then weighed. Fish mortality was checked and

recorded every day. At the end of the feeding trial, all fish in the tank were individually

weighed and measured for their length. Specific growth rate (SGR), relative growth rate

(RGR), and biological and economic feed conversion ratio (bFCR and eFCR, respectively)

values were calculated. The bFCR is the net amount of feed used to produce one kg of fish,

whereas the eFCR considers all the feed used, meaning that the effects of feed losses and

mortalities are included (Robb & Crampton, 2013).

The each ratio values were calculated using the following formulas:

bFCR=Total feed /(Final weight(Wt)+mass mortality)− Initial weight (W0)

eFCR=Total feed /(Final weight(Wt)− Initial weight (W0))

SGR= 100 × (lnWt/lnW0)/Days

RGR= 100 ×(Wt − W0)/W0.

The day of fecal sampling, fish were fed at 6:00 am and after 6 h from the last meal,

six fish/diet (2 fish/tank) were randomly collected and euthanized with an overdose

(320 mg/L at 22 ◦C) of anesthetic (tricaine-methasulfonate MS-222). To avoid gut content
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contamination by the body surface microflora during dissection, external abdominal

surface of each fish was wiped thoroughly with a sterile 70◦ alcohol moistened cotton with

an area of 10 cm2. Then, with the aid of sterile scissors and forceps, the entire intestine

(excluding pyloric ceca) was exposed from the ventral side and aseptically removed. The

fecal content was obtained by squeezing out and scrapping the intestinal mucosa with a

sterile spatula, in order to collect both, the digesta- and the mucosa-associated microbiota.

The fecal samples were immediately frozen in dry ice and stored at minus 80 ◦C until the

metagenomics analysis.

Microbial DNA extraction

Two hundred and fifty mg of intestinal content from each fish (12 × 250 mg samples in

total) and 200 mg of each dietary pellet (2 × 200 mg samples in total) were processed for

DNA extraction using DNeasy PowerSoil Kit (Qiagen, Milan, Italy). The bacterial cells were

disrupted via high-speed shaking in plastic tubes with stainless steel beads (TissueLyser II,

Qiagen, Milan, Italy) for 2 min at 25 Hz. Total DNA was then extracted according to the

manufacturer’s instructions. A sample with only lysis buffer was processed in parallel to

the biological samples as a negative control to check if external DNA contamination was

introduced during the extraction procedure. Bacterial DNA concentration was measured

spectrophotometrically by using NanoDropTM 2000 Spectrophotometer (Thermo Fisher

Scientific, Monza, Italy) and then stored at −20 ◦C until further processing.

16S rRNA gene library preparation and sequencing

The 16S ribosomal RNA gene library was prepared according to the Illumina protocol ‘‘16S

Metagenomic Sequencing Library Preparation’’ (#15044223 rev.B). PCR amplifications

of the V3-V4 region of the 16S rRNA gene were carried out in 25-µl reactions

containing bacterial DNA (500 ng), buffer (10X), dNTPs (0.2 mM), MgSO4 (1.5

mM), Platinum
R©

Taq DNA Polymerase High Fidelity (1U) (Thermo Fisher Scientific,

Monza, Italy), forward primer (5′-CCTACGGGNBGCASCAG-3′), and reverse primer

(5′-GACTACNVGGGTATCTAATCC-3′) (400 nM each). The universal primers used were

selected by Takahashi et al. (2014) and were designed with Illumina adapters at their 5′ end.

All the procedure for 16S rRNA gene library preparation and sequencing is described in

detail in Rimoldi et al. (2018). However, briefly, PCR cycling conditions for 16S rRNA

gene amplification were 94 ◦C for 1 min, 30 cycles of 94 ◦C for 30 s, 55 ◦C for 1 min,

and 68 ◦C for 1.30 min, with a final extension step at 68 ◦C for 10 min. The resulting size

of 16S rRNA gene amplicons was about 550 bp. Dual indices and Illumina sequencing

adapters (P5 and P7) were then attached to the amplicons using Nextera XT Index Kit

(Illumina, San Diego, CA, USA), according to manufacturer’s instructions, to produce the

final libraries. Final libraries were quantified by quantitative PCR (qPCR) using KAPA

Library Quantification Kits for Illumina R© platforms (Kapa Biosystems Ltd., Dorset, UK)

and a set of six diluted DNA standards to generate a standard curve. Final libraries were

pooled in equimolar amounts, denatured and diluted to 6 pM. Before loading onto the

MiSeq flow cell, 15% of the PhiX control library was combined with the amplicon library.

Sequencing was performed on an Illumina MiSeq platform using v3 reagent and a 2×300
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bp paired end protocol, according to the manufacturer’s instructions (Illumina, San Diego,

CA, USA).

Sequencing raw data analysis

Raw sequences were processed using the open-source bioinformatics pipeline QIIME

v1.9.1 (Caporaso et al., 2010) by BMR Genomics NGS service (Padova, Italy). Sequences

were trimmed using Trimmomatic v0.32. Only reads above 36 nucleotides in length were

included in the downstream analysis. The remaining sequences were grouped by diet

according to their barcodes. For original amplicon reconstruction, overlapping R1 and R2

paired reads were joined using FLASH v1.2.11 software (http://sourceforge.net/projects/

flashpage) and filtered for base quality (Q > 30). Amplicons were dereplicated, sorted, and

clustered at ≥ 97% identity. Amplicon clusters (Operational Taxonomic Units, OTUs)

were then identified against reference QIIME-formatted Greengenes database v.13.8

(http://greengenes.lbl.gov) by using QIIME script ‘pick_closed_reference_otus.py’ and

only the OTUs that represented at least 0.005% of total reads were kept. The taxonomical

classification was performed down to species level. To determine the abundance of

each bacterial taxon, OTUs obtained from each sample were binned according to their

consensus sequences, and the final OTU-table output files, in txt and biom format, were

created using ‘summarize_taxa_through_plots.py’ custom script. OTUs assigned to the

phylumCyanobacteria (classChloroplast ) were removed from the analysis as potential plant

contaminants, as described in Rimoldi et al. (2018). Reads of mitochondrial or eukaryotic

origin were also excluded.

Alpha and beta diversity statistics were performed as described in Rimoldi et al. (2018).

Alpha diversity metrics were calculated based on a rarefied OTU table using ‘observed

species’, ‘Chao1 index’ (species richness estimator), ‘Shannon’s diversity index’, ‘Good’s

coverage’, and ‘PDwhole tree’. OTUs diversity among sample communities (beta diversity)

was assessed by applying weighted (presence/absence/abundance matrix) and unweighted

(presence/absence matrix) UniFrac distance matrices (Lozupone & Knight, 2005; Lozupone

et al., 2007). The distance matrices were visualized by principal coordinate analysis (PCoA)

three-dimensional plots.

