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Abstract

Background and Obijective: Increasing concerns over the use of antibiotics in aquaculture have
emerged researchers to focus on short chain fatty acids and other biocompatible molecules as
alternatives for disease prophylaxis and treatment. Polyhydroxyalkanoates well studied as
biopolymeric materials for using in packaging and biomedicine were not focused much for their
abilities to act as antimicrobial agents in aquaculture until recent years. Application studies of
polyhydroxyalkanoates as aquafeed additives have highlighted their promising roles as eco-
friendly alternatives for commercial antibiotics with strong immunomodulatory effects in fish-es
and shrimps. The major aim of this review was to explore up-to-date scientific research studies on
use of polyhydroxyalkanoates as aquafeed additives and their immunomodulatory effects.

Results and Conclusion: Up-to-date, limited scientific literatures have been published on the use
of polyhydroxyalkanoates and their copolymers as alternatives to antibiotics in aquaculture. This
research field includes a great scope of development due to the promising immu-nomodulatory
and antimicrobial activity of polyhydroxyalkanoates against common pathogens in aquaculture,
as reported in literatures. Although several hypothesis and research data for explaining the
mechanisms behind their immunostimulatory effects were suggested by various researchers,
genetic and molecular bases underlying these phenomena are yet to be explored. Further research
and development in this area can introduce these biopolymers as the most promising eco-friendly
alternatives for antibiotics in aquaculture.
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1. Introduction

Global aquaculture sector with an output of 179 million
tons in 2018 has truly served as the backbone of global food
sector to reply growing demands of the exponentially incre-
asing human populations over the last few decades [1]. The
world population size is expected to reach 10 billion by 2050
and aquaculture is expected to include promising roles in
providing food needs of the increasing populations [2].
Aquaculture is still the fastest growing sector in food
production industries with an average yearly growth rate of
nearly 7.5% since 1970 [3]. The global fish exports incre-
ased from 7.8 to 164 billion USD from 1976 to 2018 [4].
Sudden diseased outbreaks in aquaculture sector slower
increases in production rates, jeopardizing overall integrity
of the aquatic ecosystems [5]. The traditional practice of
using disinfections of rearing water and administration of

antibiotics directly or in feeds are becoming further undesi-
rable as they lead to emergence of resistant microorganisms
[6,7]. Thus, further research focuses were emphasized on
development of sustainable alternatives to these chemothe-
rapeutic agents in aquaculture. Some promising alternatives
include development of specific pathogen free (SPF)
animals and use of probiotics and prebiotics as feed add-
itives [8,9]. Recently, use of immunostimulants for the
prophylaxis and infection control in aquaculture has become
further popular due to their eco-friendly biocompatible
nature. Immunostimulants are basically compounds capable
of modulating immune system of the hosts to increase
resistance against pathogens [10]. Diverse groups of
biologicals, chemical agents, plant secondary metabolites
and microbial derivatives have been reported to include
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immunomodulatory effects against common pathogens in
aquaculture [11].

Use of biofloc technology, using a wide variety of hete-
rotrophic microorganisms forming bioflocs, has been
suggested to include significant immunomodulatory effects
on cultured organisms by means of their cellular compo-
nents, metabolites and derivatives [12]. The high costs and
labor-intensive nature of this technology associated with
immunomodulatory methods such as vaccination and phage
therapy have made rendered these methods to be no longer
sustainable for aquaculture. This urged novel studies on the
use of short chain fatty acids (SCFAS) as immunostimulants
in aquaculture [13]. The SCFAs are basically organic fatty
acids containing 1-6 carbon atoms. They are usually derived
from oligosaccharides, polysaccharides, proteins, peptides
and glycoproteins through microbial fermentation [14,15].
Polyhydroxyalkanoates (PHAS) are from the most widely
studied SCFAs for their roles in immunostimulation in
aquaculture in several experimental studies carried out
majorly on fishes and shrimps [16,17]. The PHAs are a class
of microbial polyesters accumulated during nutrient imba-
lance conditions (carbon in excess with nitrogen or any
other essential nutrients in limited quantities) in many mic-
roorganisms to serve as intracellular energy and carbon
sources [18]. The poly (3-hydroxybutyrate) (PHB) is the
most widely studied type of PHAs. Chemically, PHAs are
polymers of hydroxyalkanoates, accumulated inside many
microorganisms as energy reserves and enhance the
organism ability to fight with several stress factors [19]. In
fact, PHAs are truly biodegradable and biocompatible
making them ideal candidates for use in food packaging
[20,21], drug delivery and other biomedical uses [22-24].

Commercialization of PHAs can seriously be difficult
due to high costs associated with substrates, production
strains, fermentation strategies and downstream processing.
With the evolution of agricultural/industrial waste based
production strategies [25-35] and eco-friendly methods for
the extraction and purification of chemicals, focuses on
PHAs are still increasing. Statistical modelling of bio-
process variables and fermenters to enhance production of
PHAs have recently been addressed to strengthen their
commercialization and competence in global markets [36-
39]. Use of PHAs in aquaculture is a novel research field
with multiple reports, suggesting their strong immune
modulatory and growth promoting effects on organisms fed
with PHA incorporated aquafeed [40,41]. Therefore, the
aim of the current review study was to present up-to-date
scientific literatures of PHA use as immunostimulants in
aquaculture. The study further provides commercialization
aspects of PHAs and future challenges for effective uses of
PHAs as sustainable immunostimulants in aquaculture.

