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Abstract

It is well established in the field of aquaculture that the use of antibiotic growth promoters (AGPs)
as feed additives in the diets of fish and shrimp can improve live weight gain (LWG), feed
conversion ratio (FCR) and survival rates. However, scientific knowledge and public concerns,
especially in the EU, over the development of cross-resistance to antibiotics of importance
to human health have led to a ban or a reduction in the use of such substances worldwide.
Consequently, the aquafeed industry has turned its research attention to other additives in order
to maintain performance and high survival rates in aquaculture. This review shows that acidifiers
are an example of a group of additives which can play an important role in future in aquaculture
diets. A number of studies, in cold-water and tropical species, indicate that a broad range of
organic acids, their salts or admixtures can improve growth, feed utilization and disease resistance
in fish.

Keywords: Acidifiers, Fish, Nutrition, Organic acids, Aquaculture

Review Methodology: The following databases were searched: CAB Abstracts, World Aquaculture Society database, Google Scholar
and Scopus. Keyword search terms used were acidifiers, organic acids, fish, aquaculture, fish feed. In addition, the references from the
articles obtained thereby were used to search for additional relevant material. Furthermore, the knowledge gained from editing the book

‘Acidifiers in Animal Nutrition” was used. Colleagues were consulted and asked for any upcoming studies not yet published.

Introduction

Routine use of antibiotics as growth promoters is a sub-
ject for debate in animal farming and feed and food
industries. The use of low levels of antibiotics in animal
feeds creates the possibility of transferring immunity to
antibiotics used against bacterial pathogens in animals and
humans [1]. As a result of such concerns, the EU banned
the prescription-free use of all the antibiotic growth
promoters (AGPs) from livestock production with effect
from January 2006. Public opinion and regulatory autho-
rities in most exporting countries now focus on the
misuse of antibiotics in aquaculture and public attention
has shifted towards production methods. Therefore,
alternatives to AGP are sought worldwide in a variety of
forms. The earliest studies that showed that organic
acids are able to positively influence animal performance
when added to diets were published more than 30 years

ago [2]. Acidifiers consisting of organic acids and their
salts present a promising alternative, and they have
received much attention as a potential replacement, for|
improving the performance and the health of the live-|
stock. In animal nutrition, acidifiers exert their effects
on performance via three different mechanisms [3]: (a) in
the feed; (b) in the gastro-intestinal tract of the animal;
and (c) in effects on the animal’'s metabolism (Table 1)
(modified from [4]).

Role in Feed Hygiene

A certain level of contamination with fungi, bacteria or
yeasts is unavoidable in nutrient-rich products like feeds.
Under favourable conditions such microbes multiply|
rapidly during storage, especially at higher moisture levels
(>14%) in warm environments. Acidifiers function as
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Table 1 Effects of organic acids and their salts in animal nutrition (after [4])

Site of action Effective form

Effects

Feed H*

H* and Anion
Intestinal tract H*
Anion

H* and Anion

Metabolism

pH reduction

Reduction of acid binding capacity
Reduction of microbial growth
Antibacterial effects

pH reduction in stomach and duodenum
Improved pepsin activity

Complexing agents for cations

(Ca®*, Mg®*, Fe?*, Cu?*, Zn?*)
Antibacterial effects

Change in microbial concentrations

Energy supply

conserving agents by reducing the pH of the feed, thereby
inhibiting microbial growth and thus lowering the uptake
of possibly pathogenic organisms and their toxic meta-
bolites by the farm animals [3]. Malicki et al. [5] found that
a mixture of formic and propionic acid (1% dosage) can
act synergistically against Escherichia coli in stored fishmeal,
which is an often-used ingredient in aqua feeds.

Role in the Intestinal Tract

IThe mode of action of organic acids in the intestinal tract
involves two different mechanisms: on the one hand they
reduce the pH level in the stomach, particularly in the
small intestine, through delivery of H' ions, and on the
other hand they inhibit growth of Gram-negative bacteria
through the dissociation of the acids and the production
of anions inside bacterial cells.

During periods of high feed intake, such as when the
animals are young or when the feeds are high in protein,
hydrochloric acid concentrations in the stomach are
reduced. This reduction negatively impacts pepsin activa-
tion and pancreatic enzyme secretion and impairs diges-
tion. Providing acidifiers in the feed addresses this
problem and aids feed digestion [6]. Positive effects of
organic acids on protein hydrolysis have been demon-
strated [7]. Similarly, feed supplementation with organic
acids has been shown to lead to lower duodenal pH,
improved nitrogen retention and increased nutrient
digestibility [8, 9].

The growth rates of many Gram-negative bacteria, such
as E. coli or Salmonellge, are reduced below pH 5. Low pH
also forms a natural barrier against microbes ascend-
ing from the ileum and large intestine. Moreover, low-
molecular-weight acids are lipophilic and can diffuse
across the cell membranes of Gram-negative bacteria. In
the more alkaline cytoplasm, they dissociate and reduce
the pH. This reduction alters cell metabolism and enzyme
activity, thus inhibiting the growth of intralumenal
microbes, especially that of pathogens. Several studies
have demonstrated a reduction in bacterial counts in the

Table 2 Gross energy content of selected organic acids|
and their salts used in aquaculture feeds (modified from [3])

Solubility in Gross energy|
QOrganic acid/salt water (kcal/kg)
Formic acid Very good 1385
Acetic acid Very good 3535
Propionic acid Very Good 4968
Lactic acid Good 3607
Citric acid Good 2460
Calcium formate Low 931
Sodium formate Very good 931
Calcium propionate Good 3965
Calcium lactate Low 2436

stomach [9] and the duodenum [10-12], while acid-
tolerant, beneficial Lactobacilli seem to be unaffected or|
may even be enhanced in number [12].

Role in Metabolism

Most organic acids have high gross energy values (Table 2)
(modified from [3]). Short-chain organic acids are gen-|
erally absorbed through the intestinal epithelia by passive
diffusion and they can be used in various metabolic
pathways for energy generation, for instance, for ATP|
generation in the citric acid cycle. As the energy content
of organic acids is completely used in metabolism it should
be included in the energy content of feed rations. For|
example, propionic acid contains one to five times more
energy than wheat [13].

Organic Acids in Aquaculture

The acid preservation of fish and fish viscera in the pro-
duction of fish silage has been a common practice with
widespread use in fish feeds and reported beneficial
effects [14, 15]. According to Batista [16], fish silage
production was initiated in the 1930s, initially with
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Table 3 Formulae, physical and chemical characteristics of organic acids used as dietary acidifiers in aquaculture

(modified from [19])

Christian Liuckstadt 3l

MM Density
Acid Formula (g/mol) (g/ml) Form pK-value
Formic HCOOH 46.03 1.22 Liquid 3.75
Acetic CH,;COOH 60.05 1.05 Liquid 476
Propionic CH3;CH,COOH 74.08 0.99 Liquid 4.88
Butyric CH3CH,CH,COOH 88.12 0.96 Liquid 4.82
Lactic CH3;CH(OH)COOH 90.08 1.21 Liquid 3.83
Sorbic CH3CH:CHCH:CHCOOCH 112.14 1.20 Solid 476
Malic COOHCH,CH(OH)COOH 134.09 1.61 Solid 34,51
Citric COOHCH,C(OH)(COOH)CH,COOH 192.14 1.67 Solid 3.13,4.76, 6.4

sulphuric and hydrochloric acid preservation of fish waste.
The production of acid-preserved fish silage can also be
achieved either with organic or inorganic acids or blends.
If inorganic acids are used, the pH of the silage has to be
lowered to <pH?2 in order to obtain a fully preserved
product. Therefore, before feeding this type of silage to
animals, the pH must be neutralized. On the other hand, if
organic acids such as formic or propionic acid are used,
the silage is stable at pH levels of 3.5-4.0, enabling direct
feeding without neutralization. Hence, most silage pro-
ducers now use organic acids. Fish silage or liquefied
fish protein is an effective way to convert fish by-catch
and fish processing byproducts into nutritious feedstuffs
for a wide variety of animals, such as poultry [17]. In
aquaculture [18], 2.2% formic acid was used to produce
sardine (Sardine pilchardus) fish hydrolysates for start-
feeding of sea bass (Dicentrarchus labrax) larvae. The
hydrolysate was incorporated in the diet at 10 and 19%.
Performance results showed that the inclusion of fish
hydrolysate gave similar growth results after 33 days of
feeding, compared to an enzymatic fish hydrolysate
(except the low inclusion of fish silage, which had lower
wet weights), but the fish silage could significantly improve
(P<0.05) the survival rate of sea bass larvae orally chal-
lenged with Vibrio anguillarum.

