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Abstract

Microbial biofilms have traditionally been viewed as scourges associated with colonization on medical devices and
implants leading to drug resistance and persistent infections. In recent few years, antibiotics have been rampantly used
to curb the disease outbreaks in animals, leading not only to escalates antibiotic resistant bacteria and genes but also
negative impacts on fish and the environment health. Therefore, vaccines are getting prime importance in aquaculture
as an alternative to the antibiotics. Biofilm oral vaccine is another exciting avenue of biofilm utilization for improving fish
health. Oral deliveries of vaccine preparations have traditionally failed to induce protective immunity in fish, whereas
biofilms of pathogenic bacteria grown on a defined substrate were effective in inducing higher antibody titers and pro-
tective immunity. Our studies on oral biofilm vaccines in catfish and major carps models have proved an enhanced pro-
tective immunity against the pathogenic bacteria. By virtue of the distinct antigenic makeup and adjuvancy of biofilms
assemblage, novelty of biofilm oral vaccine has largely been its safe and effective performances in fish species. Here, we
review on the state-of-art knowledge of microbial biofilms as fish vaccine and as amelioration of aquatic environment
perspective towards enhanced fish production.
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1 Introduction

Fish, the cheapest source of animal protein could be “nutrition-sensitive” addressing health inequities and global
harmonized trade environment, toward social equity and sustainable environmental [1]. Small-scale commercial fish
farming plays a significant role in rural development and poverty reduction [2]. Access to equality and affordable
fish food is considered a critical factor for commercial success of fish production [3]. In developing countries, where
poverty is really extreme, the conventional type of farming with artificial feeds become practically uneconomic and
hence, autonomous operation of production without or with limited use of external means to improve natural pond
productivity plays a significant role. In this direction, concept on use of artificial substrates as peri-phyton/biofilms
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for increasing fish production form potential as a low cost technology in the developing countries. Substrates are
known to promote colonies of microbes, referred to as microbial biofilms that provides food for fish and shellfish
[4]. Microbial biofilms have been extensively evaluated for immune prophylaxis (vaccines in fin fish and immu-
nostimulants in shellfish), fish growth enhancement and improved water quality [5-8]. Microbial biofilms has better
gastrointestinal stability and protective responses against the bacterial fish pathogens in comparison with free cells
conventional vaccines[6, 7]. Fish perform best for oral vaccines targeting gut mucosal immunity as compared with
injection vaccines [9]. Bacterial biofilms could be used as novel management strategies towards vaccine develop-
ment against fish pathogens [10].

The biofilms colonies growing in aquatic environment may include combinations of algae, protozoans and fungi
embedded with extracellular polymeric substance matrix secreted by bacteria [11]. Studies have also recorded that
biofilms density on substrates can be as high as 100-1000 fold greater per unit weight/ volume as compared to that of
free-floating natural food availability for the fish [12, 13]. Recent report confirms that simple changes in fish farming
technology and management practices could help in the global transition of intensive forms of aquaculture with more
sustainable [14]. In this context, microbial biofilms based fish research could be one of the strategies for fish produc-
tion enhancement keeping the view on improved fish health and better aquatic environment for fish particularly in
the South Asia and African countries. With this backdrop, the prime objective is to document the recent develop-
ments as well as the findings reported from our earlier studies those claim as the first scientific studies on microbial
biofilm as fish vaccine and for ameliorating environment health in aquaculture [15-18]. This technology could be
widely beneficial for the aquaculture system practised in South Asia and South East Asian countries, spreading more
trials on different substrates and aquatic bacteria as potential biofilm vaccines in both fin fish and shellfish farming.