2. Biosynthesis and enzymology of
polyhydroxyalkanoates

In microorganisms, energy generation, as well as
synthesis of carbon-rich molecules, is derived from carbon
sources during the metabolism. The most common carbon
sources for microbes are sugar molecules. Microbes
produce pyruvates from sugar molecules through glycolysis,
which are converted to acetyl-CoA and enter the Krebs
cycle. Under nutrient-rich conditions, high quantities of
coenzyme A from Krebs cycle inhibit 3-ketothiolase and
thereby blocks PHA synthesis. Under such conditions,
acetyl-CoA enters Krebs cycle for cell growth and energy
production [42]. Therefore, microbes are stressed with
unbalanced levels of nutrients (essential nutrients such as
nitrogen or phosphorus are limited with excess carbon
supplementations) for production of PHAs. Under unbala-
nced nutrient conditions, coenzyme A is non-inhibitory to
3-ketothiolase and thus the acetyl-CoA is directed into the
PHA biosynthesis pathway [43,42]. In-depth research on the
PHA biosynthesis pathway have shown that multiple
biosynthetic pathways exist for PHA production, each
including significant differences based on the classes of
PHAs and microbial strains [44]. The most widely accepted
pathway has been demonstrated in Cupriavidus necator
[45]. In Cupriavidus necator, phaA, phaB and phaC genes
encode major enzymes involved in PHA production. The -
Ketoacyl-CoA thiolase encoded by phaA gene is res-
ponsible for the conversion of acetyl-CoA molecules to
acetoacetyl-CoA, which is condensed to (R)-3-hydro-
xybutyrate monomer units by the catalyzing action of
NADPH-dependent acetoacetyl-CoA dehydrogenase enco-
ded by phaB gene (Figure 1). Then, (R)-3-hydroxybutyrate
monomers are polymerized into PHA synthase enzyme
encoded by phaC gene [18,46]. Another enzyme, which is
greatly important in PHA metabolism, is PHA deploy-
merase that helps breakdown of PHAs into carbon and
energy sources for supporting growth of bacteria under
stress conditions [47]. The PHA depolymerases are encoded
by phaZ gene and can act intracellularly and extracellularly
[19].The phaZ and oligomer hydrolases studies are widely
carried out in Cupriavius necator. This microbe is reported
to be capable of producing seven PHA depolymerase types
(phazl-phaz7) and two types of oligomer hydrolyses
(phaY1l and phaY2) [48]. The PHA biosynthesis and
degradative pathways are interconnected in microbes,
described as PHA cycle. This PHA cycle not only describes
the size and number of PHA granules in the bacterial cells,
but also provides carbon and energy sources for the bacterial
metabolism [49].
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Figure 1. PHA biosynthesis in Cupriavidus necator

3. Biodegradation of polyhydroxy-
alkanoates

In biological systems, degradation of PHB occurs intra-
cellularly or extracellularly [50]. Intracellular degradation
or PHA mobilization occurs when bacteria are stressed due
to carbon limitation [51]. The accumulated PHAs are then
degraded into carbon and energy sources [47]. First, PHAs
are broken down into PHA oligomers by PHA deploy-
merase enzyme. This is followed by conversion of PHA
oligomers into respective PHA monomers by oligomer
hydrolase enzyme [52]. Then, PHA monomers undergo
dehydrogenation using nicotinamide adenine dinucleotides
to form acetoacetic acid. Acetoacetyl-CoA synthase enzyme
acts on acetoacetic acid by utilizing adenosine triphosphate
to produce acetoacetyl-CoA. The acetoacetyl-CoA is con-
verted into acetyl-CoA by 3-ketothiolase, which further
enters Krebs cycle for energy generation [53]. In extra-
cellular degradation, exogenous PHAs are broken down by
non-PHA accumulating organisms. Extracellular PHA de-
polymerase affects PHA molecules, resulting in production
of dimers and monomers that are water soluble with a low
molecular size. These molecules can easily be taken up by
the cells and proceed with the energy production [54].

4. Polyhydroxyalkanoates in
aquaculture

Use of PHB in aquaculture is increasing, compared to
other widespread uses of PHB in food processing and
medical industries. The major use of PHB in aquaculture
includes its incorporation as a feed additive and in deni-
trification systems as a part of biofloc technology [55].
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Although use of biopolymers such as PHB in biofloc
technology for cleaning aquaculture systems has increased
in the last few decades, use of PHB as a feed additive is still
growing. Effects of PHA incorporation, as an aqua feed
additive, on growth profiles and immunological responses
in fishes and shrimps were studied by research groups in the
last few decades. The molecular mechanisms, underlying
immunomodulatory and growth enhancing properties of
PHAs, are not fully described. Thus, the aim of the present
review was to summarize and discuss the major experi-
mental studies that report use of PHASs as growth enhancers
and immunostimulants in aquaculture.

4.1. Polyhydroxyalkanoates as growth enhancers in
aquaculture

Effects of PHB supplementation in enhancing growth
profile and development of Chinese mitten crab zoea larvae
were studied by Sui et al. [56]. Feeding trials included two
batches, one batch of larvae fed with PHB molecules and
the other batch with live feeds (Rotifers and Artemia)
enriched with PHB. Study revealed increased survival rates
and development qualities in larvae fed with PHB
molecules. These findings can be correlated with the fact
that although PHB acted as carbon reserves in the larvae, it
failed to supplement other essential nutrients for the growth
and survival of the organisms. In the second batch fed with
PHB enriched live feed, superior growth qualities and
survival rates were seen. This could be connected to the
contribution of energy from PHB and other vital nutrients
that accelerated the growth of the larvae. Another interesting
observation regarding effects of PHB to provide osmotic
shock tolerance for the larvae was reported in this study. The
PHB enrichment in feeds provides additional energy to
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colonic cells, which enhances absorption ability and
bioavailability of trace elements. The PHB molecule acts as
an energy source to intestinal microbial ecosystem and
hence limits infections by the opportunistic pathogens [56].
Moreover, PHB in the feed affected metabolism of larvae
and physical fitness of the larvae enhanced. The bioen-
capsulation of PHB in Rotifers and Artemia decreased feed
quantity provided to the larvae for optimal growth by a
quarter. In another study by Yaqoob et al. [57], Oncho-
rynchus mykiss fingerlings were fed with feed containing
various concentrations of PHB (1, 2 and 3%) thrice a day
for studying effects of PHB on their growth, gut enzyme
activity and body composition. No significant effects were
observed on these parameters during the first two weeks,
possibly due to the absence of PHB hydrolase that breaks
down the PHB in developing fingerlings. Dietary
supplementation of PHB was reported to increase digestive
enzyme activity and hematological parameters of the
shrimps [57].