The beneficial effects of acid-preserved products caught
the attention of the scientific community, leading to the
investigation of the effects of these short-chain acids in
fish feeds. Several studies have been conducted with dif-
ferent species including carnivores such as rainbow trout
(Oncorhynchus mykiss), Atlantic salmon (Salmo salar) and
Arctic charr (Salvelinus alpinus), herbivorous filter feeders
(tilapia), omnivorous fish (carp, catfish) and shrimp.

Following the experiments in pig and poultry feeding, a
wide variety of organic acids, their salts and admixtures
has been tested in aquaculture diets (Table 3) (modified
from [19]).

Effect of Diet Acidification in Salmonids

Early studies on the use of organic acids in fish diets
included succinic and citric acids in diets for salmonids
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[20]. These included the partial substitution of protein
(12%) by a single amino acid or an organic acid (succinic or]
citric) tested in rainbow trout diets. Trout that were fed
the organic acid diets had lower voluntary feed intakes
compared to the basal diets, or to a diet supplemented
with purified protein. However, there was no large vari-|
ation between treatments in the efficiency of protein and
energy utilization.

Data from the 1990s showed more promising results
from the use of dietary acidifiers to salmonids (Table 4).
The effect of supplementing commercial diets with
sodium salts of lactic and propionic acids were tested in
Arctic charr in brackish water at 8°C [21]. Fish fed a diet|
with 1% sodium lactate added to it increased in weight
from about 310 to about 630g in 84 days, while fish fed
diets without either salt reached a final weight of only|
520g (P<0.05). Inclusion of 1% sodium propionate in the
diet however had a growth-depressing effect compared to
the control (P<0.05). The gut contents of Arctic charr fed
a diet supplemented with sodium lactate contained less
water, energy, lipid, protein and free amino acids. It has
been observed that charr feeding on high doses of com-
mercial feeds, as often found under aquaculture condi-|
tions, tend to cause diarrhoea. VWhen charr were fed on
diets containing sodium lactate, diarrhoea did not occur,
probably indicating much lower amounts of residual
nutrients and water in the gut. It was also proposed that
the growth-promoting effect of dietary lactate in Arctic|
charr is the result of the relatively slow gastric emptying
rate [22]. An increased holding time in the stomach aug-
ments the antibacterial potential of the lactic acid salt,
which can therefore enhance the inhibition of pathogenic
bacteria [23]. The improved growth of the Arctic charr
did not affect its chemical composition [24].

A similar study by Ringe [25] proved the growth-
promoting effect (P<0.05) of 1% sodium acetate as an
additive for Arctic charr reared in brackish water, while
1% sodium formate gave only a non-significant numerical
improvement versus a negative control. The stimulated
growth of the fish which were fed sodium acetate to
some extent may be explained by the higher feed intake,
but enhanced digestibilities of dietary components might
also contribute to the increased growth. Addition of 1%
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Table 4 Effects of the sodium salt of different organic acids on the performance of Arctic charr and Atlantic salmon

Dose SGR

Fish species Acid/acid salt (%) (%) FCR? Reference

Arctic charr Control 0 0.61 n.d. [21]
Na-lactate 1 0.83°
Na-propionate 1 0.49°

Arctic charr Control 0 0.51 1.20 [25]
Na-formate 1 0.58 1.08
Na-acetate 1 0.70° 0.96

Arctic charr Control 0 0.79 1.30 [24]
Na-lactate 1 1.12 0.91

Atlantic salmon Control 0 0.97 n.d. [26]
Na-lactate 1.5 0.97

Arctic charr Control 0 0.28 n.d. [22]
Na-lactate 1.5 0.513

Atlantic salmon Control 0 0.76 n.d. [22]
Na-lactate 1.5 0.79

°FCR: feed conversion ratio=feed intake/LWG.

sodium acetate to the diet significantly affected the
digestibility coefficients (P<0.05) for both protein and
total lipid, and for dietary fatty acids 14:0, 16:0, 18:1,
20:1, 22:1 and essential fatty acids 18:0 and 18:2(n-6).

Contrary to the significant results with 1% sodium
lactate in Arctic charr, no such results were obtained with
Atlantic salmon using the same dosage [22, 26]. One of
the most notable differences between the two species,
which probably explains the results, is the doubled
retention time of dietary lactate in the stomach in Arctic
charr. According to these authors, it seems likely that
lactate or sodium lactic acid exerts its influence in the
upper part of the digestive system and therefore any dif-
ference found here may explain the difference in growth
response in the two species. There was, however, a
benefit of mortality reduction the lactate-fed salmon from
19.9% in the negative control to 15.2%.

Further studies on salmonids again include rainbow
trout. The effect of organic acids on mineral digestibility
was tested in several studies. It was reported from pigs
that the inclusion of dietary organic acids enhances
mineral absorption [27]. Since the availability of phos-
phorous in particular from a fishmeal-based diet plays a
vital role in salmonid aquaculture [28], different acidifiers
have been tested under these conditions. Vielma and Lall
[29] reported the effect of dietary formic acid on the
availability of phosphorus in rainbow trout diets. These
authors found that the apparent digestibility of phos-
phorus significantly increased (P<0.05) in fish fed a diet
containing 10 ml/kg formic acid. Sugiura et al. [30] found
that the availabilities of magnesium and calcium in fishmeal
increased (P<0.05) by the dietary inclusion of formic
acid. Apparent availabilities of calcium and phosphorus
were also greatly affected by the inclusion of citric acid in
the rainbow trout diet. Dietary inclusion of citric acid

'SGR (%): specific growth rate=In body mass; — In body massg/culture period (d)x100.

°Significantly different from the control diet (P<0.05); n.d., — not determined.
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(5%) reduced phosphorus in the faeces of fish by
approximately 50%, with no reduction in feed intake ori
appetite. Other apparent mineral availabilities increased
by citric acid application include iron, magnesium, man-
ganese and strontium. In contrast, mineral availabilities
were not affected by citric acid use in agastric goldfish
(Carrasius auratus), but a 5% inclusion of the dietary|
acidifier led to a marked reduction of feed intake. Inclu-
sion of sodium citrate (5%) in the diet of rainbow trout|
also showed significantly improved availabilities of calcium
and phosphorus, but less than that of pure citric acid.
Another study with rainbow trout used much lower
dietary levels of citric acid [31]. In this study, diets were
supplemented with 0, 0.4, 0.8 or 1.6% citric acid in dif-
ferent particle size fish-bone meals. Citric acid increased
the whole-body ash content, but the body phosphorus
content showed only a tendency to increase (P=0.07). On
the other hand, dietary acidification significantly increased
whole-body iron dose-dependently. Sugiura et al. [32]
found that in high-ash diets for rainbow trout, feed acidi-|
fication with citric acid decreased the effect of supple-
mental phytase, whereas in low-ash diets, it markedly,
increased the effect of the enzyme. In general, it can be
concluded that adding citric acid to the diet of rainbow
trout regulates chelation of calcium and phosphorus,
thereby increasing the solubility of calcium phosphates
and improving phosphorus and mineral availabilities [33].
More recent studies include experiments with rainbow|
trout fingerlings [34, 35], which were fed five experi-|
mental diets, a negative control, three diets containing 0.5,
1.0 and 1.5% of an organic acid blend (formic acid and its
salts plus sorbic acid) and a diet containing an AGP
(40 ppm Flavomycin™). After 3 months, improvement in
growth was observed with increasing acid blend inclusion.
The 1.0 and 1.5% dosages resulted in a significant
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Table 5 Effects of potassium diformate supplementation in diets on the performance of tilapia challenged with V. angu-

illarum (modified from [37])

Potassium diformate inclusion in diet (%)

0 0.2 0.3 0.5
Initial weight (g) 16.7 16.7 16.7 16.7

Final weight (g) 2182 258° 246° 252°¢
FCR 1.342 1.23° 1.25° 1.22°
Mortality (%), day 10-85 33.0° 20.8° 18.4° 11.0°

A°CWithin rows, means without common superscripts are significantly different (P<0.05).

improvement in specific growth rate (SGR) versus control
(P<0.05). The improvement by the 1.5% acid blend was
similar to that achieved by the AGP, but with a lower feed
conversion ratio (FCR) than the antibiotic group.
Unpublished information (Karl Sacherer, personal com-
munication, 2006) also reveals that the use of an acid
blend of formic and propionic acids and their salts on a
sequential release medium is successfully used in the
grow-out of Turkish rainbow trout.