The common core microbiome (OTUs shared, regardless of the diet, and found

in at least five out of the six samples per dietary group) was identified using the

‘compute_core_microbiome.py’ script. The Venn diagrams representing the results of

the core microbiota were drawn using the web tool http://bioinformatics.psb.ugent.be/

webtools/Venn/.

Statistics

All data were presented as means ± standard deviation. The number of reads across

samples was normalized by sample size and the relative abundance (%) of each taxon was

calculated. Only those taxa with an overall abundance of more than 1% (up to order)

and more than 0.5% at family and genus level were considered for statistical analysis.

Before being statistically analysed, the resulting microbial profiles were calculated as the

angular transformation (arcsine of the square root). All data were tested for normality and
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homogeneity of variances by Shapiro–Wilk’s and Levene’s test, respectively. Differences

between two groups were analysed by unpaired Student’s t -test or non-parametric Mann–

Whitney U test, depending if the data were or not normal distributed. Welch’s t -test was

used instead of Student’s t -test when variances were unequal between groups. Statistical

significance was set at P < 0.05. Correction of multiple testing was done using Benjamini–

Hochberg False Discovery Rate (FDR) method with a false discovery rate (Q) set to 0.20.

All analyses were performed using Past3 software (Hammer, Harper & Ryan, 2001). To

verify the significance of differences in the beta diversity of bacterial communities, analysis

of similarities (ANOSIM), and permutational multivariate analysis of variance (adonis

function) were performed with 999 permutations. Both tests were accomplished using

QIIME script ‘compare_categories.py’.

RESULTS

Fish growth performance and feeding conversion

During the 90 days of the feeding trial, the mortality rate was lower than 1%. Specifically,

two fish of CTRL and four fish of Sh108 group died during the first week of feeding trial,

with no further mortalities recorded for the rest of the test. Fish growth performance

indexes such as SGR, and RGR did not reveal any significant differences between control

and SILOhealth 108Z-supplemented dietary groups, meaning that all fish grew efficiently,

regardless of the fatty acid monoglycerides supplementation. At the end of the feeding trial,

all fish doubled their body mass reaching a final mean body weight of 126.84 ± 1.90 g, and

129.39 ± 1.12 g in CTRL and Sh108 group, respectively. On the contrary, economic FCR

differed between two groups, resulting lower in fish fed diet Sh108 (Table 4).

Characterization of microbial communities of the diets

Bacterial communities associated to feeds were analysed using the QIIME pipeline, which

revealed that the two microbial profiles were qualitatively and quantitatively equivalent.

After filtering for quality, trimming length, and generating consensus lineages, the number

of reads taxonomically classified according to the Greengenes database was 47,791 and

44,483 for CTRL and Sh108 diet, respectively. The total number of OTUs at 97% identity

found in CTRL and Sh108 feed samples amounted to 193 and 188, respectively. The overall

amount of reads of eukaryotic origin was around 70%. The microbial profiles of feed

samples at the phylum, family, and genus taxonomic level are reported in Figs. 1A–1C.

The most abundant bacterial taxa (relative abundance >1%) were mainly comprised of 3

phyla, four classes, six orders, seven families, eight genera, and eight species (Figs. 1A–1C;

Dataset S1).

QIIME data analysis and taxonomic characterization of gut
microbiome

The twelve fecal samples were processed via Illumina MiSeq platform and analysed using

the QIIME pipeline. During bioinformatics analysis process, two CTRL samples were

discarded following OTU-picking step, due to their inadequate number of sequences. The

total number of reads taxonomically classified according to the Greengenes database was
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Figure 1 Bacterial relative abundance (%) in the feeds. The amount (%) of the most prevalent bacte-

ria in CTRL and Sh108 feeds at (A) phylum; (B) family, and (C) genus level. Only bacteria with an overall

abundance of ≥ 1% (at genus level) and ≥ 0.5% (at family and genus level), were reported. Bacteria with

lower abundance were pooled and indicated as ‘‘Others’’.

Full-size DOI: 10.7717/peerj.5355/fig-1
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Figure 2 Intestinal core microbiota.Venn diagram representing unique and shared OTUs between fish

of the CTRL and Sh108 dietary groups.

Full-size DOI: 10.7717/peerj.5355/fig-2

Table 5 Alpha diversity results of gut microbiota of seabream fed two tested diets.Number of reads per sample assigned to OTUs, and alpha di-

versity metrics values (normalized at the lowest sample size: 20,052 reads) of gut microbial community of gilthead sea bream fed CTRL (n = 4) or

Sh108 (n= 6) diets for 90 days. Data are expressed as means ± SD. Different letters indicate statistically significant differences between groups (Stu-

dent’s t -test, P < 0.05).

Diet Reads Observed species Good’s coverage PDWhole tree Chao1 Shannon

CTRL 26,828 ± 7,248b 160 ± 19 0.99 ± 0.0 13.8 ± 1.0 172 ± 19 3.3 ± 0.7

Sh108 47,883 ± 9,482a 154 ± 24 0.99 ± 0.0 13.6 ± 1.9 172 ± 21 2.4 ± 0.7

Total number of reads taxonomically classified 394,611

Mean number of reads/sample 39,461 ± 13,626

Total number of OTUs 259

394,611, which corresponded to an average number of 39,461 ± 13,626 reads per sample

(Table 5). Sequences of eukaryotic origin were 51% of total reads. Sequencing data were

exported as individual fastq files and deposited in the European Nucleotide Archive (EBI

ENA) under the accession code: PRJEB25441.

We identified 259 OTUs at 97% identity in sea bream fecal samples (Dataset S2). Ninety

OTUs constituted the core gut microbiota, i.e., those OTUs found in at least three out of

the four control samples and at least five out of the six Sh108 samples (or OTUs present

in at least 75% of fecal samples) and shared, regardless of the diet (Fig. 2). Among these,

43 OTUs were common to 100% of samples, showing a dominance of Firmicutes (26

OTUs) (Dataset S3). Good’s coverage values for both dietary groups were >0.99, indicating

that sequencing coverage was attained and that the OTUs found in the samples were
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Figure 3 Relative abundance (%) of the overall most prevalent bacterial phyla in the gut of (A) all, and
(B) individual fish fed with CTRL and Sh108 diets. All bacteria with an overall abundance of ≥ 1% were

reported. Bacteria with lower abundance were pooled and indicated as ‘‘Others’’.

Full-size DOI: 10.7717/peerj.5355/fig-3

Figure 4 Relative abundance (%) of the overall most prevalent bacterial families in the gut of (A) all,
and (B) individual fish fed with CTRL and Sh108 diets. All bacteria with an overall abundance of ≥ 0.5%

were reported. Bacteria with lower abundance were pooled and indicated as ‘‘Others’’.