Indirect supplementation of PHA to hosts using live feeds
such as Artemia grown in PHA containing media was
reported in the literature. Nhan et al. [58] fed Macro-
brachium rosenbergii larvae with Instar Il Artemia, which
was pre cultured in three various media of one with PHB,
another one with highly unsaturated fatty acids (HUFA) and
the last one with a combination of PHB and HUFA.
Although it was reported that the larvae fed with PHB
enriched Artemia showed increased developmental and
survival rates even after exposure to Macrobachium
rosenbergii, the highest growth and survival rates were seen
in larvae fed with Artemia enriched with PHB and HUFA.
The highest survival proportion was reported as 80% after
ten days and 58% after 28 days, respectively. This can be
correlated to the fact that when PHB alone was supple-
mented, the feed lacked other essential nutrients needed for
growth. When such a modified feed was incorporated to
HUFA lipid emulsions, it could provide the essential
nutrients needed for the growth and development of larvae.
The total count of pathogenic bacteria such as Vibrio spp.
reported normal in natural larvae decreased significantly
when PHB was present in the feed. Similar results were
reported in brine shrimp larvae (Artemia franciscana) fed
with PHB and thereby provided supporting evidence to the
pathogen inhibition capability of PHB. Generally, PHB
entering guts is partially degraded to B-hydroxybutyrate. In
absence of molecular studies, it was hypothesized that this
fatty acid provides additional energies to gut epithelia,
making them further resistant against the pathogens. The f3-
hydroxybutyrate can inhibit growth of pathogens as it is
toxic to them [59]. In experiments with Macrobachium
rosenbergii larvae, larvae were not able to digest PHB
supplements and the hydrolysis was carried out by the gut

microbial flora [58]. For brine shrimp larvae, the larval gut
showed ability to produce PHB hydrolysing enzymes [59].

De Schryver et al. [60] studied juvenile European sea
bass (Dicentrarchus labrax) and various concentrations of
PHB supplementation (2, 5, 10 and 100%) on the overall
growth performance of the sea basses as well as their effects
on intestinal microflora. The researchers reported that the
average weight increase for the sea bass juveniles with no
PHB supplies was 216%. The juveniles fed with 2 and 5%
of PHB included average weight increases of 243 and 271%,
respectively. This additionally verified the hypothesis that
the aquatic organisms fed with PHB included increased
growth rates, compared to that those with normal fed did.
They also reported that the survival rate of PHA fed
juveniles was much higher than that of others, clearly seen
at Week 6 of the study. The intestinal pH values of PHB fed
juveniles showed significant decreases, possibly due to the
degradation of PHB into SCFAs (3-hyroxybutyrate), which
resulted in decreases in pH. Significant changes were
reported in the microbial population after Week 2. The
reason for this phenomenon was that the fish gastrointestinal
enzymes partially degraded PHB into monomers and
oligomers of B-hyroxybutyrate, which could be used by the
gut microbes as carbon and energy sources. The possibility
of nonspecific lipases and esterases in hydrolysis of PHA
could be correlated with these findings. The other reason
was linked to PHB degrading microbes, which were not
reported in the gut microbiota of sea basses, either the
microbes reached the gut from the outside and colonized the
gut or the existing microbiota evolved (switched on the
genes) to degrade the available PHB. The researchers stated
that changes in microbial population could be due to a
combination of the highlighted factors. Effects of PHB on
growth and development of large yellow croaker (Lari-
michthys crocea) fishes and piglets were assessed by
incorporating various quantities of PHB into the normal
feed [61]. It was seen that 0.5 to 2% of PHB supple-
mentation increased the survival rate, specific growth rate,
final body weight and weight gain rate of the yellow croaker
drastically. Moreover, the highest survival rate was 84.88%
+3.49 in 2% PHB treatments and the specific growth rate
was 1.27% +0.06, the final body weight was 66.33% +3.03
and the weight gain rate was 122.95% +8.42 in 1% PHB
treatments. Contradictory results were seen in Nile tilapia
(Oreochromis niloticus) fed with PHB supplements [62].
This outlined that PHB effects could be species specific.
The antioxidant activity of yellow croaker fishes nourished
with PHB increased significantly, compared to control. This
could be one of the reasons for the increased survival rate,
as the antioxidant enzymes eliminated reactive oxygen
(ROX) and nitrogen (NOX) species and hence promoted
immunity and fitness of the fishes. The study further
reported that when PHB was fed in excess to the yellow
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croakers, increases were seen in the bacterial growth within
the gut epithelia, leading to the host inflammatory responses
and activation of the immune system. This resulted in
decreases in final body weight of the fishes. When PHB was
administrated to weaned piglets, no negative effects on the
animal growth were reported and, in fact, the piglet growth
performance increased. This result was correlated with the
effects of PHB degradation by the intestinal microbes as the
microbes released B-hydroxybutyrate and their oligomers,
which enhanced production of digestive enzymes in the
weaned piglets.