1.1 Biological basis of microbial biofilms on substrates
1.1.1 Development of microbial biofilms as fish food

Biofilm is a consortium of microorganisms that exhibit syn-trophy between the immobilized cells that assemble,
adhere and multiply on solid surfaces while enmeshed in extracellular polymers that provide shelter for the assem-
blage of microorganisms [15, 16]. Biofilms are essentially organized communities that grow spatially differentiated
on biotic and abiotic surfaces (Fig. 1. adopted from [19] AMS, L. No. 4775351297524). Figure 2. depicts the stages of
microbial biofilm development that begins with adherence of planktonic forms progressing through colonization of
solid surface, maturation and finally dispersion of free cells. The microbial constituents are known to interact among
themselves by releasing, sensing and responding to diffusible signal molecules referred to as quorum sensing that
determines the social life within the biofilm community [17, 18]. The biofilm community, per se, represents a physi-
ologically unique ecosystem compared to the constituents’ planktonic counterparts and as such due to assemblage
nature of growth; biofilms present a highly dense biomass of cells.

1.1.2 Cell composition of Substrate based microbial biofilms

Wide ranges of microorganisms are found within biofilms [16]. However, bacteria act as colonizing organisms at
solid-liquid interface and normally constitute the predominant organisms in most biofilms. Heterotrophic bacteria
are the most important constituents of biofilm suggesting that organisms are able to derive sufficient nutrient from
the water [19]. The ability of both Gram-negative and Gram-positive bacteria to colonize on solid surfaces, their rapid
growth rate, adaptability to changing environment and capability to produce extracellular polymeric substances
(EPS), are important in the adsorption and aggregation of cells [18]. Aquatic fungi are also important in the colo-
nization and deterioration of submerged wooden structures whereas algae are important component of biofilms
exposed to sun light [20]. Likewise, predatory protozoans are generally found in mature biofilms that reinvigorate
the community by feeding on ageing cells [21].
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Fig. 1 Confocal scanning laser micrograph of 1, 3 & 5d old Pseudomonas biofilms growing in flow chambers showing spatial organisation.
Top row green fluorescent protein (GFP) tagged P. sp.; Middle row GFP tagged P. putida; Bottom row, GFP tagged P. sp. and Red fluorescent
protein (DsRed) tagged P. putida (Adopted from Toller-Nielsen et al. 2000; J. Bacteriol. 182:6482-6489. L No. 4775351297524)

1.1.3 Properties of substrate based microbial biofilms

The characteristic of a biofilm is directly influenced by the composition of microbial cells and the chemical properties
of extracellular polymeric substances (EPS) matrix that primarily constitutes polysaccharides, proteins and nucleic acids
[15]. The EPS accounts for 50 to 90% of the total organic carbon in biofilm and is the single most important criterion for
the initiation, recruitment, growth and survival of the biofilm community [22]. Considerable research has focused on
understanding the biofilm architecture in order to gain insights into their physiologic states, nutrient channels, efflux
pumps etc. to fully appreciate the basis of drug resistance and dissemination that have been the greatest challenges
in public health in combating infestation on medical devices and implants [23-25]. Most bacteria produce polymeric
substances as a protective pericellular cover while growing in suspension or in biofilm mode. The polymer appears as a

@ Discover



Review Discover Biotechnology (2024) 1:6 | https://doi.org/10.1007/544340-024-00005-8

Fig. 2 Schematic diagram of Biofilm Growth Cycle

microbial biofilm growth cycle
that includes adhesion fol-
lowed by colonization, matu-
ration and finally dispersion
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\

highly hydrated capsule attached to the cell or secreted as a viscous slime [22]. While most bacteria are able to produce
EPS, their composition remains highly species dependent and environment specific [22]. Microbial extracellular and cell
surface polymers are important in biofilm mode of growth for at least two reasons: (1) to facilitate interaction between
a bacterial cell and substrate that is largely determined by physical properties of the macromolecules at the cell surface,
and (2) be responsible for the integrity of the microbial biofilm.