Full-size DOI: 10.7717/peerj.5355/fig-4

representative of the whole population (Table 5). The whole microbial community profile

of samples, excluding reads from eukaryotic origin, was successfully outlined, resulting

in nine phyla, 14 classes, 25 orders, 44 families, 75 genera, and 38 species (Dataset S2).

However, only taxa with an overall abundance of more than 1% (at the phylum, class, and

order level) and more than 0.5% (at family and genus level) were considered for statistical

analysis. The mean relative abundance changes at species level between groups were not

considered to be informative since the number of unassigned sequences was remarkable

(74-92%) and they were consequently excluded from analysis. Therefore, considering

only the most abundant taxa, the overall gut microbial community was comprised of

three phyla, six classes, eight orders, 14 families, 12 genera, and 13 species. The profiles of

intestinal microbial communities for each dietary group and individual fish are presented

at the phylum (Figs. 3A, 3B), family (Figs. 4A, 4B), and genus (Figs. 5A, 5B) level.

Rimoldi et al. (2018), PeerJ, DOI 10.7717/peerj.5355 12/27



Figure 5 Relative abundance (%) of the overall most prevalent bacterial genera in the gut of (A) all,
and (B) individual fish fed with CTRL and Sh108 diets. All bacteria with an overall abundance of ≥ 0.5%

were reported. Bacteria with lower abundance were pooled and indicated as ‘‘Others’’.

Full-size DOI: 10.7717/peerj.5355/fig-5

Different α-diversity metrics were applied, including observed species count,

phylogenetic diversity (PDWhole tree), andChao1 and Shannon indices. All the rarefaction

curves, normalized to the sample with the lowest number of sequences (20,052 reads),

tended to plateau (Figs. S1A–S1C). As reported in Table 5, neither of the indices of diversity

and species richness was affected by adding of SILOhealth 108Z to the diet. In particular,

Shannon diversity index reached a stable value in all samples, indicating that bacterial

diversity in these communities was mostly covered and did not differ between the two

experimental groups. Only the number of reads was significantly higher in Sh108 samples

compared to control.

Analysis of intestinal microbiome changes in response to different
diets

To understand the between-group differences, the mean relative abundances of individual

taxa were compared and the results are reported in Table 6. Firmicutes, Proteobacteria and

Actinobacteria represented the dominant phyla in both experimental groups (Fig. 3A).

Among them, amount of Firmicutes and Proteobacteria were significantly influenced by

dietary monoglycerides supplementation. Our data revealed that the relative abundance

of Firmicutes was significantly higher (60.64 ± 1.63%) in fish fed with diet Sh108 than in

fish fed the control diet (35.11 ± 19.63%) (Table 6). In contrast, fish fed the control diet

were characterized by a higher percentage of bacteria assigned to Proteobacteria phylum

(62.38 ± 20.50%) than fish receiving diet Sh108 (35.60 ± 1.63%) (Table 6). Bacilli and

Gammaproteobacteria classes were dominant in both dietary groups. However, fewer

Gammaproteobacteria were found in the group Sh108 (28.41 ± 3.01%) than in the control

group (58.63 ± 20.88%) (Table 6). In the same fish, at order level, a higher percentage

of Lactobacillales was found. The increased proportion of Lactobacillales was due to a

significant enrichment in bacteria belonging to Lactobacillaceae (40.90 ±7.41%) and

Leuconostocaceae (4.15 ± 1.21%) families in comparison to the control group (Fig. 4A,
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Table 6 Mean relative abundance (%)± SD of the most prevalent bacterial phyla, classes, orders, fam-
ilies, and genera found in fecal samples of gilthead sea bream fed with two tested diets.

CTRL Sh108 P-value Benjamini Hochberg
P-value

Phylum

Actinobacteria 2.14 ± 1.09 2.68 ± 0.78 0.413 0.591

Firmicutes 35.11 ± 19.63 60.64 ± 1.63 0.021 0.135

Proteobacteria 62.38 ± 20.50 35.60 ± 1.63 0.022 0.135

Class

Actinobacteria 2.16 ± 1.10 2.80 ± 0.89 0.367 0.591

Bacilli 33.01 ± 18.52 55.25 ± 6.51 0.039 0.209

Clostridia 2.47 ± 1.54 7.60 ± 4.67 0.069 0.211

Alphaproteobacteria 1.11 ± 0.92 2.21 ± 2.11 0.339 0.591

Betaproteobacteria 2.07 ± 0.85 2.53 ± 1.18 0.531 0.671

Gammaproteobacteria 58.63 ± 20.98 28.41 ± 3.01 0.014 0.135

Order

Actinomycetales 2.16 ± 1.10 2.80 ± 0.89 0.367 0.591

Bacillales 11.80 ± 7.18 9.52 ± 2.00 0.513 0.668

Lactobacillales 21.21 ± 14.52 45.73 ± 8.07 0.014 0.135

Clostridiales 2.47 ± 1.54 7.60 ± 4.67 0.069 0.211

Rhodobacteralesa 0.64 ± 1.18 1.73 ± 2.13 0.241 0.545

Burkholderiales 1.95 ± 0.77 2.12 ± 0.96 0.792 0.874

Enterobacteriales 26.72 ± 21.86 26.19 ± 5.56 0.959 0.959

Vibrionalesa 31.53 ± 38.20 1.78 ± 3.22 0.066 0.211

Family

Corynebacteriaceae 0.75 ± 0.58 0.83 ± 0.34 0.820 0.874

Propionibacteriaceae 1.15 ± 0.44 1.75 ± 0.59 0.138 0.364

Alicyclobacillaceae 7.98 ± 5.33 5.70 ± 1.66 0.389 0.591

Bacillaceae 2.5 ± 1.42 1.88 ± 0.33 0.363 0.591

Staphylococcaceae 0.88 ± 0.67 1.23 ± 0.48 0.402 0.591

Lactobacillaceae 18.75 ± 13.23 40.90 ± 7.41 0.015 0.135

Leuconostocaceae 1.55 ± 1.34 4.15 ± 1.21 0.018 0.135

Streptococcaceae 0.89 ± 0.55 0.65 ± 0.18 0.446 0.599

Clostridiaceae 1.94 ± 1.16 7.02 ± 4.63 0.068 0.211

Rhodobacteraceaea 0.64 ± 1.18 1.73 ± 2.13 0.241 0.545

Alcaligenaceae 0.90 ± 0.32 0.85 ± 0.43 0.834 0.874

Comamonadaceae 1.00 ± 0.43 1.14 ± 0.53 0.689 0.822

Enterobacteriaceae 26.72 ± 21.86 26.18 ± 5.55 0.958 0.959

Vibrionaceaea 31.29 ± 38.13 1.75 ± 3.20 0.066 0.211

Genus

Corynebacterium 0.75 ± 0.58 0.83 ± 0.34 0.820 0.874

Propionibacterium 1.15 ± 0.44 1.75 ± 0.59 0.138 0.364

Alicyclobacillus 7.98 ± 5.33 5.70 ± 1.66 0.389 0.591

(continued on next page)
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Table 6 (continued)