Effects of PHB on the immunity and growth of organisms
are usually studied only in their larval stages because of the
fact that the larvae are more vulnerable than adult organisms
physically and physiologically. This is due to the absence of
adaptive immunity in larvae, which makes them further
susceptible to infections by pathogens [63]. The larval body
can show instant reactions to any compounds that they are
fed with; thus, studying larval stage is widely preferred.
Franke et al. [64] fed European sea bass yolk-sac larvae (D.
labrax) with PHB to study the compound effects on the
larval immune system and growth as well as gut microbes.
The larvae were fed with PHB at various concentrations
during various stages of their life cycle. High and low
concentrations of PHB were fed for mouths opening and
first feeding stages. Death rates of the larvae decreased
significantly and the maximum survival rates were reported
in the mouth-opening stage larvae fed with low concen-
trations of PHB (approximately 35%). Decreases in death
rates could be correlated to the increased immunity. Indeed,
PHB was degraded in the larval gut to SCFAs of -
hydroxybutyrate, which decreased the intestinal pH and
served as an additional energy source for the intestinal cells.
This helped them in differentiation and increased mucin
production. Decreased pH limited infection of the pathogens
and helped proliferation of the selected microbes. Studying
roles of ferritin, dicentracin and other genes in inducing
secretion of immune complexes, it was found that PHB
boosted immune responses. It has been reported that SCFAS
of B-hydroxybutyrate act on the larval immune system as in
mammals by binding to G-protein coupled receptors. The
pH of gut plays a major role in early immune responses of
the larvae. It has previously been shown that the low pH
created by PHB in the larval intestine favors growth of
certain microbes. This can stimulate the microbe-associated
molecular patterns, which can activate early cellular and
humoral immune responses [65]. The prebiotic effects of
PHB supplemented feed have been reported in experimental
studies on fishes and prawns [60,66,67].

The Siberian sturgeon (Acipenser baerii) fingerlings
were fed with 2 and 5% of PHB to understand the effects of
PHB on growth performance and gut microbial community
in the fingerlings [66]. The fingerlings were fed three times

Appl Food Biotechnol, Vol. 8, No. 1 (2021)

a day with feeds containing PHB. Increases in weight gain,
specific growth rate and survival of the fingerlings fed with
2% of PHB were reported. The weight gain and specific
growth rate for the 2%-PHB fed fingerlings were 58.1% +3
and 2.2% +0.2, respectively. These values for control fed
with no PHB were 51.5% 8 and 2.3% +0.1, respectively.
The survival rate was as highly as 96.6% +3.4 for the
fingerlings fed with 2% of PHB and 89.1% 9.3 for
controls. Diversity of the microbial community in the gut
was analyzed using 16S rRNA fingerprinting techniques.
The major microbes in the gut were characterized as
Bacillus and Ruminococcaceae genera. Lorenz curves and
Shannon index of Biolog Ecoplate data were analyzed and
results indicated bacteria in the guts of PHB treated
fingerlings. However, the bacterial aerobic metabolic
potentials varied compared to controls [66].

4.2. Immunostimulatory effects of polyhydroxyalkano-
ates in aquaculture

In addition to in-depth research studies on the effects of
PHA and other SCFAs on growth promotion and feed
utilization, effects of these additives on pathogen defense
and immunostimulation of aquatic organisms have received
further attentions recently [13]. A study on the immuno-
stimulatory effects of poly (3-hydroxybutyrate-co-3-hydro-
xyvalerate) (P (HB-co-HV) copolymers was carried out on
O. mossambicus [41]. In this study, O. mossambicus was fed
with aquafeed enriched with various concentrations (0, 1, 2
and 5%) of P (HB-co-HV) and the specific immune res-
ponse was studied by measuring antibody responses to
sheep RBC in 5-d intervals. Nonspecific immune responses
were recorded by studying lysozyme, total peroxidase and
antiprotease activities. Total immune responses were
studied by assessing infections of virulent Aeromonas
hydrophila. The overall immunity was enhanced in fishes
fed with P (HB-co-HV). The lysozyme activity increased
significantly. Similar patternd were recorded when Labeo
rohita was fed with 0.5 or 2.0% of n-3 HUFAs [68].
Lysozyme enzymes were suggested to provide protection
from Gram-positive and Gram-negative pathogens [69].
Lysozymes in fishes are mostly associated with phagocytic
neutrophils; therefore, increased levels of lysozymes in P
(HB-co-HV) fed fishes suggested that P (HB-co-HV) might
increase the number of active neutrophils or enhanced
production rate of lysozymes or both [41]. The level of total
serum protease is a measure of antiprotease activity.
Pathogens normally secrete enzymes, which lyse tissue cells
to facilitate their invasion [70]. These enzymes need
chelation to activate. Antiproteases naturally prevent this
chelation; thereby, blocking the pathogens. Increased anti-
protease activity was reported in the study [41]. Clements et
al. [71] reported that B-hydroxy SCFASs produced by partial
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or full degradation of PHB could directly enter pathways of
lipid biosynthesis.

Another study reported immuno-stimulatory effects of
PHB on giant tiger shrimp (Penaeus monodon) larvae fed
with A. nauplii, enriched with PHB producing Bacillus JL47
[72]. The bacteria produced 55% of PHB of their dry cell
weight. The larvae were fed with PHB for 15 d (twice a day)
and exposed to pathogenic Vibrio (V.) campbellii LMG
21363 by immersing in media with 10° cells ml.
Immunostimulatory effects were studied by measuring
expression of three genes, including prophenoloxidase
(ProPO), transglutaminase (TGase) and heat shock protein
70 (Hsp70) genes. Expression of the three genes were
upregulated by the PHB and were significant even before
exposure to pathogens [72,73]. Naturally, transglutaminase
enzymes help coagulation processes in shrimps; thereby,
decreasing pathogen invasion and hemolymph loss [74].
Heat shock proteins serve as molecular markers, which
refold and repair proteins that are denaturized due to heat
shock stresses [75]. These effects include innate immunity
of the larvae; hence, PHB was concluded to have priming
effects on the immune system in their studies.