The latest results in salmonids reveal that Atlantic
salmon fed a fishmeal enriched with 1.4% potassium
diformate (a potassium salt of formic acid) tended
(P=0.055) to a higher SGR versus negative control [36].
Furthermore, groups fed 0.8 and 1.4% potassium difor-
mate via fishmeal had a significantly better feed conver-
sion and improved uniformity within fish groups. This was
confirmed in older data (Rune Christiansen, personal
communication, 1996 and 1998), where salmon fed diets
containing potassium diformate-treated fishmeal had sig-
nificantly higher growth rates, and improved protein and
fat digestibilities.

In-Feed Acidifier in Tropical Aquaculture Species

Ramli et al. [37] tested potassium diformate as a growth
promoter in tilapia grow-out in Indonesia (Table 5). In this
study, fish were fed six times a day diets containing dif-
ferent concentrations of potassium diformate (0, 0.2, 0.3
and 0.5%) over a total period of 85 days. The diets con-
tained 32% crude protein, 25% carbohydrate, 6% lipid and
10% fibre. The fish were challenged orally from day 10
with Vibrio anguillarum at 10° CFU/day for 20 days.

From day 1 to day 85, potassium diformate significantly
improved feed intake (P<0.01), live weight gain (LWG)
(P<0.01), FCR (P <0.01) and protein efficiency ratio (PER)
(P <0.05). Furthermore, PER also significantly improved
due to the addition of the formic acid salt (P<0.05). The
improvement was greater for 0.2 and 0.5% formate
addition. Survival rates of fish after the challenge with
V. anguillarum on days 10-30 were also significantly higher
than the negative control, and this effect was dose-
dependent (P<0.01). The authors concluded that the use
of potassium diformate at 0.2% is an efficient tool to
control V. anguillarum in tropical tilapia culture.

Another study in tilapia (Oreochromis niloticus) investi-
gated feeding behaviour in the fish using different organic
acids [38], as sometimes reported for some organic acids
or their salts in piglets [39]. Citric acid at a concentration
of 1072107 *M and lactic acid at 10~ >-10">M stimu-
lated feeding, as recorded automatically using the fre-
quency of feeding ‘bites’ of the fish, whereas O. niloticus
tended to avoid acetic acid at 10 3 M, while acetic acid at
10> M had no significant effects.

A more recent trial [40] determined the effects of an
acid/salts blend, (containing of calcium formate, calcium
propionate, calcium lactate, calcium phosphate and citric
acid) at different levels (0.5, 1.0 and 1.5%) on the growth
performance of tilapia. Fish were fed to appetite twice a
day for 8 weeks, using a pelleted diet containing 31%
crude protein. Despite a lack of statistically significant
data for LWG and FCR, the blend at 1.5% resulted in a
numerical increase in LWG of 11% versus negative con-
trol, with results similar to the AGP-supplemented diet
(0.5% oxytetracycline). Such organic acid salts and blends
may therefore be especially useful during grow-out period
in tilapia culture [41].

More research on the potential growth-promoting
effects on tilapia is currently being carried out with vari-
ous single and blended organic acids at various dietary
levels (Ng, Wing-Keong, personal communication, 2008).
The effects of dietary organic acids on gut and faecal
microflora population as well as survival of tilapia chal-
lenged with Streptococcus agalactiae or Aeromonas hydro-
phila are also being investigated.

Further research has been devoted to sea bream
(Pagrus major), in order to determine the phosphorus
utilization after feeding dietary organic acids, as observed
in previous studies with other fish species [42]. The use of|
1% each of citric acid, malic acid and lactic acid in three
different dietary groups showed significantly better LWGs
and FCRs in the citric acid group versus negative control,
but malic or lactic acid did not improve performance.
Phosphorus excretion in the citric, malic and lactic acids
fed bream groups also significantly reduced, indicating a
better phosphorus utilization. The higher absorption of|
phosphorus in diets supplemented with organic acids
agrees with other reports that citric acid can increase the
apparent digestibility of many minerals, including phos-
phorus, in fishmeal [33, 43].
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Despite their lack of success in agastric goldfish in
Europe, acidifiers have also been tested in agastric Indian
carp (Labeo rohita). Baruah et al. [44] determined the
interactions of dietary protein level, microbial phytase and
citric acid inclusion on bone mineralization in Labeo
juveniles. Their data showed that the addition of 3% citric
acid to either a low- (25%) or high-protein diet (35%)
resulted in a significantly decreased pH of the feed and
intestinal digesta. Furthermore, bone ash content sig-
nificantly increased, suggesting a better bioavailability of
minerals. The mineral content of bones is in close
agreement with these findings, since, for example, the
phosphorus retention in the skeleton after citric acid
supplementation significantly increased. Debnath et al.
[45] suggest synergistic effects between microbial phytase
and organic acids in this respect. A follow-up study [46]
investigated the synergistic effects of citric acid and phy-
tase on nutrient digestibility and growth performance in
Indian carp, again in low (25%)- and high (35%)-protein
diets. Citric acid in both diets significantly increased LWG
and SGR in carp juveniles, while FCR reduced. No effects
were observed on PER and apparent net protein utiliza-
tion (ANPU). However, a significant interaction between
citric acid and microbial phytase (500 units/Kg) was found
for LWG, SGR, PER and ANPU, further supporting the
findings of Debnath et al. [45]. Finally, it was found [47]
that citric acid and microbial phytase have a synergistic
effect on mineral bioavailability, as measured in the whole
body and in the plasma. This effect was more prominent in
low-protein diets.

Other omnivorous fish species have also been fed diets
supplemented with acidifiers. In a recent trial, Owen et al.
[48] tested sodium butyrate as a feed additive in the
tropical catfish (Clarias gariepinus) added at 0.2% to two
diets differing in their major protein source (fishmeal or
defatted soya). Slightly higher growth and a concomitant
reduction in FCR were observed in catfish fed the fish-
meal diet supplemented with sodium butyrate, compared
with the control diet, while fish receiving defatted soya
together with 0.2% Na-butyrate showed no improvement.
The SGR surplus in the fishmeal plus butyrate group was
4.7%, while the improvement in FCR was 4.1%. However,
both indices differed insignificantly from the control.
Sodium butyrate supplementation also appeared to
increase the proportion of gram-positive bacteria in the
hindgut of C. gariepinus, though this increase was not
statistically significant.

Meicrobials and organic acids in fish

A different approach was taken by Vazquez et dal. [49],
who studied the effect of lactic acid bacteria cultures on
pathogenic microbiota from turbot (Scophthalmus maxi-
mus). According to their results, inhibition of pathogenic
species in fish by the use of lactic acid bacteria was
achieved due to the presence of lactic and acetic acids,

rather than bacteriocins, in all the cases studied. In other
words, these bacteria cultures are only effective if they
supply the turbot host with organic acids.

Acidifiers in Shrimps and Snails

Research in non-fish aquaculture species is somewhat
limited. Tung et al. [50] reported that 0.5% sodium citrate
with inactivated Lactobacilli boosted the growth of the
Kuruma shrimp (Masurpenaeus japonicus). Further work
suggests that a dose of 0.25% calcium formate can
enhance giant tiger prawn (Penaeus monodon) survival in
brackish water farms in Taiwan (Tan Seong Lim, personal
communication, 2005). These results are to be evaluated
again over more than just one grow-out season. Most
recent data include the successful usage of acidifiers in the
development of artificial diets for abalone culture in South
Africa (Lourens de Wet, personal communication, 2007).