CTRL Sh108 P-value Benjamini Hochberg
P-value

Bacillus 1.78 ± 0.89 1.34 ± 0.31 0.333 0.591

Staphylococcus 0.86 ± 0.65 1.18 ± 0.51 0.439 0.599

Lactobacillus 18.73 ± 13.20 40.86 ± 7.36 0.014 0.135

Streptococcus 0.89 ± 0.55 0.62 ± 0.15 0.400 0.591

Clostridium 0.39 ± 0.24 3.09 ± 3.33 0.144 0.364

SMB53 0.11 ± 0.08 0.70 ± 0.93 0.258 0.554

Achromobacter 0.83 ± 0.31 0.77 ± 0.38 0.802 0.874

Delftia 0.95 ± 0.38 1.11 ± 0.52 0.629 0.822

Photobacteriuma 31.04 ± 38.02 1.74 ± 3.20 0.066 0.211

Notes.
Significance of the differences (P < 0.05) was obtained by Student’s t -test or non-parametric Mann-Whitney U test (a) de-

pending on normal distribution of data. Benjamini-Hochberg FDR method was applied for multiple test correction with Q set

to 0.20.

Table 6). Accordingly, the number of bacteria assigned to the Lactobacillus genus was

significantly higher in Sh108 samples (Fig. 5A, Table 6). At the species level, the number

of unassigned bacteria was sizeable, more than 90% for Sh108 group and around 70% for

control, thusmaking a comparison between the two groupsmeaningless at this taxonomical

level. However, although the percentage of unassigned sequences was remarkable at this

taxonomical level, the only species of Lactobacillus identified, namely L. agilis, was found

at a higher percentage in fish receiving Sh108 diet than in control group (0.15%).

Beta diversity metrics of gut bacterial communities

QIIME pipeline ‘beta_diversity_trough_plots.py’ was used to compute microbial beta

diversity metrics; both weighted and unweighted UniFrac analyses were performed. Sample

UniFrac distances were visualized using principal coordinate analysis (PCoA) onto a three-

dimensional plot (Figs. 6A, 6B). Unweighted PCoA showed no sharp separation between

samples, which clustered together regardless of the diet (Fig. 6A). Contrariwise, weighted

PCoA revealed a clear clustering of samples by diet and principal coordinates PC1 and PC2

together explained 93% of the variation between individuals (Fig. 6B). The permutational

multivariate analysis Adonis totally confirmed the PCoA plots results, revealing a significant

difference in microbial communities of gut microbiota between the two groups (F Model

= 7.92, P = 0.02; R2 = 0.49). The R2 value, from Adonis test, indicated that the sample

grouping explained the 49% of the variation in distances. Similarly, ANOSIM test was

significant only for weighted Unifrac distance matrix (P = 0.01; R= 0.58), indicating that

the divergences between samples were due more to differences in bacterial abundance

rather than to the presence or absence of specific taxa. Results of multivariate analysis are

summarized in Fig. 6.

DISCUSSION

We tested a specific mix of 1-monoglycerides of short- and medium-chain organic acids

(SILOhealth 108Z) in the diet of gilthead sea bream, to determine the effects on fish

intestinal microbiota and growth performance. This product is a synergic combination
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Figure 6 Beta diversity metrics. Principal Coordinate Analysis of (A) Unweighted, and (B) Weighted

Unifrac distances of gut microbial communities associated to two experimental diets. Each dot represents

an individual sample plots according to its microbial profile at genus level. Results of Permutational mul-

tivariate analysis of variance (adonis function) and Analysis of similarity (ANOSIM) are reported next to

the PCoA plot to which they are referred. Significance was set at P < 0.05.

Full-size DOI: 10.7717/peerj.5355/fig-6

of short and medium chain 1-monoglycerides (from C3 to C12), particularly rich in

monobutyrin. It has been widely demonstrated that butyrate, despite being the least

abundant of the three-primary gastrointestinal SCFAs (acetate, propionate and butyrate),

exerts important protective and anti-inflammatory functions in the gut of several fish

species, ultimately enhancing gut health and improving fish performance (Benedito-

Palos et al., 2016; Liu et al., 2014; Terova et al., 2016; Rimoldi et al., 2016). These previous,

promising results prompted the idea that, as feed additive, butyric acid monoglycerides,

could represent an effective strategy to improve fish growth performance, feed conversion,

and disease resistance by promoting the establishment of a healthy intestinal microbiota.

Indeed, esterification with glycerol protect butyric acid from being absorbed in the upper

part of the digestive system targeting its release in the deeper tracts of intestine where

butyrate would exert its major functions.

Use of monoglycerides as feed additive has been widely investigated in poultry (Bedford

& Gong, 2018; Yang et al., 2018; Jahanian & Golshadi, 2015; Leeson et al., 2005). On the

contrary, research dealing with their use in aquaculture is very scarce to date, despite the

increasing commercial interest in the use of SCFAs and MCFAs in aquafeeds for farmed

fish species. In this perspective, our findings represent a first contribution which could

help to fill this knowledge gap.

We tested a dietary inclusion level of 0.5% for SILOhealth 108Z. This inclusion level was

chosen based on studies conducted in Pacific white shrimp (Penaeus vannamei) and white

sturgeon (Acipenser transmontanus) that were recently presented at some aquaculture

conferences by Parini & Paoli (2016), and Parini (2016). The authors of these studies

reported that the inclusion of 0.5% of SILOhealth 108Z in shrimp feed increased SGR and

improved FCR, whereas in sturgeon infected with Aeromonas hydrophila, the addition of

0.8% of SILOhealth 108Z to the diet, improved fish growth performance, and increased the

survival rate. However, considering that no bacterial challenge was planned in our study

for gilthead sea bream, a nutritional dosage of 0.5% of SILOhealth 108Z was decided to be

included in the diet of this species.
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The dietary supplementation of 0.5% SILOhealth 108Z did not significantly improve fish

growth performance. However, even if not significant, SGR mean value of fish receiving

Sh108 diet showed an improvement of 3% in comparison to control fish. Interestingly,

even if the biological FCR did not differ between two groups, the economic FCR value was

lower (improved) in fish fed with Sh108 diet. The eFCR is a very strong tool for farmers

and feed companies to monitor the performance of feeds as it takes into account not only

the nutritional value of the feed, but also the health status of the fish (Robb & Crampton,

2013). Indeed, factors well outside the control of the feed quality, such as fish disease and

mortalities, can strongly affect eFCR and in order to reduce (improve) the eFCR, farmers

should follow a series of corrective actions as described in Robb & Crampton (2013).