Effects of PHB enriched diet on growth, intestinal
microbial community and immune responses in soiny mullet
(Liza haematocheila) were studied by feeding mullets with
feeds containing various quantities of PHB (0, 0.5, 1, 2, 4
and 8%) [76]. Specific growth rate and weight gain
increased in fishes, which were fed with diets containing
PHB. The highest rates were reported in groups fed with 2%
of PHB. Specific growth rate and weight gain of the mullets
respectively increased to 74.32 and 90.74%, compared to
groups fed with no PHB. Ighodaro and Akinloye [77]
reported major antioxidant enzymes, which were important
in the first defense line of immune systems, including
catalase and superoxide dismutase as well as total anti-
oxidant capacity. Bagnyukova et al. [78] showed that
catalase played critical roles of converting peroxides to
water and oxygen, preventing hydroxyl radical toxicity. The
superoxide dismutase was also described by Meng et al. [79]
as the enzyme, preventing adverse reactions by removing
the excess reactive oxygen species. The study showed that
catalase and superoxide dismutase levels included increased
activities in groups fed with 0.5, 1 and 2% of PHB after 30
d. However, total antioxidant capacity was not affected from
the increased levels of catalase and superoxide dismutase
and was almost similar to groups fed with no PHB.

Expression of immune linked genes was studied to
investigate immune responses. Immune-linked genes enco-
ding aldehyde oxidase (AOX), penicillin-binding protein A
(PbpA), interleukin-8 (IL-8) and major histo-compatibility
complex class Il (MHC I1) in soiny mullets were studied
using quantitative real-time PCR (gqRT-PCR). The PbpA
and IL-8 encoding genes were reported to play major roles
in immune responses against the pathogens [76]. The PbpA
protein helps crosslinking peptidoglycans of the intestinal
microbiota in fishes. Cross-linked peptidoglycans are
known for their immunopotentiation effects on the host
immune system [80, 81]. As stated by Baggiolini et al. [82],
IL-8 is a chemotactic factor, which is synthesized by the
cells expressing receptors for pathogen recognition to
communicate with white blood cells (WBC). Wright et al.
[83] described that aldehyde oxidase, belonging to the
family of xanthine oxidases, played critical roles in
pathophysiological processes. Ryhanen et al. [84] demo-
nstrated that MHC 11 were responsible for the activation of
innate immunity by recognizing pathogens and presenting
the pathogen specific antigens to immune cells. The study
reported that PbpA and IL-8 gene expressions increased in
groups fed with 2 and 4% of PHB, compared to other
groups. Furthermore, the MHC Il gene expression was
significantly upregulated in groups fed with 2% of PHB. It
was reported that the aldehyde oxidase transcriptional level
was downregulated in PHB fed groups, compared to groups
fed with no PHB. Semova et al. [85] reported that the
intestinal microbial communities of aquatic organisms
played major roles in epithelial proliferation, physiological
development, harvest, health status and immune responses.
The most commonly reported bacterial genera in soiny
mullets were Bacillus, Delftia, Lactococcus, Carnobac-
terium and Achromobacter. It was reported that the
intestinal Bacillus spp. in groups fed with 2% of PHB were
significantly higher than those in groups fed with no PHB.
Using analysis of Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways, it was found that genes invo-
Ived in major metabolism pathways, secondary metabolites
biosynthesis, immune system, signaling molecules and
interacttions as well as other downregulated genes involved
in disease pathways were significantly upregulated in PHB
fed organisms. The major literature discussing immu-
nomodulatory effects of PHA supplementation in aquafeeds
is listed in Table 1.

Appl Food Biotechnol, Vol. 8, No. 1 (2021)
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Common name

Scientific name Effect of PHA supplementation on the organism Reference
of the host
5 % PHB increased immune response, serum lysozyme activity and serum
peroxidase activity significantly, showed resistance towards virulent Aeromonas [41]
S Oreochromis hydrophila strain
Nile tilapia A
niloticus
Increase in the lipase activity. Increase in survival by 20% when the larvae fed [62]
with PHB was challenged with Edwardsiella ictaluri glyO9R
Increase in survival rate and final weight when fed with PHB and glucose [86]
White leg Litopenaeus
shrimp vannamei Enhanced survival, growth and robustness of the larvae when exposed and not [40]
exposed to pathogenic Vibrio anguillarum.
gt;Lnese mitten Eriocheir sinensis Increase in the Developmental rate, survival and osmotic stress tolerance [56]
Chinese mitten . A . Enhanced growth and survival when challenged and not challenged with Vibrio
Eriocheir sinensis . [87]
crab anguillarum
Increased the survival when the starved nauplii were challenged with Vibrio [59]
campbellii
. . Artemia - . . 4 .
Brine Shrimp franciscana Significant survival observed when fed with 100 mg I* when challenged with [86]
Vibrio campbellii
Better Survival when challenged with Vibrio campbellii [89]
Blue mussel Mytilus edulis Improvement in the growth and development and increase in the survival [90]
Giant . Increase in the development of larvae and survival [58]
Macrobrachium
freshwater rosenberaii
prawn g Increased survival and larval development [91]
Oncorhvnchus Higer weight gain, specific growth rate and significantly higher specific activity of
Rainbow trout orhy the amylase and total protease when fed with 1 % PHB. Increased survival and [92]
mykiss - . . . S .
immunostimulation when challenged with Yersinia ruckeri.
European sea Dicentrarchus Increased survival when fede with 2 %, 5 % and 10 %, maximum weight gain at 5 [60]
bass labrax %PHB feed and overall decrease in the pH
Increase in the content of whole-body lipid, and activity of pepsin when fed with [67]
_— PHB and PHB-HUFA
Siberian . .
sturgeon Acipenser baerii _ _ - _ _
Increased the weight gain, Specific Growth Rate and survival when fed with 2 % [66]
PHB
Giant tiger Increased survival and growth of the larvae which were exposed and not exposed
Penaeus monodon . . . - . [93]
prawn to pathogens, and highest survival when exposed with ammonium chloride