Colonization

1.2 Microbial biofilms as oral vaccines for improving fish health

Havocs from persisting bacterial infections in aquaculture systems are frequent that often trigger massive economic
losses worldwide. High prevalence of bacterial diseases in aquaculture has resulted frequent use of antibiotics, leading to
the spread of antimicrobial resistance (AMR) bacteria [26]. Recent study showed the evidence for the presence of blaCTX-
M-55, QnrVC5 antimicrobial resistance genes, in Vibrio vulnificus isolates in Asian Seabass [27]. Multi-drug resistant isolates
of Edwardsiella tarda in Nile tilapia and catfishes have been a threat to fish farming sector in Egypt [28]. Algammal et al.
[29] reported that existence of MDR Bacillus cereus in Mugil seheli that reflects a threat to the public health and the aqua-
culture sector. Efficacy of antibiotics in the preventive and therapeutic management of aquatic health has always been
debatable due to low efficacy as well as growing concern of residual antibiotics in fish marked for human consumption
[30]. Therefore, vaccines have been the best alternative against use of antibiotics. Oral vaccination is probably the most
ideal intervention and a fully integrated option to protect fish from infectious diseases in commercial aquaculture. How-
ever conventional oral vaccines have yielded poor and inconsistent results in fish [31, 32]. Therefore, there is an obvious
need for an effective oral vaccine that might be (a) stable for antigen delivery into the immunologic sites in hind gut to
build pathogen specificimmunity, and (b) scalable to other disease situations and culture practices for adaptations. It is
largely believed that orally delivered antigens suffer from gastric destruction in the foregut and stomach, and an effective
oral vaccine would at least need protective encapsulation during its journey through the hostile acidic gut environment
[33] Incidentally, it had been observed that bacterial cells in biofilm masses have high resistance to heat, biocides and
antibiotics. Therefore, it seemed logical to screen bacterial biofilms as a candidate oral vaccine (Fig. 3).

Motile Aeromonad Septicemia (MAS) primary caused by Aeromonas hydrophila, a component of the aquatic microflora,
is a significant bottleneck in warm water aquaculture [33]. In this background designing an effective MAS vaccine and
employing biofilms for an oral delivery appeared a novel combination. Biofilm of A. hydrophila was developed on chitin
and/or sugarcane bagasse substrates and were systematically tested in fishes with herbivore, carnivore and omnivore
feeding habits representing full spectrum of gastro-intestinal environments [5, 13]. Higher levels of systemic antibody
perticularly of IgM and protection from bacterial challenge were observed in A. hydrophila biofilm vaccinated carps
compared to those vaccinated with A. hydrophila free cells [33, 34]. Interestingly, promoting biofilms in fishponds also
had a positive impact on fish health. Promoting biofilm growth in pond environmental supports fish species for graz-
ing on the substrate bound biofilm floccules and eventually the fish naturally get enhanced immunity. Carp raised in
biofilm promoted pond registered a higher antibody titer and protection from A. hydrophila [29]. Mean antibody titer
from biofilms promoted pond was significantly higher than that from the untreated control. Percentage survival of carps
from treatment was 75% compared to 31.25% in the control, with a relative percent survival of 63.64%. Thus, the study
indicated that biofilm, besides serving as fish food, can also serve as an effective delivery vehicle for oral vaccine. Series
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BIOFILM ORAL VACCINE FOR FISH
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Fig.3 Schematic diagram of Biofilm oral vaccine for improved fish health through enhanced non-specific (CMI) and specific immune sys-
tems (Antibody)

of subsequent studies attempted to optimize the vaccine dose while establishing a therapeutic window for optimal
vaccine safety and efficacy performances in carp, catfish and shrimp [6, 35, 36].

Microbial biofilm of A. hydrophila was evaluated as oral vaccination in Clarias batrachus, an omnivore species possess-
ing a highly acidic foregut and stomach with relatively short intestine [36]. Biofilm (BF) and free cell (FC) were incorporated
as fish paste and fed for 20 days and antibody titer was monitored up to 60 d post vaccination. Antibody titer and relative
percentage of survival (RPS) following challenge with A. hydrophilla were significant higher in BF fed catfish compared
to FC indicating better performance of biofilm vaccine. On further analysis, the BF cells of A. hydrophilla were chemi-
cally distinct from their FC counterparts where BF cells expressed three new proteins, while repressing 15 preexisting
proteins from FC. In addition, the S-layer proteins were lost in BF cells, while the lipopolysaccharides (LPS) showed an
additional high molecular moiety [37]. It was imperative to notice a possible correlation between the altered chemistry
and improved immunogenicity found in BF vaccine.