Similarly to the present study, no consistent effects in growth rates were observed in

rainbow trout (Gao et al., 2011), European sea bass (Terova et al., 2016; Rimoldi et al.,

2016) or gilthead sea bream fed dietary butyrate (Benedito-Palos et al., 2016). On the other

hand, a diet supplemented with medium-chain fatty acids in the form of a sodium salt of

coconut fatty acid distillate enhanced the overall feed intake and growth rates of sea bream

(Simó-Mirabet et al., 2017). As suggested by Ng & Koh (2011), in addition to the amount

of organic acid included in the diet, various factors may influence fish growth, including

organic acid type, fish species and age, diet composition, and farming condition, which

could explain these apparently conflicting and inconsistent results reported in literature.

A precious contribution to our understanding of the controversial mechanism of action

of organic acids could come from studies of fish gut microbiota. Recently, the advent of

next-generation sequencing (NGS) technologies has substantially improved our knowledge

of changes in the gut microbial ecosystem in fish, in response to a variety of factors,

including diet. To the best of our knowledge, this study represents the first investigation

on the effects of dietary 1-monoglycerides on gut bacterial community of gilthead sea

bream. In agreement with previous metagenomics studies conducted on the same fish

species, our results indicated that Firmicutes and Proteobacteria were the most dominant

phyla of the gut microbiome regardless of the diet (Parma et al., 2016; Estruch et al., 2015).

Similarly, Piazzon et al. (2017) found a dominance of Proteobacteria in intestine of juvenile

sea bream unrelated to the diet; however, compared to our findings, the relative abundance

of Firmicutes was much lower, from 0.5% to 27.9%. This divergence could be related to

the fact that Piazzon and colleagues (2017) investigated only changes in the autochthonous

bacterial community, whereas we considered both the luminal- (allochthonous) and

mucosa-associated communities (autochthonous). Actually, Firmicutes are generally the

dominant phylum of transient microbial community in the distal intestine with a relative

abundance of around 70% (Parma et al., 2016; Estruch et al., 2015).

Although we did not observe an overall effect of 0.5% SILOhealth dietary

supplementation on the bacterial richness and diversity, the composition of gut microbiota

in terms of relative abundance of specific taxa, was significantly influenced by the dietary

treatment. As revealed by weighted UniFrac PCoA of bacterial communities, there was

a significant relationship between diet type and microbiota associated to fish intestine.

Weighted UniFrac β-diversity measurement showed a clear clustering of samples by

diet, statistically validated by ANOSIM and adonis test. Our data revealed that including
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SILOhealth 108Z in the diet was associated with a higher Firmicutes:Proteobacteria ratio

than in the control diet, which instead favoured, the presence of Proteobacteria. Specifically,

adding 1-monoglycerides to the diet induced a twofold increase in intestinal Firmicutes

relative abundance as compared to the control diet. A similar trend was described in sea

bream following butyrate dietary administration (Piazzon et al., 2017), but in this case a

139-fold increase with respect to the control diet was registered. The Firmicutes phylum

includes different genera of lactic acid bacteria such as Streptococcus, Lactobacillus, and

Leuconostoc. They are generally thought to be beneficial microorganisms associated with a

healthy intestinal epithelium and are often used as probiotics for fish and other vertebrates;

therefore, an increase in their number is mostly considered desirable (Kim, Bhatnagar &

Kang, 2012; Askarian et al., 2011; Ringø& Gatesoupe, 1998). Moreover, Firmicutes include

several bacterial genera, which play an important role in degrading otherwise indigestible

carbohydrates, such as resistant starch and dietary fiber, thus contributing to a more

efficient food energy utilization. In particular, the relative abundance of lactic acid

bacteria belonging to the Leuconostocaceae and Lactobacillaceae families, the latter mainly

represented by Lactobacillus genus, were positively affected by our tested feed additive.

In agreement with our findings, dietary Na-butyrate supplementation increased the

abundance of Lactobacillus and decreased the number of harmful bacteria Aeromonas and

Escherichia coli in the intestine of grass carp (Ctenopharyngodon idella) (Tian et al., 2017).

Similarly, the lactic acid bacteria, but not the total intestinal bacterial count, significantly

increased in common carp fry fed different levels of a blend of SCFAs (Hoseinifar, Sun &

Caipang, 2017). Furthermore, it has been reported that the supplementation of potassium

diformate to plant protein-based diets stimulated the colonization of some lactic acid

bacteria in the gut of tilapia (Oreochromis niloticus) (Abu Elala & Ragaa, 2015) and hybrid

tilapia (Oreochromis niloticus ♀ × Oreochromis aureus ♂) (Zhou et al., 2009), whereas

butyrate supplementation at 0.4% in a plant-based diet, induced a partial reversion to

gut microbial phenotype of fish fed control diet (based on fishmeal and fish oil), with a

decrease in Photobacterium (Piazzon et al., 2017). A similar effect was found in our samples;

indeed, two fish of the control group showed very high percentage of this bacterial genus,

whereas the relative abundance of Photobacterium was definitely less in all samples of

Sh108 group. Actually, besides Firmicutes, the number of Proteobacteria, in particular

Gammaproteobacteria, was affected by adding SILOhealth 108Z to the diet. Indeed, sea

bream fed with Sh108 diet showed a reduced percentage of this taxon in comparison to

control group. The dominance of Proteobacteria phylum in gut microbiome has been

described in several marine carnivorous fish (Sullam et al., 2012), including gilthead sea

bream (Kormas et al., 2014; Piazzon et al., 2017; Estruch et al., 2015). However, the most

abundant Proteobacteria harboured in the gut of sea bream from either a wild population

or fed conventional fishmeal-based diets, are usually Betaproteobacteria (Desai et al., 2012)

and not Gammaproteobacteria, as in the present study. Generally, a high amount of

Gammaproteobacteria has been associated with vegetable ingredients in the diet (Piazzon

et al., 2017; Desai et al., 2012; Estruch et al., 2015). Indeed, the Gammaproteobacteria class

includes several species of bacteria, belonging, for example, to Photobacterium genus,

capable to degrade cellulose. However, the Proteobacteria phylum includes also many
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potential pathogenic genera, such as Pseudomonas, the same Photobacterium, and Vibrio.

Therefore, when this phylum represents the dominant clade of intestinal microflora, it

might indicate an alteration in the gut microbiota balance. An imbalanced microbiota,

could negatively affect the intestinal immune mechanisms, thus contributing to easier

development of diseases in fish (Savas, Kubilay & Basmaz, 2005). In the present study, 0.5%

of organic acid monoglycerides in the diet was sufficient to significantly reduce the amount

of Proteobacteria in the intestine of gilthead sea bream and, at the same time, to favour the

proliferation of Firmicutes. Interestingly, Kollanoor and colleagues (2007) demonstrated in

vitro antibacterial activity of caprylic acid (C9) and itsmonoglyceride that is a component of

SILOhealth 108Z blend, against fish pathogens, including Edwardsiella species that belong

to Gammaproteobacteria class. Additionally, low concentrations of SILOhealth 108Z (from

0.01% to 0.1%) inhibited growth of pathogenic bacteria in vitro, without inhibiting the

beneficial Lactobacillus plantarum and Lactobacillus acidophilus (Parini & Paoli, 2016).