4.3. Antiadhesive activity of polyhydroxyalkanoates on
biofilm forming fish pathogens

Biofilms are formed when microorganisms adhere to a
surface, embedding in their extracellular matrix [94].
Biofilms are produced majorly to counteract various stre-
sses. Biofilms can protect against antibiotics and help
survival of the microbes. Pathogens that are capable of
biofilm production are very difficult to eradicate. Anti-
biofilm activity or antiadhesive activity on biofilm formers
is greatly important in aquaculture as it provides a sustain-
nable method for fighting against outbreaks associated with
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biofilm forming bacteria. Kiran et al. [95] studied the
antiadhesive activity of PHB against Vibrio spp. The PHB
for the study was produced using Brevibacterium casei
MSI04 isolated from Dendrilla nigra, a marine sponge. It
was reported that B. casei produced 25 g I PHB in the
optimized media when incubated for 96 h. The antiadhesive
activity was studied by growing Vibrio spp. on glass slides
coated with microbial PHB and analyzing them using
microplate assay. When 0.6 mg 200 pl* PHB was used,
biofilm activity of the Vibrio spp. significantly decreased.
Totally, 96% of the antiadhesive activity were reported
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against V. fischeri and V. vulnificus, 92% were reported
against V. alginolyticus and V. parahaemolyticus and 88%
against V. harveyi. Lee et al. [96] showed that PHB included
a low cell adhesion due to the accumulation of methyl
groups on the surfaces. Other properties such as immune
stimulants and growth inhibitory effects of the PHB were
discussed as well. Amorphous PHB (PHB-A) produced by
lyophilizing Ralstonia eutropha was used to study its effects
on Vibrio spp. In blue mussel (Mytilus edulis) larvae [97].
Larvae were fed with various concentrations of PHB-A (1-
10 mg I'Y) for 6 or 24 h and infected with V. splendidus and
V. coralliilyticus (10° CFU ml?). When PHB-A was
provided 6 h before the infection, the survival rate of larvae
increased after 96 h of exposure, compared to that of larvae
fed with no PHB-A. The increased survival rates respect-
tively were 55 and 25% against V. splendidus and V.
coralliilyticus, compared to larvae fed with no PHB-A.
When concentration of PHB-A in feeds increased from 1 to
10 mg I, it showed no effects on the larval survival rate.
Researchers carried out studies on how the B-HB affected
growth and biofilm formation of Vibrio spp. A concen-
tration of 125 mM of B-HB showed maximum inhibition of
virulence factors such as hemolysis by vibrio spp.; however,
this concentration caused caseinase production.

4.4 Effects of polyhydroxyalkanoate supplementation on
transcriptional factors

Baruah et al. [88] challenged the brine shrimps of A.
franciscana with V. campbellii after feeding with PHB to
study effects of PHB against vibriosis. The shrimp larvae
were fed with various concentrations of PHB (10, 100, 250,
500 and 1000 mg I') added into water with autoclaved
Aeromonas hydrophila (107 cells). Feeding was carried out
for 2 d and then the larvae were exposed to V. campbellii
(107 cells). It was reported that 100 mg I* of PHB fed larvae
resisted vibriosis completely. For resisting complete vib-
riosis, the necessary concentration was 1000 g I. This
concentration controversy was solved when sizes of the
PHB molecules were compared. In this study, sizes of the
PHB molecules were 25-30 um and size of the PHB in the
earlier study included 30 pum averagely. The Artemia larvae
are non-selective particle-filtration feeders as reported by
Fernandez [98]. These larvae only feed on smaller molecu-
les. Effects of vibriosis were studied by analyzing various
immune genes, producing Hsp70, prophenocloxidase (pro-
PO), transglutaminase (TGase) and ferritin (ftn). The PHB
at 100 mg I* was reported to induce production of Hsp70;
however, the mRNA level for Hsp70 was less. This was
possibly linked to half-life of the molecules; previously
described by VVogel and Marcotte [99]. The Hsp70 molecule
includes more half-life than that its mRNA does. Induced
production of Hsp70 was associated to gut pH. Generally,
partial digestion of PHB in the gut of larvae form

monomers, dimers or oligomers of fatty acids, which
decrease pH of the gut. Furthermore, these fatty acids by
nonionic diffusion cause cellular acidification, which
induces stress as well as production of Hsp70 in epithelial
cells. The pro PO is converted into active PO, which induces
melanin production, wound healing and encapsulation of
pathogens; as discussed earlier. In this study, a 2.5-fold
increase in transcription level of proPO gene after 6 h of
infection was reported. The TGase is needed for clotting of
the hemolymph at the site of pathogen entry, killing
pathogens and preventing their further transportation. In this
study, a 2-fold increase was seen in mRNA transcript of the
TGase after 6 h. Iron plays a major role in survival of all
organisms. As described by Weinberg [100], pathogens and
hosts compete for iron. Ferritin, a blood protein, prevents
iron removal from the host cells. However, no increases
were seen in ftn transcription levels after feeding with PHB
in this study. The study reported that higher concentrations
over 100 mg I* PHB could slightly create toxic effects on
the immune system when challenged with pathogens.
Moreover, decreases in Hsp70 levels were observed in such
cases. This could be due to more acidic pH in gut of the
larvae due to partial digestion of a greater number of PHB
molecules.