The effect of biofilm developed on artificial substrates in carp ponds and their resistance to A. hydrophila infection
was evaluated in rohu, Labeo rohita [5]. Fingerlings of rohu were reared with sugarcane bagasse substrate for 98 days
developed significantly higher antibody titers and protection from challenge against A. hydrophila compared with those
without substrate. Similarly, A. hydrophila biofilm oral vaccine was evaluated in snakehead, Channa striatus, a carnivorous
model [7]. The fish were fed with BF and FC of A. hydrophilla for 20 days and a monoclonal antibody-based ELISA meas-
ured appearance of anti- A. hydrophilla titer. BF vaccinated snakeheads mounted significantly high antibodies as well as
greater relative percent of survival (88%) compared to that of FC [7].

Biofilm of pathogenic bacteria was initially hypothesized to be a good vaccine candidate for oral delivery in fish [28,
31]. Systemic antibody titers as well as protective immunity to homologous challenge were higher in orally immunized
fishes than those immunized with free cells of same bacterium or non-immune controls [37]. In spite of low antibody
titers, the complete protection to a virulent challenge established involvement of a vaccine-associated cell mediated
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immunity. In view of antigenicity of biofilm, where the biofilm phagosomal signalling is largely unknown, biofilm mass
was seen to be taken up by macrophages from gut sites and entering pronephrous and spleen [34]. High antigenic
mass because of the assembled micro colonies growing in biofilm mode does not seem to create a situation of either
antigen excess or oral tolerance, may be meeting the higher priming threshold for oral antigens. Even though antigen
presentation and T cell response are not well studied in fishes at epitope level, observations of immune induction ability
of biofilm oral vaccine tenders a wide potentiality for further study and therapeutic usage, underlining as a promising
tool for fish health researchers.

1.3 Microbial biofilms for improving water quality for aquafarming

Microbial biofilm growing on different substrates has a significant impact on water quality parameters particularly on
ammonia, dissolve oxygen (DO) and nutrient levels both in closed and open waters [12]. For aquaculture, DO, alkalinity,
pH, and total nitrogen play critical role for growth and survival of fish. Often, fish species in both closed and open waters
experience mass mortality due to decreased DO levels and increased ammonia concentrations [38]. Though there are
large numbers of literature on biofilm in natural ecosystems and its relevance to pollution, there has been limited infor-
mation on role of microbial biofilms on water quality environment and fish health.

1.3.1 Role of microbial biofilms on Ammonia

Microbial biofilms in aquaculture system acts as an in-situ bio-filter by reducing toxic ammonia level in the system. The
impact of bacterial biofilms on intensive culture of Daphnia, observed a significant difference in ammonia levels, which
was attributed to presence of nitrifying bacteria in the biofilm assemblage [39]. Similar observations were also made
with sugarcane bagasse as substrate [40]. The decrease in ammonia with plant based substrates was directly related to
biofilm population density on the substrate. A 60-d study on ammonia dynamics in carp nursery ponds supplied with
sugarcane bagasse showed significantly low ammonia concentrations than nursery ponds without substrate [35].

A positive effect of biofilm on water quality in the culture of Farafantapenaeus paulensis indicated lower level of
nitrogen and phosphorus in a biofilm -treated group than the control group [41]. Another study found that ponds with
substrate had 8-10 times higher counts of nitrifying bacteria compared to control ponds. It concluded that the lower
ammonia levels in substrate-based ponds could be attributed to the conversion of ammonia to nitrite and nitrate by
the nitrifying bacteria. [5].