Conclusion/Summary

Despite the limited number of published studies on the
use of acidifiers for the improvement of growth, feed
efficiency, digestibility and mineral absorption in aqua-
culture, results from the available studies indicate pro-|
mising potential and compel aquafeed manufacturers to
consider the use of acidifiers in the diets they formulate,
Furthermore, acidifiers can mitigate the impact of bac-
terial infections, thereby preventing diseases and thus
affording higher survival rates. The use of acidifiers can be
an efficient tool to achieve sustainable, economical and
safe fish and shrimp production [51].
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Abstract

Ciut microbiota is important and plays a cudal role in the host health and notri-
tional metabolism through multiple mechanisms. Shortchain  fatty  acids
[SCFMs), which are carboxdic acids with aliphatic tails < & carbons, are mainly
produced by anacrobic microbiota through fermentation of carbohydrates in the
intestine. Acetate, propionate and butyrate are the most abindant SCFAs metabo-
lites, impaortant in energy homoenstasis, metabolism and the maintenance of gut
health. In this review, we describe and document what is known about the pro-
duction, ahsorption, transport and receptors as well as the factors that affect
SCFA production in aquatic animals. Some evidence on the roles that SCFAs as
feed additives play in improving growth performance, digestibility, survival rate,
immune responses, disease resistance and structure and function: of the intestinal
tract and abundance of commensal microbiota in aquatic animals is summarized.
In addition, the immune regulatory mechanism of 5CFAs is highlighted.
Although the effects of SCFAs in aquatic animak have been explored, further
research is needed to profoundly investigate the mechanisms that by which SCFAs
induce their effects on host metabolism.

Recewved 28 une 2018; accepied 5 MNovermies
2018.

Key words: deetary additves, deese resstance, gut rmicrobiota, immunostimulant, metabolsm,
dnartchain fatty acds.

immume function as well & maintaining good health of the

Introduction
mltured animalk (Hoseinitar ef @, 2015, 20163 Nawaz

Aquatic animal products are an integral part of the human
diet, with their global demand greater than that for beef,
pork and poultry products (Tacon & Metian 2013). Fish
are an idea source of human nutrients as they contain
casily digestible and high-quality proteins, essential fats
(such as long-cham omega-3 fatty acds), vitamins (D, A
and B) and minerals (FAQ 2016). According to the Food
and Agricultural Organization (FACY), the share of world
fish production used for direct human consumption has
remarkably increased from 67% in the 1960s to 87% (more
than 146 million tonnes) in 2004 (FACQ 2016). Growth in
aquaculture fish production now replaces capture fishery
and has helped to meet the increase in human feh con-
sumption (Guerreiro ef al. 20018). A number of issues come
up under culture conditions, including increasing growth
performance,  digestibility, improving

survival rate,
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et al. 2018), all of which require studies to fully understand.
Intriguingly, the intestine of aguatic animals is an ideal
environment for colonization and proliferation of symbi-
otic microbes (Han et al. 2000, Tran et al. 2017; Wang
et al. 2018). Gut microbiota plays important roles in host
health and nutritional metabolism through multiple mech-
aniems (Rics-Covian et al 20016; Li er ol 2018a: Ringa
et al. 2018). For imstance, microbial metabolism invalved
in carbohydrate fermentation converts indigestible dietary
carbohydmtes into short-chain fatty adds (SCFAs) (Piaz-
zon et al 2017), thereby affecting the host's physiology.
SCFAs are carboooylic acids with aliphatic tails (< & car-
bons) and comprise of both straight- and branched-chain
conformation  (Layden eral 2013; Rios-Covidn et al
2016). In aquatic animals, the most predominant straight-
chain S5CFAs include acetic add (C2), propionic acid (3]
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and butyric acdd (C4), with the levels of valeratic acid,
snbutyric acid and isovaleric add being low (Le account-
ing for only 2-9% of the total SCFA production) (Clements
et al. 1994; Smith et ol 1996 German 2009 Hao et al
Mil7a,b). The measurement of intestinal 5CFAs in omnivo-
rous and herbivorous marine fish spedes has been eady
started, with SCFAz being confirmed for the first time asz
hacterial metabolic by-products in the intestine of sea
chubs, Kyphosus cornelii and K spdnepanus, in 1987 (re-
viewed in Smith et al. (1996) and Burr er ol (2005]).
Attempts at understanding the heneficial roles of SCFAs in
regulating metabolism in human and other animals have
heen going on for decades. SCFAs play an important role in
maintaining gut homoeostasis and serve to monitor the
relationship with the hoat, its immune system and intestinal
commensal microbes ( Trachsd er al. 2016). In aquaculiure,
SCFAs and their salts have been used as growth promoters
(Finge et al. 1994; Gao er al. 2011; Fobles et al 2013; Lin
et al. 2014; Silva et ol 2016h) and immune stomulators
(Lin er al 2014; Esensoro et al 2016 Hoseinitar et al
Mil&h, 2017a; Safari et al. 2016; Silva er al 2016k Tian
et al. 2017), indicating a promisgng application of SCFAs az
dietary supplements in farmed aguatic animals. To date,
only a few smdies regarding the application of SCFAs as
feed additives in aquaculture have been reviewed in details
(Hoseinifar ef al 2017h). The current review, therefore,
aims at symmarizing the haszic information about SCFAs,
including their production, ahsorption, transport, receptors
and the factors that affect SCFA production in aquatic ani-
mals. The application of S5CFAs in aguaculture and their
regulation mechanisms in immune responses will also be
discussed Suggestions on further applications of SCFAs in
aquaculture will be gven. It is envisioned that the informa-
tion provided here would guide fumre directions in the use
of feed supplements (induding SCFAs] in improving
growth performance, health status and disease redstance of
farmed aquatic animals.

Short-chain fatty acids and production

SCFAs are the end products of microbial anacrobic meta-
holism in aquatic animals, with the highest concentrations
found in the postedor region of the gut (85% of the total
SCFAz) (Clements er al. 1994), where they are absorbed
and used as a potential encrgy source (Titus & Ahearn
1988; Smith et al. 1996; Mountfort et al. 2002; German
3009). The most abundant SCFAs in the gut of fish are
acctate, propiomate and butyrate (Clements ef al 1994,
German 2009; Hao er al. 201 7ab). Nondigested proteins or
peptides are alzo fermented to give a mnge of metabolites,
including branched-chain fatty acids, amines, phenols,
indoles and thiok (Canfora et al. 2015). The branched-
chain SCFAs, isobutyrate, isovalerate and 2-methylbutyrate,