This in vitro test proved that SILOhealth 108Z selectively exerts antibacterial action against

Vibrio parahaemolyticus, Vibrio mimicus, Aeromonas salmonicida, Aeromonas hydrophila,

Bacillus cereus, and Photobacterium damselae. Accordingly, the inclusion of SILOhealth

108Z in white sturgeon, rohu (Labeo rohita) and shrimp diets reduced the mortality

caused by pathogenic bacteria A. hydrophila and V. parahaemolyticus (Parini, 2016). The

antimicrobial action of SILOhealth 108Z is strictly related to the amphipathic structure

of monoglycerides that enables them to interact with cell membranes of several enteric

pathogenic bacteria, thus altering membrane integrity and causing inhibition of bacterial

growth up to cell death (Yoon et al., 2018; Salsali, Parker & Sattar, 2008).

In this regard, even Lactobacilli could have an active role in host defense against

pathogenic bacterial invasion at the intestinal level. It is known that lactic acid bacteria

inhibit the growth of pathogens by producing antibacterial compounds, such as lactic

acid, hydrogen peroxide, and bacteriocins and by releasing biosurfactants. These are a

structurally diverse group of surface-active compounds synthesized by microorganisms

and characterized by amphipathic nature. Biosurfactants enhance the solubility of

water-insoluble compounds, facilitating their uptake into the cell. They participate in

processes such as biofilm formation and defense against other microorganisms by affecting

microorganisms’ adhesion to different surfaces and exhibiting antibacterial activity. In

our study, L. agilis was the only species of Lactobacillus present in small amounts in fish

fed Sh108 diet, but not in fish fed the control diet. Also of interest, it has been recently

reported that this bacterial species has the ability to produce a biosurfactant compound,

which is a glycoprotein with antimicrobial and anti-adhesive activities that are effective

against pathogens such as Staphylococcus aureus, Streptococcus agalactiae and Pseudomonas

aeruginosa (Gudiña et al., 2015).

CONCLUSIONS

In summary, the present study indicated that there were no differences in growth

performance between gilthead sea bream fed the diet supplemented with 0.5% of

SILOhealth 108Z and fish fed the control diet. Economic feed conversion ratio (eFCR) was,
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instead, significantly improved by dietary administration of 1-monoglycerides.Our findings

clearly indicated that SILOhealth 108Z positively modulated the fish intestinal microbiota

by increasing the relative abundance of beneficial lactic acid bacteria, namely, Lactobacillus.

Therefore, the specific composition of 1-monoglycerides of short- and medium-chain fatty

acid contained in SILOhealth 108Z has great potential as a feed additive in aquaculture. The

present study provides a further confirmation that it possible through diet manipulation

to obtain positive effects on gut microbiota, which is known to have a very important role

in growth performance, feed conversion, and disease resistance of farmed fish. However,

further experiments are needed to elucidate which feed ingredients have the highest impact

on changes in the gutmicrobiota and how these changes can interact with hostmetabolism.
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3. DISCUSSION  

The finfish and crustacean aquaculture sectors are still highly dependent 

upon marine capture fisheries for sourcing key dietary nutrient inputs, 

including fish meal (FM) and fish oil (FO). Based on increasing global FM 

and FO costs, it is predicted that dietary FM and FO inclusion levels within 

compound aquafeeds will decrease in the long term.  FM and FO are thus 

being increasingly targeted as a high value specialty feed ingredients for 

use within higher value starter, finisher and broodstock feeds. Commercial 

feed producers have been trying to replace FM by using alternative protein 

sources such as vegetable proteins meals (VMs) (Tacon et al., 2008). Even 

though VMs can replace a substantial part of the FM, they have several 

limitations due to unbalanced amino acid profiles, high fiber and 

antinutritional factors content, and competition with use for human 

consumption (Hardy, 2010). Anti-nutritional factors, such as saponins, 

lectins, phytate, trypsin inhibitors, phenols, and tannins could damage the 

intestinal tract thus reducing nutrient absorption and fish growth. Indeed, 

studies on Atlantic salmon (Salmo salar), rainbow trout (Oncorhychus 

mykiss), common carp (Cyprinus carpio), and gilthead sea bream (Sparus 

aurata) have indicated that the inclusion of less refined plant products such 

as soybean meal (SBM) in the diet triggers an inflammation process in the 

distal intestine, referred to as SBM- induced enteropathy (Baeverfjord and 

Krogdahl, 1996; Olli and Krogdahl, 1994; van den Ingh et al., 1991; 

Knudsen et al., 2008; Urán, et al., 2008a,b; Venou et al., 2006). Although 

the provoking mechanism remains to be established, the SBM-induced 

enteritis is believed to be caused by a disruption of the intestinal barrier, 

with subsequent exposure of otherwise shielded layers of the mucosa to 

luminal components, including food-derived and microbial antigens 

(Romarheim et al., 2011). The typical signs of such inflammation are a 
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shortening of the primary and secondary intestinal mucosal folds, an 

increase in the number of Goblet cells, and the infiltration of inflammatory 

cells, particularly macrophages and eosinophilic granulocytes into the 

lamina propria. This reduces the capacity of the enterocytes lining the 

epithelium to absorb nutrients (Baeverfjord and Krogdahl, 1996; van den 

Ingh et al., 1991; Buttle et al., 2001). These effects proved to be dose–

dependent in Atlantic salmon; the most prevalent symptoms were observed 

at the highest SBM inclusion level (30%), but even diets containing as low 

as 7.6% SBM induced morphological changes in the intestine (Krogdahl, 

2003).  

It has been documented that the inflammatory effects caused by SBM are 

not derived from the soy protein but from other components present in the 

SBM, such as saponin, in combination with at least one more unidentified 

components (van den Ingh et al., 1991; Baeverfjord and Krogdahl 1996; 

Bakke-Mckellep et al., 2000; Krogdahl et al., 2003; Knudsen et al., 2008). 