1.3.2 Role of microbial biofilms on dissolved oxygen (DO)

Microbial biofilms improves the oxygen balance and nitrogen-related processes in water column through providing more
autotrophic bacteria, larger surface and greater grazing space for fish [42]. Biofilm density on the substrate determines
DO regime in pond [40]. Oxygen concentration decreased drastically to 1-2 ppm during the first week of fertilization
with biodegradable substrates at 2000 kg/ha (dry wt) [43]. Therefore, substrate addition depending on the nature of the
substrate has influence on the oxygen regime in ponds. Less biodegradable substrates such as bamboo will harbour
less biofilm compared to more biodegradable substrates such as sugarcane bagasse and paddy straw [43]. DO gradually
improved with time following algal colonization and hence stocking fish week post fertilization is advised. Hence, fish
farmers can improve their yield from biofilms-based aquaculture by taking advantage of biodegradable substrates and
choosing mixed fish species from different feeding niches in order to minimize farming cost due to artificial feeding and
pond fertilization.

1.4 Cases of successful microbial biofilms based fish production

Microbial biofilms based aquaculture has been reported as the beneficial for many commercial fish species including carp,
tilapia, shrimp and freshwater prawn cultures [44, 46, 47]. Different natural and artificial substrates have been observed
as the house for microbial biofilms formation. These biofilms are subsequently utilized as fish food, maintaining optimal
water quality for fish growth and enhancing fish immunity, leading to better survival and disease resistance. The funda-
mental concept of this technology is that substrates promote the formation of microbial biofilms, which provide food,
maintain water quality, and improve fish immunity [36, 371.
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1.4.1 Microbial biofilms based carp culture

Microbial biofilms based fish farming was found to be ideal for growth and enhanced production for catla (Catla catla)—
rohu (Labeo rohita) with stocking at 40:60 [44]. Studies on different type of substrates that support the microbial biofilms
growth with increased fish production particularly carps showed that bamboo provides better growth than PVC [45].
In addition to bamboo, paddy straw and sugarcane bagasse have been used for the microbial biofilms growth towards
carp production. Hence, substrate type and composition have a strong effect on both microbial biofilms growth and
fish productivity.

1.4.2 Microbial biofilms based tilapia culture

Tilapia (Orechromis niloticus), is an ideal fish species for substrate based aquaculture. Study showed that the utilization
of microbial biofilms as partial replacement of commercial food in organic tilapia (hybrid of Oreochromis aureus x O.
niloticus) has a reduced commercial food input by 30-40% without hampering fish growth [46]. The combined effects
of periphytic surface area and stocking density of tilapia on growth performances and immunological parameters and
recommended that 70 fish/m? and 2 ps units (surface area of 1.4 m?) is ideal for best growth and health status, for micro-
bial biofilms based cage culture [13].

1.4.3 Microbial biofilms based shrimp culture

The biofilms provides a suitable habitat for biotic communities that can serve as an excellent food for shrimp and also,
provide a sheltered habitat for maturing individuals during moulting. The synergistic effects of biofilms and supplemen-
tary feeding resulted in better growth of the pink shrimp cultured in captive condition (tanks and net cages) that has been
validated deploying stable isotopes (6'>C & 6'°N) and the analysis showed that biofilms could spare 49% and 70%, carbon
and nitrogen, respectively for shrimp growth [47]. The effects of artificial substrates (polypropylene fabrics) in culture
system of white-leg shrimp, Litopenaeus vannamei, showed that inclusion of artificial substrate could enhance growth
and survival of the shrimp, and also provide positively affected the bottom distribution of shrimp that can be used as
strategy for marinating high-stocking density for more production without compromising the health of the animals [48].
Substrates provide vertical and horizontal expansion of microbial biofilms in a culture system, thus, reduce stocking stress
and also maintain the higher shrimp production [48, 49]. Importance of substrates in culture of the freshwater prawn has
been realized in early 90's. Studies conducted in Israel indicated that adding substrate to ponds allowed for an increase
in prawn production by 14% while average size increased by 13% [50, 51]. Tidwell et al. [52], evaluated added substrate
under temperate conditions and reported that in prawns stocked at relatively low density (59,280/ha), production and
average size were increased by 20 and 23% respectively.