are typically produced from deamination of the amino
acids valine, leudne and isolendne respedively (this const-
tutes only 2—%% of the total SCFAs in fish) (Clements er al.
19%d: Smith et al. 1996 Hao et al. 20017b). It has been
reported that the concentrations of SCFAs increazed
towards the distal intestine of fish (Mountfort et al. 2002;
Leenhouwers er al. 2007). For example, in & spdneyans, it
was shown that the levels of acetate, propionate and buty-
rate were 1.1, 00 and 0.0 mM (in the stomach section],
374, 13.9 and 2.1 mM (in the proximal section) and 37.5,
128 and 1.3 mM (in the distal gut) respectively (Mountfort
et al. 2002). The concentrations of the SCFAs, acetate, pro-
pionate and butyrate in terms of molar ratio, are different
among fish and gut regions within a species and are pre-
sented by the ratio acetate;propionate butyratevalerate, for
which the posterior intestine is 83:8:9:1 (Odax cpanomelas),
642 1:14:1 (Odex pullus) and 74:17:9:0 (Crinodus Jopho-
dont) (Clements ot al. 1994). However, it is somewhat diffi-
cult to assess the ratins of SCFAs since their production
invohees the other types of fermentation substrates ((hira
et al. 2017). Ohviously, the synthesis of SCFAs depends on
the microbial composiion and environmental conditions
(ie. pH, hydrogen partial pressure and available substrates)
(Louis et al. 2014) as well as spedes of fish (herhivomous
freshwater fish have lower SCEA levels in the gut than that
of their marine counterparts, while carnivorous fish have
relatively higher concentrations than that of herbivomus
and omnivorous species) (Smith er al. 1996; Clements er al.
2014; Hao et al. 2017a). Consistent with this observation,
the concentration of total 5CFAs in the hindguts of herbiv-
orous freshwater gras carp (Crenopharyngodon  idellus )
(504 mM) (Hao et al 2017a) was found to be lower than
that of two herbivorous marine fish, K sydneyanws and O
pullus (hoth =37 mM) (Mountfort er al. 2002 ).
Fermentation relates to many reactions and metabolic
processes in the amaerobic microbial breakdown of organic
matter, with the contribution of spedfic spedes of bacteria.
Although much iz lmown about the biosymthesiz of SCFAs
in humans and other mammak (Lous ef al. 2014; Flint
et al. 2015 Koh et ai. 2016; Reichardt et al. 2018) (Fig. 1),
limited data are avalable for aquatic animals. In mammals,
acetate is produced from pyruvate via acetyl-Codor via the
Wond-Ljungdahl pathway or from arabinmoylan by enteric
bacteria (Bifidobacterium spp.) (Walfe 2005; Louis er al
2014; Reichardt et al 2018). Propionate is synthesized from
lactate (through the acrylate pathway), sucanate (sucanate
pathway)] or denxyhexose sugars (fucose and rhamnose)
(propanediol pathway] (Louis et al. 2014; Reichardt et al.
2014, 2018; Flint er al 2015 Fis-Covian er al. 2016).
Butyrate iz formed from either butyryl-CoA (Louis er al.
2014; Reichardt et al 2018) or a combimation of lactate
with acetate (Flint er al. 2015) or mammalian cells wa fatty
acid (FA) oxidation and ghwoose metabolism (Bourassa
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et al 2016). With a number of reaction pathways involved
in the metabolism of SCFAs means that & merits further
investigations in aquatic animals,

Factors influencing the formation of SCFAS

As mentioned above, SCFAs are the primary end products
of non-digestible carbohydrate fermentation by gut micro-
biota in the intestinal tract. The effects of dictary intake (in-
cliding non-digestible dictary cathohydrates, proteins and
fats] on the formation of SCFAs have previously been
reported (Flint et al. 2015). It has been shown that the com-
podtion of SCFAs is dictated primarily by the chemical
structures of the substrates and the microbial composition
and activities (Macfarlane & Gibson 1997; Flint et al. 2015
Rins-Covidn et al. 2016). For instance, the amount and type
of fibre consumed have an extreme influence on the type
and amount of SCFAs produced in human and mammals
(den Besten et o, 2013; Canfora et al. 2015), which is ako
found in aquatic animals (Hao et al. 2017ab). The total
SCFA concentrations in the gut of grass carp decreased by
almost 3% with dietary change (dietary shift from animal-
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based to plant-based diets) (Hao et al. 2017h). An increase
in the abundance of some potential SCFA-producing
microbiota (ic. Reseburia, Coprococcus, Blawtia, Dvakister,
Lactobacdlus,  Propiondbaderium,  Bifidobacterium  and
Clostridiuen | was recently observed in the intestine of Nibaa
coibor fed on a formulated diet compared with those fed on
fish-trash diets [ Li et al. 2018b). Ina recent study, the levels
of total SCFAs and acetate were also observed in a recent
study to decrease in Sudan grass-fed grass carp compared
with those on compound feed and fish meal (Hao et al
2017a). The question is, to what extent does the high fer-
mentation by gut microbiota of fish fed on fishmeal have on
the production of high levels of SCFAs It has been observed
that, in situations of insuffident fibre for fermentation,
microbes switch to less energy favourable sources (amino
acids from dietary or endogenous proteins or dietary fats)
for proliferation (Cummings et al. 1987; Koh et al 2016). A
study on the carnivorous red sea bream (Pagrus major)
revedled that total SCFAs in the hindgot (< 12 mM) were
lower than that of herbivorous telensts (Kihara 2008).

The composition of gut microbiota, which is mainly
influenced by diet and disease, can change the metabalic
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profile (Llewelyn et al. 2014; Carding et al 2015; Flint
et al. 2015). Monosaccharides comverted from dietary fibre
in the gut are assocated with a complex process mediated
by the ereyme repertoire of spedfic micobial members
(Koh er al. X016). In grass carp, a podtive correlation
between the levels of acetate and the total bacterial count
was observed (Hao et al 2017a). The high levels of acetate,
butyrate and propionate in Siberian sturgeon fed AXOS
imvalved an increase in the rdative abundance of Eubac-
teriurn, Clostridium, Lactobacillus, Bacillis and Lactococcus
present in the hindgut of the sturgeon (Geradou er al
012, 2013). There is, therefore, a posdtive relationship
between the diversity and composition of gut microbiota,
especially SCFA producers, and production of SCFAs in
aquatic animal. However, it remains to be seen predsely
which microbial spedes are mainly responsible for SCEA
production in fish (Llewellyn ef ol 2014). Furthermore,
aress-stimulated microbiota dyshiosis may be a facor
influendng the production of SCFA in the gt. A& recent
sudy revealed that gut dyshioss in Tsumura Suzuki obese
diabetes (TS0D) mice leads to a reduction in total plasma
SCFA levels, where acetate was decreased, with an increase
in propionate and butyrate, while valerate and hexanoate
were ahsent in the TSOD mice compared with controls
(Mishitsuji et al 2017). In aquatic animak such &= Adantic
smlmon (Salme slar) and Adantic cod (Caadus morhwa),
mpplementation with sovbean-derived protein  (Ringo
et al. 2006; Green et al 2013) as well a in rgemouth
bronze gudgeon (Coreds guichenoti) and grass carp, which
auffer from infections (Li ef al. 20016; Tran et al. 2018),
resulted in significant changes in gut micobiota. It is
unclear whether the changes of microbiota structure in
these studies directly affected the levels of SCFA in the host
gut. However, in grass carp on a changed diet (from ani-
mal-hased to plant-based diet), total prokaryote and bacte-
ria counts decreased after the dictary shift, which resulted
in a dedine in SCFA levels (Hao et al 201 7ab). This study
dearly shows a positive correlation between the concentra-
tion of SCFA and the total bacterial count in grass carp gut.

Prebiotics are non-digestible food ingredients that mod-
ulate the composition and/or activity of gnt microbiota,
which iz beneficial to the host (Bindels et al. 2015; Valcheva
& Dicleman 2016). Prebiotics selectively promote the
growth of benefidal microbiota (induding SCFA-produ-
dng bacteria), which most likely stimulates gut fermenta-
ton and SCFA producion (Burr er al 2005; Gerayloo
et al. 2013; Mawaz et al. 2018). S5ome prebiotics, induding
a-starch, pelatinized starch, inulin, maize, harley, wheat,
rye, lactomcrose, arabinoxylooligosaccharides  (AXOS),
fructoolignsaccharide (FOS) and pre-gelatinized tapioca
aarch, have all been proved to be capable of influendng
the production of 5CFAs in the gut of aquatic animals
in wive (summarized in Table 1). Although many studies

have reported good results on the effects of prebiotic sup-
plementation on the production of SCFAs in the gut of
aquatic animals, in Wt fermentation has been used as a
simpler approach In witre cultures of arabinmoylan, whole
wheat, soybean-olignzaccharides, isomalto-oligosacchar-
ides, raffinose, gentiobiose, lctomcrose, AXOS, oligofmc-
tose, xylose or fructose wsing inocula of fish gut microbes
have yielded high production of major 5CFAs in fish spe-
cies mich as common carp (Cyprinws carpio) (Kihara &
Sakata 2002), Mile tlapia (Oreochromis niloticus) and Euro-
pran seabas (Ddcentrarchus labrax) (Leemhouwers et al
2008) and Sibedan sturgron and African catfish (Geraylou
et al. 2014). Additionally, organic acids and their salts,
including sodinm butyrate, acetate, propionate, formate or
citrate, have been shown to decrease the gut SCFAs in red
hybrid tilapia (Creachromis sp.) (Romano et al 2016; Ebra-
himi et al. 2017). Reaults from these studies have revealed
that the type of prebiotic substrates, fermentation activity
and the microbial populations assodated with the process
strongly affect the composiion of fermentation end
products.