Van Hung et al. [101] studied effects of PHB-A on
infections by V. coralliilyticus in blue mussels (M. edulis)
larvae. For the study, larvae were directly exposed to
rifampicin resistant V. coralliilyticus (10° CFU mlY), ano-
ther group was administered with PHB-A alone and the rest
of groups were fed with Ralstonia eutropha with a PHA
yield of 75% of cell dry weight for 6 h and were then
exposed to Vibrio spp. The immune mechanisms were
studied by analyzing transcriptional titers of genes pro-
ducing AMPs mytimycin, mytilinB, defensin and
lysozymes. Significant downregulation of mytimycin and
lysozyme was observed in larval groups fed with PHB-A
and infected with the bacteria. Significant increases were
seen in phenoloxidase activity (p < 0.05) and defensin gene
was upregulated after 48 h of the infection.

5. Sustainable strategies for polyhydro-
xyalkanoate production: the way
forward

Currently, PHAs are visualized as the most ecofriendly
replacements for antibiotic use in aquaculture. The major
limitations for its widespread use in aquaculture is contri-
buted by high production costs associated with use of
synthetic media components for the bacterial fermentation.
Agricultural waste residues with appreciable quantities of
carbohydrates are described as cost effective substrates for
the commercial PHA production. The basic strategy of
producing PHA from agricultural wastes is outlined in
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Figure 2. The primary step in PHA production using
agricultural wastes as substrates is pretreatment of the
substrates to make them further appropriate for the fermen-
tation processes. This may involve size decreasing and
powdering of the substrates as well as substrate washing to
remove undesirable compounds affecting bacterial fermen-
tation [102]. The second step involves hydrolysis to convert
complex polysaccharides in the substrates to easily
fermentable sugars. Acid hydrolysis, thermal hydrolysis or
enzymatic hydrolysis can be used separately or in
combination depending on the target substrates [103-105].
Then, PHA production can generally be carried out using
two groups of bacteria, first group capable of producing
PHA during normal phases of growth and the second group
producing PHA when carbon is in excess with limitation of
any other essential nutrients such as nitrogen or phosphorus
[106]. Either continuous cultivation method or fed batch
method is used for PHA fermentation. Fed batch system
involves growing the bacterial strain to a desired high cell
density followed by creating nutrient limitation for PHA
accumulation. In continuous or semi continuous fermen-
tation method, the famous feast and famine strategy is used
[107].

The major agricultural wastes reported for PHA
production are listed in Table 2. Downstream processing in
PHA production is one of the critical steps that describes the
efficiency and purity of PHA recovered from the bacterial
cells [108]. Extraction of PHA is generally carried out
following three steps of pretreatment for cell lysis,
separation of PHA and recovery [109]. The commonly used
pretreatment methods include heat treatment, alkali/ alkali
salt treatment and freeze-thaw methods. The pretreatment
lyse or weaken cell walls and membranes of the microo-
rganisms [110]. For PHA separation and extraction, various
methods of solvent extraction and enzymatic digestion are
used. In solvent extraction methods, various solvents are
used to dissolve PHA from the pretreated cells followed by
precipitation [111]. The enzymatic lysis methods are
complex processes as they need optimal conditions for the
enzymes to function actively [112]. Other methods of PHA
extraction include mechanical disruption, supercritical fluid
extraction, aqueous two phase system based extraction,
floatation techniques and irradiation methods [109].

6. Challenges and future prospects

Commercial uses of PHA in aquaculture include major
challenges that need further studies to make them
sustainable replacements for antibiotic use in aquaculture.
Two major challenges include 1) lack of molecular studies
on immunomodulatory effects of PHASs in aquaculture and
2) problems associated with decreasing costs of PHA
production. Of these, the major challenge that limits
commercialization of PHA in aquaculture and other areas is
associated with high costs of PHA production and puri-
fication. Most of the available studies only have provi-ded
basic information on the significance of PHAs and other
SCFA as growth promoters and anti-inflammatory agents in
aquaculture [13]. For a better understanding of the mole-
cular and genetic bases of immunostimulatory effects of
PHA in aquaculture, experimental studies on the nature of
receptors, upregulation or downregulation of the genes and
expression should be carried out [13]. Stability of the PHA
incorporated feeds during various stages of growth in
various trophic levels and living ecosystems must be
investigated [148]. Although butyrate producing organisms
are indicators of healthy microbiota, their relationships with
immunomodulation, especially how these microbiota intern
control the host immune system, can be included in future
studies [149]. Using computational tools, comprehensive
studies on characterization of metabolites produced from
gut microbiota in response to PHA feeding may provide new
insights on how these metabolites help control immune
responses in hosts [150].

The second major challenge in commercialization of
PHA in aquaculture includes high costs associated with
PHA production and downstream processing. Although
synthetic media composed of well-known carbon and nitro-
gen sources are reported highly efficient for PHA
production, its use accelerates the overall costs of fermen-
tation processes making it non-commercially viable. This
problem can be solved by integrating use of agroindustrial
wastes as cost-effective substrates for PHA production. A
majority of agricultural wastes are raw polysaccharides,
which can serve as appropriate substrates for PHA prod-
uction, decreasing production costs and associated problems
to disposal of agricultural wastes. Use of organic solvents
for the extraction of PHA granules poses another challenge
as the method is costly and non-ecofriendly.