The microbial biofilms based fish/shrimp culture has taken center stage due to its practical feasibility and benefits,
however, research on interactive and synergetic effect both in combination and varying stocking densities, is need of
the hour. New approaches, such as integrated multi trophic aquaculture (IMTA) has already been in place with live sub-
strates such as seaweeds, integration with fish and molluscans [53]. The effect of red seaweed (Gracilaria tenuistipitata)
culture with Nile tilapia (Oreochromis niloticus) applying diverse feeding regimes revealed that symbiotic culture of
Nile tilapia and red seaweed fed with 80% feed allowance, led to reduce the feed cost of the total operation by 28.9%
as compared to control group without compromising the growth-performances and marinating the water quality [53].
Different substrates including bambo poles [54], sugar cane bagasse [55], rice straw and kanchi [56], eichhornia [43],
mosquito screen [57] at pond level and chitin flakes [7, 33, 34] at laboratory leve lhave been used for the microbial bio-
films development towards fish production through improved fish and pond health as oral vaccine and ameliorating
the water quality parameters.

1.5 The way forward

Microbial biofilms is emerging as a low-cost technology for fish production in developing countries through improved
water qualities and fish health as oral vaccine as well. One of the key components for successful fish farming is judicious
selection and deployment of biodegradable substrates that have proven success in raising fish and shellfish from all
feeding niches. Therefore, more research attention should be focused towards the substrates based aquaculture. Besides
food generation, microbial biofilms also plays a role in improving water quality and fish health particularly by acting as a
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biofilter to eliminate toxic metabolites as well as serving as an oral vaccine to induce pathogen specificimmunity. At this
juncture, there is a greater need for deeper understanding on the fish and shellfish immune system functions through
advanced gut microbiome and detailed immunological profiling for development of effective vaccine. Furthermore,
deeper understanding on the microbes and their association in the ameliorating water quality is needed for develop-
ment of the microbial consortium for aqua-farming. Though the technology is not well propagated in the commercialized
aquaculture, there is a need to develop different farming practices with diverse fish species.

2 Conclusions

The current review highlighted the mechanisms of microbial biofilms formation in different substrates-and their role
in the water quality improvement and most importantly development of oral vaccine against the pathogenic fish bac-
teria. The microbial biofilm has shown to be much effective as oral vaccine by improving the cell mediated immunity
and antibodies particularly IgM level in fish. While, the microbial biofilms ameliorate the water quality particularly on
DO, ammonia, pH, therefore sustain the pond and fish health for better production. The review furthermore covers the
cases of fish species including carps, tilapia, shrimp, and freshwater prawn cultured, in the biofilms/substrate based
pond practices received higher production and underlined the need for better field trials and propagation of this low
cost technology in the commercialized aquaculture practices particularly in South Asia and South East Asian countries.

Acknowledgements The authors acknowledge both Indian Council of Agricultural Research, New Delhi and Karnataka Veterinary, Animal
Fisheries Sciences University, Bidar for the support.

Author contributions A.K.S., RK.M., M.R.: Conceived the idea, collection, presentation and writing, K.M.S.: Review and edition, D.K.M., G.T. &
B.K.D.: Editing and review, D.K.N. & D.S.: Image processing and data analysis.

Data availability No datasets were generated or analysed during the current study.

Declarations

Ethics approval and Consent to participate This is a review based on our team research already published and the work carried out by other
authors elsewhere. Hence, the ethical statement of animal use is not essential.Informed consent was obtained from all individual participants
included in the study.

Consent for publication All authors are hereby provide their consent to publish the article.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License, which
permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit to
the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by-nc-nd/4.0/.