Probiotics can also serve as modulators of SCFA forma-
tion in the human gt (Hemalatha et al. 2017). Simiar
inferences have been observed in fish spedes (Allameh et al
3017; Duan er al. 2017; Asadurzaman er al. 2018). Recent
studies have revealed that Emterococcis foecals increased the
production of propionic and butyric acdd in the posterior
intestine of Javanese carp (Puntins gomionofus) [Allameh
et al 2017). Alcaligenes sp. AFG22 brought effects to Malay-
sian mahseer (Tor tambroides) in enhandng the levek of
acctate and total SCFA (Asaduzzaman er al. 2018). A diet
supplemented with Clostridiuem butyricurn increased acetic,
propionic and butyric add production i whitdeg shrimp
[Litopenaeus wannamel] (Duan et al. 2017). Based on their
results, the anthoms suggested that increases in level of
S(FAs are involved in the probiotic supplementation.

pH haz a profound influence on the transport of SCFAs
from the lumen to the colonooptes (Cook & Sellin 1998)
and also influences the growth of SCFA-producing bacteria
(Walker ef al. 2005). On the basis of this, a low inomlum
pH (approcdimately 5-6) m an in vitre fermentation of glu-
cose and native wheat starch with the intestinal contents of
Mile tilapia and Eumpean sea hass (Leenmhowwers et al
2008) has been reported to favour the growth of lactic add
producers (such as Lactobagilus, Bifidebactera and Eubac-
teria species] and the conversion of lactic acid produced
into acetic, propionic, butyric and longer chain fatty acids.
This should be confirmed in future research conducted in
aquatic animal models, with the high pH in the gut (usually
= 7) (Ray & Ringa 2014; Ban et al 2017).

rther factors such as fish spedes, living environments,
seasons, intestinal morphology, intestinal regions, gut tran-
sit time, rate of SCFA transport across the gut epitheliuvm
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SOFAS in aquaculture

Table 1 Suminary of the effects of prebots on the producton of shod-chan ity acds (SCFA) i the gut of aquatsc anim ks

Pre ot Hest species D il e diod Effects on SCFAproducton Refenences
A e ned
m-5lanch Ml tapa 150 g kg~" t Acetale, prapeanale, n-butyrate Kinam and Saxata (1397
(e nilaliows) (14 days) and total SOFA
1-50 gl
&8 E tinied Ml tlapa 181 8 and 309 g kg~" T Total SOFA praduckon in e Aurrareolass oT al | 2006)
stanch 45 £ 1.5 q) 8 e aks) Slonach
+ Todal SCFA pedudion in the
e stne
il Siberian stufgeen 20 gkg™’ — Total SCFA andladate poduction  Mahiows ef al. (2006] {reviewed
LA e haorl) (1 i) « Butyrate prosductsim  Ringa of al (2010)
213 £ 0.7 q)
Maze, babey, Mike tilpa 455 — Total concentraton and type of Leenhouwes of al (2007)
wheat or rye (70 gl (60 days) SCFA (acetic, proponic and Butyc
acud]
Laclnsurase Red sea beeam 0.24% * Tolal SOFA (mdar sum of aetr, Kinam (2008)
(PagrLs major) (2 mroaths) paopaodec and n-butyse acids)
~70 gl
ADE Afdcan catfish 10 and 20 g kg™ t Acetate, propeonale and iodal SCOFA Rurangwa af al (2008) (evewed
(Darias gariapimus) (10 wesks) pduchion n Rimge af al 20100
i~20 g) — Butyrate producton
Siteerian shungean 10 and 20 g kg tAcetate, propeonate and iodal SCOFA Rurangwa af al (2008) (evewed
20 gl (110 wee k) P clion n Rimge af al (2010)
- Butyrate produdction
Siberian stungean 2% t Acetale, butyrate and total SCFA Gerayhou &f al (2012)
259 4+ 0.94g) {12 weaks) praduchon
— Propionate praducton
Siherian stusgeon Zard% t Acetate, butyrate, propionate and  Geraybou of al (2013
30 g (11 e k) tevial SCRA pagaliction
FOS Fressiar el D2 D=2 % t Acetc and propoa acd Chen af al (2017)
Macrabvachium osenbargil (30 days) e Tha Dyl
FL-12) = Bulyric acid peoduction
Pre-gelatnized  Afscan catfish 5% tAcetic and butyrc acd production  Romana ef al (2018)
tapsra starch 62 + 0.3 gl (B e eka] — Propaonic add production

Syrriols ndecate an norease (1), deaease (1) or no effect () on the concentations of SOFA production; AXDS: arabenomylonlgos acdhandes, FOS:

Trudoolbposacchands .

as well as spedes and number of microbiota also nfluence
the production of SCFAs (Smith et all 1996 Mountfort
et al 32 German 2009 Clements et al. 2014; Canfora
et al 2015 Wu et al 3015 Hao e al. 2017a,b). Clements
et al (2014) have suggested that herbivorous and omnivo-
rous freshwater fish show shorter gut retention time and
thus lower SCFA levels in the gt than their marine coun-
terparts, Consstent with this observation, a lower level of
SCFAs in the hindgut of grass carp has been found in com-
parison with that in marine fish and mammals [ Hao er al.
M 17a).

Absarption, transport and receptors of 5CFAs

About 95-99% of SCFA produced is rapidly absotbed in
the hindgut, which exceeds those of other solutes present in
the gut (Titus & Ahearn 1988) and is used in different
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hiosynthetic processes by the host (den Besten er al. 2013).
SCFAs are mainly used within the vidnity of the gut, while
a small proportion of propionate and acetate reaches the
liver through the portal vein from the colon capillares,
whem & used in the liver as substrates for the energy-pro-
dudng tricarboxylic add cyde and gluconeogenesis (Tan
et al. 2014; Ohira et al. 2017). In fish, acetate is transported
into the portal blood and used as energy source for skeletal
musde or for lipid synthesis (Asaduzzaman et al 2018,
Absorption of SCFAs in tilapia is largely driven by the
anion cxchange with bicarbonate (in a ratio of 4 : 1)
between the intestinal lumen and the blood (Titus &
Ahearn 1988, 1991, 1992 ). In human and other mammals,
SCFAs are also thought to be absorbed through either
diffusion of protonated SCFAs or monocarbooylate
transporters [(monocarbosylate transporter-1 (MOCT1) and

sodium-dependent monocarboocylate transporter-1 (SMCT1]]
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(Cook & Scllin 1998; Canfora et al. 2015; Corréa-Oliveira
et al. 2016). Onee absorbed, butyrate is wsed as fuel for
oolonooytes, and the rest is transported to the liver. In the
liver, propionate is used for hepatic gluconcogenesis, while
acetate and butyrate are used for lipogenssis (den Besten
et al. 2013; Morrison & Preston 2016; Rios-Covidn et al
2016). Unabsorbed SCFAs are excreted (Tan er al. 2014).