The effects of replacement of FM with VM, often accompanied by reduced 

fish performance, are not restricted to SBM inclusion solely, but have been 

observed after inclusion of many other plant protein sources in several 

teleost species such as gilthead sea bream, turbot, Atlantic cod, and parrot 

fish (Gomez-Requeni et al., 2004; Sitja-Bobadilla et al., 2005; Yun et al., 

2011; Hansen et al. 2007; Lim and Lee 2009). Baeza-Ariño et al. (2014) 

described liver and gut alterations of gilthead sea bream, S. aurata L., fed 

diets in which FM was replaced by a mixture of rice and pea protein 

concentrates. The results of the histological analysis showed significant 

changes in the case of the 90% substitution in parameters such as thickness 

of the gut layers, number of Goblet cells and villi’s length and thickness, 

whereas the integrity of the gut structure was not significantly affected by 

a diet with up to 60% of replacement. In some cases, severe vacuolization 
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was encountered, which consequently deformed enterocytes and displaced 

the nucleus. 

The short chain fatty acid of butyrate, may promote the healing of inflamed 

intestine through its major role in enhancing epithelial cell proliferation and 

differentiation and in improving the intestinal absorptive function (Canani 

et al., 2012; Gálfi and Neogrády 2002; Wong et al., 2006).   

Like other short chain or volatile fatty acids (acetic, propionic, valeric, and 

caproic), butyric acid is produced during the fermentation of dietary fibers 

by the anaerobic microbiota associated with the epithelium of the animals’ 

digestive tract. In addition to being the main respiratory fuel source of the 

intestinal cells, and preferred to glucose or glutamine, this four-carbon 

chain organic acid molecule has potential immunomodulatory and anti-

inflammatory properties (Vinolo et al., 2009; Toden et al., 2007; Terova et 

al., 2016), and exert multiple other beneficial effects on host energy 

metabolism (Hamer et al., 2008; Den Besten et al., 2013; Liu et al., 2014; 

da Silva et al., 2016). Although the mechanisms underlying these effects 

are still enigmatic and subject of intense scrutiny, it is believed that they 

encompass the complex interplay between diet, gut microbiota, and host 

energy metabolism.  

However, much of the research on butyrate has been focused on terrestrial 

vertebrates, including humans whilst very few studies have been conducted 

in fish. In particular, little is known about the effects of butyrate used as a 

feed additive on fish intestinal integrity. In terrestrial farmed animals such 

as pig and chicken, butyrate included in the diet has had a positive influence 

on body weight gain, feed utilization, and composition of intestinal 

microflora. It exerted trophic effects on the intestinal epithelium through 

an increase in the villi length and crypt depth, too (Gálfi and Bokori, 1990; 

Kotunia et al., 2004; Hu and Guo, 2007). In fish, Robles et al. (2013) 
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reported an effect of butyrate used as a feed additive in increasing the 

availability of several essential amino acids and nucleotide derivatives, 

which have been demonstrated to increase fish growth when they were 

added individually to the diet.  

It is widely accepted that butyrate functions as an epigenetic regulator 

through its histone deacetylase (HDAC) inhibition activity (Myzak et al., 

2006, Dashwood et al., 2006). Studies confirmed that butyrate induces 

profound changes in gene expression related to multiple signal pathways 

and genomic networks in bovine cells (Li et al., 2007). However, epigenetic 

modification such as histone acetylation induced by butyrate is part of a 

multilevel regulatory machinery. 

In human, butyrate is also used as a dietary micronutrient and HDAC 

inhibitor in the challenge of preventing and treating colonorectal tumors 

(Davie et al., 2003). However, the efficacy of butyrate as a 

chemotherapeutic agent has been limited by its rapid uptake and 

metabolism by normal cells (resulting in a half-life of 6 min and peak blood 

levels below 0.05 mM (Miller et al., 1987) before reaching tumors 

(Pouillart, 1998). More stable butyrate derivatives such as tributyrin have 

also not been successful on a consistent basis (Pouillart, 1998). 

Li (2006) reported that butyrate induces profound changes in the expression 

of at least 450 genes in bovine kidney epithelial cells (Li et al. 2006). Such 

a tremendous effect would only be possible through chromatin remodelling 

where histones are involved. However, further research is needed to better 

understand the involvement of histone modifications in the regulation of 

chromatin structure and gene expression, and to identify the nature of 

metabolic pathways that are controlled by nutrition through epigenetic 

mechanisms (Delage et al. 2008). 
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Currently, there is a strong interest in the use of organic acids and their salts 

as feed additives since such products seem to have growth-promoting 

effects in livestock. Their positive effects are well documented in terrestrial 

livestock production (Hu Z et al. 2007, Øverland M et al. 2000, Øverland 

M et al. 2008, Lückstädt C. 2008), but some questions remain regarding 

their efficacy in fish farming, and conflicting reports exist on the subject. 

Indeed, growth was significantly enhanced in some fish species, such as 

rainbow trout (Oncorhynchus mykiss), when fed an organic acid blend 

supplement mainly consisting of formate and sorbate (De Wet L. 2005), 

but not in trout fed other commercial supplements such as lactic acid 

(Pandey A. et al. 2008) or citric acid (Pandey A. et al. 2008, Vielma J. At 

al. 1999). 

In our experiment, the 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 hdac11, ehmt2, and dicer1. 

Statistical analysis for these genes showed significant differences due to 

the butyrate treatment and to the interaction between tissue and treatment. 

The expression of four (il1β, il8, irf1, and tnfα) out of seven target genes 
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related to mucosal protection and inflammatory response was significantly 

different between the two analyzed tissues but only for the il10 gene 

showed differences associated with the butyrate treatment.  Our results in 

intestine showed a decrease in hdac11 expression and a slight increase in 

il10 levels. This suggests that, in butyrate-treated fish, antigen-specific T-

cell responses could be impaired, which probably activates immune 

tolerance. Hdac11 has also been related to the immune system by down-

regulating the expression of il10 in antigen-presenting cells. 

Overexpression of hdac11 is thought to inhibit il10 expression and activate 

T-cell responses. 

Gene transcript abundance analysis in this study clearly showed tissue-

dependent differences in the expression of five target genes involved in 

epigenetic regulatory mechanisms (Piferrer, 2013); the expression was in 

general, higher in the liver than in the intestine. As previously found in 

European sea bass reared in different temperatures (Díaz et al. 2015), three 

of target genes (dicer1, ehmt2, and hdac11) exhibited increased expression 

in the liver as a consequence of butyrate treatment, suggesting that these 

genes are involved in physiological processes in charge of coping with 

external challenges.  

The Dicer1 family is known to participate in the innate immune response 

to pathogens, mainly in RNA silencing-based antiviral immunity (Aliyari 

et al. 2009, Chiappinelli et al. 2012). 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, dicer1 knockdown experiments showed an increase 

in the interferon response against pathogens (Chiappinelli et al. 2012). 
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Although our results showed a slight increase in the expression of irf1, a 

higher expression of dicer1 was also observed in the liver, suggesting that 

in butyrate-treated fish dicer 1 was inhibiting an interferon response against 

the external insult. 

In our study, we revealed some of the effects of butyrate supplementation. 