Media
Substrate preparation PHA
Pre_ 0 . .
reat . Hydrolysis & extraction Application
reatmen Fermentation
Figure 2. Basic strategy of producing PHA from agricultural wastes
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Table 2. Production of polyhydroxyalkanoates from agricultural wastes

Bacterial culture Agricultural waste PHA yield Reference
Bacillus sp. strain COL1/A6 Hydrolyzed citrus pulp 54.6% CDW [113]
Pigeon pea waste 41% CDW [114]
Psuedomonas aeruginosa Sugarcane bagasse 60% CDW [114]
Rice bran 48% CDW [114]
Halomonas boliviensis LC1 Wheat bran hydrolysate 4% CDW [115]
Halomonas campisalis MCM B-1027 Bagasse extract 47% CDW [116]
Pseudomonas species Corn il 35.63% CDW [117]
Proteobacteria Hardwood spent sulfite liquor 67.6% CDW [118]
Recombinant Escherichia coli Molasses 75.5% CDW [119]
Enterococcus sp. NAP11 Brevundimonas sp. NAC1  Cardboard industry waste water 79.27 and 77.63% CDW [120]
Burkholderia cepacia Spent coffee grounds (SCG) 56.01% CDW [121]
Plasticicumulans acidivorans Paper mill wastewater 77% CDW [122]
Haloferax mediterranei DSM1411 Whey 73% CDW [123]
Pseudomonas strains Grass biomass 34% CDW [105]
Halomonas i4786 Leguminous processing Water 16glt [124]
Bacillus subtilis Sugarcane molasses 25 mgml?! [125]
Ralsthonia eutropha ATCC 17697 Pineapple peel waste 44.8% CDW [126]
Pseudomonas aeruginosa 42A2 Industrial oil byproduct 4639l [127]
Pseudomonas aeruginosa Cassava wastewater 39% CDW [128]
Bacillus subtilis RS1 Sugarcane molasses 70.5% CDW [129]
Bacillus subtilis (KP172548) Fish solid waste (FSW) 1.62glt [130]
Pseudomonas strains Grass biomass 17% CDW [105]
Sinorhizobium meliloti MTCC 100 Rice bran hydrolysate 271gl?t [131]
Bacillus mycoides DFC1 Rice husk hydrolysate 34.5% CDW [132]
Bacillus subtilis NG220 Sugar industry waste water 5297 gl [133]
Ralstonia eutropha NCIMB 11599 Saccharified waste potato starch 949l [134]
Cupriavidus necator Waste frying oil 0.62gl! [135]
Azotobacter beijerinickii Coir hydrolysate 48.19 % CDW [136]
Recombinant Escherichia coli Soy waste 27.83% CDW [137]
Recombinant Escherichia coli Algae biomass 51% CDW [138]
Burkholderia sacchari Waste paper 44.2% CDW [139]
Alcaligenes latus (ATCC 29714) Sugar beet juice 38.66% CDW [140]
Bacillus subtilis NCDC0671 Papaya peel 4291t [141]
Bacillus subtilis NCDC0671 Orange peel hydrolysate 5.09g It [142]
Bacillus cereus EGU43 Pea-shell slurry 12.4% CDW [143]
Pseudomonas citronellolis NRRL B-2504 Apple pulp waste 30% CDW [144]
Pseudomonas putida KT2440 Waste chicken feather 61% CDW [145]
Pseudomonas resinovorans DSM 21078 Camelina oil 40% CDW [146]
Paracoccus sp. LL1 Waste cooking oil 1glt [147]

A sustainable solution for this process can be
supplementation of PHA harboring whole bacterial cells
instead of extracted polymers in feeds [72]. Feeding larvae
with PHA alone can limit availability of other important
nutrients, but feeding with enriched live feeds or directly
with PHA containing bacterial cells can solve this problem.
Further studies on implementation of the proposed feeding
regiments can be favorable solutions. Another important
concern is linked to possible toxic effects of high PHB
concentrations on larvae. Najdegerami [151] reported that
concentrations of PHB higher than 100 mg I can include
toxic effects on the larval immune system. Only a few
reports are available on this issue that need further
attentions. More data on PHB toxicity is hence essential for
the efficient use of PHA in aqua-culture. In summarize,
large gaps exist that need careful monitoring use PHA as a
sustainable alternative to anti-biotics in aquaculture. In
depth molecular studies and stability and toxicity analyses
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of the breakdown products in aquaculture systems need
further research before the products are available.
Sustainable production and purify-cation strategies in
combination with proper assessments of biodegradability
and toxicity play significant roles in successful use of PHA
in aquaculture.

7. Conclusion

In general, use of PHAs as immunostimulants and growth
enhancers in aquaculture seems to include potential
advantages over the classical antibiotic administration to
fight against aquatic pathogens. Despite strong efforts for
the commercial use of PHAs in aquaculture within the last
decade, problems associated to cost effectiveness of the
productions and purification processes are yet to be
resolved. To ensure immunomodulatory and growth pro-
moting activities of PHAs, further studies and field trials are
needed globally. Ensuring non-toxicity of PHAs and their

Appl Food Biotechnol, Vol. 8, No. 1 (2021)
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driven products in hosts must be further studied. Designing
improved methods for the PHA production using agri-
cultural wastes may include high effects on decreasing
overall costs of fermentation. The appropriate use of PHAS,
as alternatives to antibiotics in aquaculture, may create new
hopes in battling against emergence and persistence of
antibiotic resistant pathogens in aquaculture.
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