SCFAs appear to be signalling molecules in cellular pro-
cesses through the hinding of receptors. In mammals, the
four receptors G-protein-coupled receptors 41 (GPRAL),
GPR43, GPRIO9A and {}Eai:tﬂr:f receptor 78 [(OLFR7E)
have been described (Matarajan & Plumick 2014). GPR41
is primarily activated by propionate, followed by butyrate
and acetate (Byrne et al. 2015), which has been detected in
adipose tissues, peripheral blood mononudear cells, pan-
creas, spleen, bone marrow and hmph nodes (Byrne et al
015). GPRAI is effidently triggered by acetate, propionate,
butyrate and other SCFAs (Kimura et al. 2014) and is
expressed in immune cells (eosinophils, basophils, nen-
trophils, monocytes, dendritic cels and muoosal mast
cells), skeletal muscle, heart, spleen and adipose tissnes
(Tan et al 2014; Byrne er al 2015). GPR109A is expressed
in colonic epithdivm, adipose tissues and immune cells
(Blad er al. 2012, Gamapathy er al 2013 Kambuchi er al
1015; Koh et al. 2016), and ligands niadn (Vitamin B3], -
hydroeybutryate and butyrate, but not acetate or propi-
onate (Matarajan & Plumick 2014). Additionally, OLFR7E,
a receptar for acetate and propionate but not butyrate
(Fluznick 2014; Kasubuchi et al. 2015), & expresed in the
kidney and is responsible for responding to SCFAs (Ploz-
mick et al. 2009). In summary, these receptors are expressed
in a variety of tissnes and cell types, indicating that SCFAs
are involved in the regulation of substrate and energy meta-
bolism as well as immune response in the host. However,
these receptors are still unknown in aquatic animalk, which
require detail further investigation.

Regul ation of host immunity by 5CFAs

SCFAs have been reported in human and other animals to
be important in regulating metabolic  disorders and
immune system wia the inhibition of HDAC and activation
of GPCRs (Meijer et al 2010 Correa-Oliveira et al. 2016;
Morrison & Preston 2016; Sivaprakasam er al. 2016 Sun
et al. 2017 ). Acetate, propionate and butyrate are rapidly
ahsorhed from the gut homen and perform their fimctions,
including systemic antoimmune responses and participate
in different steps of the inflaimmation process (Sun er al
2017). The potential moles of SCFAs in various cellular pro-
cesmes, induding gene epression, differentation, chemo-
taxis, proliferation and apoptosis have recently been
demonstrated  (Corréa-Oliveira er al. 2016; Sun er al
017). SCFAs ame used by the mmune cels of the

gut-assodated lymphoid tissue (Hoseinifar et al 2001 7h) by
recognition through the receptoms (GPR41, GPR43 and
GFRI09A) on the surface of colonocoytes and immune cells
or directly transported into host cels (Louis et al 2014).
Although studies have confirmed the edstence of these
SCFA receptors, this has not been conducted in aguatic
animals; however, it seems the mucosal immune response
in fish is attributed to the aforementioned mechanisms
(Hoseinifar et al. 2017h).

Butyrate is reported to improve the epithelial bamier
function and gut permeability through the modulation of
tight junction proteins and mucin expression (Canfora
et al. 2015). In grass carp, a diet supplemented with sodinm
butyrate (5B) was shown to enhance the activitdes of lyso-
zyme and add phosphatase activities as well as the contents
of complement 3 (C3), complement 4 (C4) and
immunoglobulin M (IgM], and the expression of f-defen-
sin-1, hepcidin, liver-cxpressed antimicrobial peptide 2B
[LEAP-2B) and mucn?, therehy improving the intestinal
immune functions of fish ( Tian er al. 2017 ). Similarly, in
whiteleg shrimp, propionic acid has been reported to stim-
ulate the expression of penacidin-3a (Fen-3a) and crustin
(Cru) genes in the hepatopancreas (Pourmozaffar er al
2017). Butyrate inhibits the activity of histone deacetylases
(HDACs) in the colonocytes and immune cells, promoting
the hyperacetylation of histones that are assocated with
signal transduction, with this having muoltiple consequences
on gene expresgdon and cellular differentiation (Louis et al.
2014). In human, regulatory T cells (T,ey cells) are central
regulators of antimicrobial iImmunity and tissue inflamma-
tion (Chaudhry & Rudensky 2013). Interestingly, SCFAs
are associated with the anti-mflammatory effects by pro-
moting the differentiation of Tpy, cells and IL-10-produ-
cing T cells, as well as by blocking activation of nuclear
factor-kB (MF-xB), in addition to the induction of apopto-
55 b‘,l’ HDAC inhibition (Louis ef al. 2014). Administration
of SB in grass carp for 60 days was shown to induce the
downregulation of the pro-inflammatory cytokines THF-a,
IFM-y2, IL-1[, 1L, IL-&, IL-15, IL-170), IL-12p35 and IL-
12p40, while there was upregulation of the ant-inflamma-
tory qrtcd{ln:s IL-14, IL-11, TGE-B1, TGE-f2, IL-4/134
and IL-4/13B (Tian er al. 2017). Besides, micoemcapsn-
lated sodium butyrate (MSE) significantly correlated with
the expression of gut HSF70, pro-inflammatory cytokines
lincliding IL-1p and TWF-x) and anti-inflammatory
cytokines (TGF-fi) within each gut segment, except for
HSPT0 in the distal gut and IL-1P in the foregut of com-
mon carp (. carpio) (Lin et al. 2014). Prolonged adminis-
trations of 5B induced the downregulation of NF-kB p&s,
c-Rel, IKER, IKKy, P3EMAPK and MAPEES EEOEE, and the
upregulation of IkBx gene in the intestinal tissue of young
grass carp (Tin er al. 2017). Thus, 5B supplementation
depressed intestinal inflhmmation (Fig. 2). Since SCFAs
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have benefits to the host immume responses in mammals,
molecular took could be used to study the interactions

amaong the components of the immune system of aquatic
animals' further studies

Application of 5CFAs in aquaoulture

The important effects of SCFAs formed by microbial fer-
mentation on the host metabolism and colonic immunity
have been reviewed dsewhere (Louis et al 2014; Matarajan
& Plumnick 2014; Tan et al. 2014; Byrne er al. 2015; Corréa-
Oliveira et al 2016; Koh et al. 2016, Morrison & Preston
2016). In fish, the positive offects of using SCFAs and their
salts have been reported (Hoseinifar et al 2017h). Previous
studies have explored the main roles of SCFAs, incliding
improving growth performance, feed effidency, immune
regponses, disease mesistance mirvival rate and mtestinal

SCFAS in agquacul ture

microbiota in aquatic animals A summary of the SCFAs
used in aquacnlture and the effects on their hosts is shown
in Tahle 2.

Increase growth performance, digestibility and survival
rate

Inaquaculture, the benefits of dietary SCFAs supplementa-
tion have attracted attention since the 1990s. Eady work on
the influence of dictary SCFAs (induding lactate and propi-
onate] supplementation on the growth performance of Arc-
tic charr (Sabelinus alpinus] was first carried out by Ringe
(1991). Since then, many studies on this subject have been
carried out (Ringe et al. 1994; Gao et al 2011; Bobles et al.
2013; Lin et al 2014; Silva er al 2016b). In minbow trout
[ Oncorfynchus mykiss), supplementation of dietary organic
acid salt blend (10 g acid moiety kg’ of a mixture of

Ji
A AMPs
& mmcin
.
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TL-11
TGF-g
TOF-f2
[T
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Figure 2 An odvendesw of the poposed efleds of utyate on fsh mestnal enmune geetem. The solid asows ndacate the eddence of the meada-
miear; the dashed armows ndecate the hypothetical eddence; the flathead armows ndecate the mhibdtion. Red and blue characters mdcate e norasies
and dedeases in production of the subects mspectively. The question rmarks indecate the ypothetical evidence (Louis of al 2004; Rocks & Gasett
2016; Lewy of al 2017, Tian af al 2017). Abbseviations: GPRAT (or 43 o 1094), Gprolen-coupled moepinr 41 (or 43 or 1094); NLRAPE, NOD-kke
recepior family pysn domain containing 5; AMP, antmicrobal peptde; igh, immuncglobulin M, gl secretosy mmunoglcbuln & HOWCs, hsione
et ety 6] Tnag (205, Regulatory T cellsy DC oells, dendites cells; I, mtereukin, TGF, vamsfonmeng gasth factor, TNF, timour necnsis facton] FN,
terfenon; M-l nuchear oo kappa B p3EMAPK, pIRmrlogen-acivated proken knase.
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sodium formate and butyrate with a ratio of 2:1) revealed
that a negative effect on the feed converson ratio (FCR) in
fish fed the organic acid salt blend supplemented diet com-
pared to controls, with a non-significant difference i the

growth performance of the fish among treatments (Gao
et al. 2011). The authors noted that supplementing diets
with a sodinm formate and butyrate blend neither had ben-
efits in growth rate nor feed utilization of rainhow trout. A