This information is essential for the development of plant-based diets in the 

efforts to improve the sustainability of the aquaculture of many species, 

carnivorous in particular. 

In the second part of the study, a specific mix of 1-monoglycerides of short- 

and medium-chain organic acids (SILOhealth 108Z) was tested in the diet 

of gilthead sea bream (Sparus aurata), to determine the effects on fish 

intestinal microbiota and growth performance. SILOhealth 108Z is a 

synergic combination of short and medium chain 1-monoglycerides (from 

C3 to C12), particularly rich in monobutyrin.Butyrate, despite being the 

least abundant of the three-primary gastrointestinal SCFAs (acetate, 

propionate and butyrate), exerts important protective and anti-

inflammatory functions in the gut of several fish species, ultimately 

enhancing gut health and improving fish growth performance (Benedito-

Palos et al., 2015; Liu et al., 2014; Terova et al., 2016; Rimoldi et al., 2016). 

An abundant butyrate-producing gut microbial community is essential for 

a well-functioning intestine (Van Immerseel et al., 2010). 

Many researches are currently focusing on the gut microbiota in relation to 

its influence on parameters such as hosts’ health status, metabolism and 

generally a wide range of biological processes (Navarrete et al., 2012; 

Rawls et al., 2004; Semova et al., 2012). 

The recent introduction of next-generation sequencing (NGS) technologies 

has substantially improved our knowledge of gut microbial ecosystem in 

fish, in response to a variety of environmental factors, including diet. To 
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the best of our knowledge, this study represents the first investigation on 

the effects of dietary 1-monoglycerides of short- and medium-chain fatty 

acids on fish gut bacterial community.  

In agreement with previous metagenomics studies conducted on the same 

fish species (gilthead sea bream) to investigate the effects of diet on gut 

microbiome, our results indicated that Firmicutes and Proteobacteria were 

the most dominant phyla of the gut microbiome regardless of the diet 

(Parma et al., 2016; Estruch et al., 2015). Similarly, Piazzon et al, (2017) 

found a dominance of Proteobacteria in the intestine of juvenile sea bream 

unrelated to the diet; however, in our findings, the relative abundance of 

Firmicutes was 0.5%, much lower in comparison to the previous study 

where they detected 27.9%. This divergence could be related to the fact that 

Piazzon and colleagues (2017) investigated only changes in the 

autochthonous bacterial community, whereas our study considered both the 

luminal- (allochthonous) and mucosa-associated communities 

(autochthonous). Indeed, Firmicutes are generally the dominant phylum of 

transient microbial community in the distal intestine with a relative 

abundance of around 70% (Parma et al., 2016; Estruch et al., 2015).  

Although we did not observe an overall effect of 0.5% SILOhealth dietary 

supplementation on the bacterial richness and diversity, the composition of 

the gut microbiota in terms of relative abundance (% of bacteria in a 

specific taxa compared to the total number of detected bacteria) of specific 

taxa, was significantly influenced by the dietary treatment. This was in line 

with recent literature reporting that, although the microbiota composition 

of cultured fish is very resistant to diet changes, dietary variations were 

associated with changes in the relative abundance of Lactobacillaceae, 

Streptococcus, Staphylococcaceae, and Clostridiales (Wong et al., 2013).  
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The results of  another study by Ingerslev et al., (2014) showed that despite 

the observed plasticity in the bacterial composition during the period 

around first feeding, it was evident that on a taxonomic scale, the 

microbiota was dominated by four phyla; Bacteroidetes, Proteobacteria, 

Firmicutes, and Actinobacteria . In two earlier investigations in rainbow 

trout, it was indicated that the four phyla constitute the ‘core’ microbiota 

after first feeding regardless of whether the feed has a marine or a plant 

based origin (Desai et al., 2012; Navarrete et al., 2012). 

Firmicutes phylum includes different genera of lactic acid bacteria such as 

Streptococcus, Lactobacillus, and Leuconostoc. They are generally 

considered to be beneficial microorganisms associated with a healthy 

intestinal epithelium and are often used as probiotics for fish and other 

vertebrates; therefore, an increase in their number is mostly considered 

desirable (Kim et al., 2012; Askarian et al., 2011; Ringø and Gatesoupe, 

1998). Additionally, low concentrations of SILOhealth 108Z (from 0.01% 

to 0.1%) inhibited growth of pathogenic bacteria in vitro, without inhibiting 

the beneficial Lactobacillus plantarum and Lactobacillus acidophilus 

(Parini & Paoli, 2016). This in vitro test proved that SILOhealth 108Z 

selectively exerts antibacterial action against Vibrio parahaemolyticus, 

Vibrio mimicus, Aeromonas salmonicida, Aeromonas hydrophila, Bacillus 

cereus, and Photobacterium damselae. 

Our findings clearly indicated that SILOhealth 108Z positively modulated 

the fish intestinal microbiota by increasing the relative abundance of 

beneficial lactic acid bacteria, namely, Lactobacillus. Therefore, the 

specific composition of 1-monoglycerides of short- and medium-chain 

fatty acids contained in SILOhealth 108Z has great potential as a feed 

additive in aquaculture. 
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4. CONCLUSIONS 

In the present study, we reveal some of the effects of butyrate 

supplementation. 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 hdac11, 

ehmt2, and dicer1. Statistical analysis by two-way ANOVA for these genes 

showed significant differences due to the butyrate treatment (P=0.002) and 

to the interaction between tissue and treatment (P=0.010). The expression 

of four (il1β, il8, irf1, and tnfα) out of seven target genes related to mucosal 

protection and inflammatory response was significantly different between 

the two analyzed tissues but only for the il10 gene the differences observed 

in the expression (p=0.003) were due to the butyrate treatment. This 

information is essential for the development of substitution diets in the 

efforts to improve the sustainability of the aquaculture of carnivorous 

species. Moreover, the present study indicated that there were no 

differences in growth performance between gilthead sea bream fed the diet 

supplemented with 0.5% of SILOhealth 108Z and fish fed the control diet. 

Economic feed conversion ratio (eFCR) was, instead, significantly 

improved by dietary administration of 1-monoglycerides. Our findings 
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clearly indicated that SILOhealth 108Z positively modulated the fish 

intestinal microbiota by increasing the relative abundance of beneficial 

lactic acid bacteria, namely, Lactobacillus. Therefore, the specific 

composition of 1-monoglycerides of short- and medium-chain fatty acid 

contained in SILOhealth 108Z has great potential as a feed additive in 

aquaculture. The present study provides a further confirmation that it 

possible through diet manipulation to obtain positive effects on gut 

microbiota, which is known to have a very important role in growth 

performance, feed conversion, and disease resistance of farmed fish. 

However, further experiments are needed to elucidate which feed 

ingredients have the highest impact on changes in the gut microbiota and 

how these changes can interact with host metabolism. 
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