Table 2 Surenary of the effects of destary shos-chain fatty acds (SCFA&) on physsobogical responses. of aquatic animals

Hest spcies SCFAg Effects on host Referances
Secteg charn | Salvelingg Ma-lactate Na-lactate | 1%) increased growet rate, deonass ad Rimge {1391)
alpims) Ma-pmpaonate amounts of water, enengy, bpd, proten, free aremo
acids and tragighye ol (n the dets)n gut coment,
and was dbke to predent darrhoea
Ma-papionate (1% depessed the growth rate and
atsorption of the dherecal contens
Rainbow thout A rricbum of sodurn Tiee chet weith & rricture of sodewm formate and butyrate Ea0ar al 2011}
{ Drahrchis forrnate and butyrate 1% dedl not rpayee growth rate of Teed uilzabon of
miykEs) (2:1) fanh Do ot
Codriridsn Can Mcaencagsulaled M SB-suppdernemed deet (00 migfog) moness ad weight L ar al (2014
| Cypetiies Canpia) st butyrate gan, reduded FCR, enhanced the edpessons of HEFTO,
{M5E) L-1 p and THF-x and TGP within aach gut seqement,
axcepting HSPTO in fe datal gut and -1 n e
fowequit, wiverass it did not affect fe gui mecnobeota
56 e m (Soams Butyrate (Gustor Adgua Butyrate mnoressed weight gam, the avalabdity of several Acless of &l (2013)
Alrara) gF7o™) e ential arino acds and nucheotde denvatives, enengy

Euspeaan 563 Dass
(Dhcanrrarchiss
labrax)

Telwralish (Dama refio)

S adeurm badyrate (S8
{BP-70 *Marel)

Butymie

SDnealth 1082

58

5 ol DR aLE
15F)

ey for entenc cells, and transimetiglation actty
of the fah

3B vereate d growth perfosnance and dd not change
sqgnificantly WSl and H3, but the & was sgnificantly
igher in fish fed the detwith the mghest butyate
dasie (0.8%)

Plars a ghudose and donisoel moreased with 58
suppementaton (0.4%)

5B (0.B%) increased the abundance of rmucosal foldeng,
afiltration of mphocyies, nuiriber of granuboogtes in
the sulbmucosa dlong the mestine and acoumulation of
gipcosgen in hepatocyies, and stmulated the expresam
of PCMA and ALPI through the nfestinal tact

Butyrate (0.8%) shghtly moeaed sumival after bactenal
chalienge, sooeted growth retandation n paras tized
fish fafter chabenge with Photabacteniim damsslas
sulbsp. plscidda (Phalall, ncremsed intestinal rrirebicta
digesity with a highes representaton of butyrate-
paducng bactera and reversed most vegetable det-
ndduced changes i the gut pateoms

S Oieaith 1062 (0.5%) noeased the numrber of lactc
acd mackesa (Lacrodaalius) and reduced
Gamm agrotechactena

M change in growih bedween fahfeddeet controd and
det (2% 58

58 stwrulated the expresions of -1, L-6, L-8 IL-10
anvd THFagesness ) nowveswer, anfy THFa wias significantly
upregulated n the dstal nestne and changed e
e stanal morphaogy

P supien enta bon indaased the expreson of THE,
L-1 b and bysodgime genes n the nbesting, whesas
decrexed that of 500, CAT and HEPTD gends i the
wier of the figh

Estensond &f al (2018)

Parzronear al (2017)

Rirriodds af all 2018)

Rirriodd &t al. 2016)

Safan ar al {2018

Boviws n Agurmtire 1=16
© 1018 ‘Wiey Publshing Asa Pty Lid




Table 2 (oontinued)

SCFA4 in aguaculture

Huczes] syppeiaCiogss

Effads on host Re e renies

Grass can =8

(T Enomha g odon
iadB

SB (0.1% ) Enpaaeed the fidh growth perormance and
niestinal growth and function, moressed isozyme and
acid phosphatase activites, @oplement (C3 and C4)

Tan ar al (207)

and Frrrunogiobuln M contents, and reguls ted the
rErnity-related genes

S8 ncrezsed the numiber of Lactobacillus and butyrate
ek, witle decressed Aaromonas and Esdherichia ool
and acetate and pogaonate Byvelkn the gut of the fish

Mide tilapa =8
(e arhramis
ML)

Thee bprriphocybes and monocyte nurmbers wene affected
by deetany S8 (1.0, 2.0 and 3.0%), wide the adites of
SEfuTEnZEnes ARmne armeotranslerae, aspanate

Alaf al 2018)

armniranslenae and phagooyies wene nol affected
Duetary SB (2% and 3%) changed the stroctunes of beer
and kxdney, butl nol of gils of the fish

Red hybric tlapa 58
(Orearivramis 50.) Sodum acetate, 5P
Sodbum formate

Thee supgarmented saits {2 % for each of fie salis) dd
et affiect the fish growdh o feeding effichencies,
decrease n rusce kpid peromdation and e tinal

Ebrahima of al 2017

SOFAs, and indudion of stess and comparise d healf

Fumarata
Suerinate
Butyrale
Prepicdate

Wihiteleg Shimp
Litomras s
WA )

Thie hisghest final wesghs (53 %, 6%, 38% and 29%)
woane gain in shismp fed with fumarate, sucinate,
butymEe, and propionae, respecively, N COMpanson
1o the comrols. Both acetate and propeonabe stirrulated

Siva er al (201 68a)

thie activitiess of trgpsn and chyrnalngpsn, wheeas
aciate and dtrate nhifsted. Both furnamte and
surcinabe are pobential for ncreased proden diges thdty

Batyvate
Propeonate

Boih batyrate and propeonate (3.5%, 1% and2 %)
nirecsed Be final wesght, feed effichendy, nbnogen

Siva er al (20760

retertion, protesn effichendy rate, sunaval, yeebd and the
e | of senum aggiutination units of adrministenad

Shremps

The bautyrate-suppimented de i showed lower aunk of
Vibfio 5. i the mniestine

Proguonic acid

Propeonic acid (0.5% ) ded not @mhance the growth

Pourmozatiar af al 207

perfonmance, but incraased the eopaesson of
proghenoksedase, sorgme, penasidn-3a and austin
genes in e hepatogancsas of shivnps

=8 Addrrinistrateon of S8 alone of 3 cormitanation with L
phartarm did not affect the growth perfoamance,
rEnunoingecal parameters of Vibrio spp., and total

SE-H aaobacilus
plantanim

Rarmiex ar al (2017)

neteminophie backesa counts i the intesting
L planfassm and SBerhanced ressince agansl VWb
Aol TicLs i shinp

similar scenario was found in European sea bass (D kabrax)
fed with a butyrate-supplemented diet (Rimoldi er al
1016), where the specific growth rate and FCR were not sig-
nificantly different between fish fed a butyrate-supplemen-
ted and controlled diet. On the contrary, it has been
reported that the addition of butyrate (0.21%, Gustor Aqua
BP70™) to diets for sea bream [Sparws aurata) increased the
weight of fish (Kobles eral 2013). Furthermore, the
authors reported that butyrate enhanced the availability of
essential amino acids, nudeotide derivatives, energy provi-
sion for enteric colls and tranamethylation activity in the
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fish (Robles et al. 2013). Increase in weight gain and a
reduction in FCR have alo been observed in common carp
fed an MSE diet (Lin et al 2014), while the potential bene-
fidal effects of an 5B (BP-70 ® Marel) supplemented diet on
the growth peformance of gilthead sea bream (5. aurata)
have been observed (Estensoro e al. 2016). Although both
viscerosomatic and hepatosomatic indexes were not signifi-
cantly altered, the gut index was significantly higher in fish
fed on SB-supplemented diet (0.8% BE-70) compared to
the other groups, the SB (0.4%) resulted in an increase in
the plasma glucose and cortisol levek in gilthead sea bream