References

1. Jessica A, Christopher D, Asche F, Ben B, Brugere C, Halley E, et al. Scenarios for global aquaculture and its role in human nutrition. Rev
Fisher Sci Aquac. 2020. https://doi.org/10.1080/23308249.2020.1782342.

2. Filipskia M, Belton B. Give a man a fishpond: modeling the impacts of aquaculture in the rural economy. World Dev. 2018. https://doi.org/
10.1016/j.worlddev.2018.05.023.110:205-223.

3. Hassan MR. Nutrition and feeding for sustainable aquaculture development in the third millennium. In: R.P. Subasinghe, P. Bueno, M.J.
Philips, C. Hough, S.E. Mcgladdery& J.R. Arthur, eds. Aquaculture in the third Millennium. Technical procedings of the Conference on
Aquaculture in the Third Millennium, Bangkok, Thiland, NACA, Bangkok and FAO, Rome. 2001; 193-219

4. Moriarty DJW.The role of microorganisms in aquacultural ponds. Aquaculture. 1997;151:333-49.

5. Rajesh KM, Shankar KM, Mohan CV, Mridula RM. Growth and resistance to Aeromonas hydrophila of Indian major carp, rohu (Labeo rohita)
in cisterns treated with sugarcane bagasse as artificial substrate, In: Disease in Asian Aquaculture VI. Fish Health Select Asian Fisher Soc
2008;245-258

@ Discover


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1080/23308249.2020.1782342
https://doi.org/10.1016/j.worlddev.2018.05.023.110:205-223
https://doi.org/10.1016/j.worlddev.2018.05.023.110:205-223

Discover Biotechnology (2024) 16 | https://doi.org/10.1007/s44340-024-00005-8 Review

11.
12.

15.
16.
17.
18.

20.

21.

22.
23.

24,

25.
26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

Sharma SRK, Shankar KM, Sathyanarayan ML, Patil R, Narayanaswamy HD, Suguna R. Development of Vibrio alginolyticus for oral immu-
nostimulation of shrimp. Aquacult Int. 2011;19(3):421-30.

Siriyappagouder P, Shankar KM, Naveen Kumar BT, RajreddyPatil BOV. Evaluation of biofilm of Aeromonas hydrophila for oral vaccination
of Channastriatus. Fish Shellfish Immunol. 2014;41:581-5.

Kumar S, Shyne S, Ravichandran P, Panigrahi A, Syama DJ, et al. Effect of periphyton on microbial dynamics, immune responses and growth
performance in black tiger shrimp Penaeus monodon. Indian J Fish. 2015;62(3):67-74.

Carmen WEE, Forlenza L. Oral vaccination of fish: lessons from humans and veterinary species. Dev Comp Immunol. 2016;64:118-37.

. Vinay TN, Girisha SK, D'souza R, Myung-Hwa J, Choudhury TG, Patil SS. Bacterial biofilms as oral vaccine candidates in aquaculture. Indian

J Comp Microbiol Immunol Infect Dis. 2016;37(2):57-62.

Allewell NM. Introduction to biofilms thematic minireview series. J Biol Chem. 2016;291(24):12527-8.

Amarasinghe US, Marasinghe MD, Nissanka C. Investigation of the Negombo estuary (Sri Lanka) brush park fishery, with an emphasis on
community-based management. Fisheries Manag Ecol. 2002;9(1):41-56.

Keshavanath P, Gangadhar B, Ramesh TJ, Van Dam AA, Beveridge MCM, Vergedem MCJ. Effect of bamboo substrate and supplemental
feeding on growth and production of hybrid red tilapia fingerlings (Oreochromis mossambicus x Oreochromis niloticus). Aquaculture.
2004;235:303-14.

Henriksson PG, Belton B, Jahand KM, Rico A. Measuring the potential for sustainable intensification of aquaculture in Bangladesh using
life cycle assessment. Proc Natl Acad Sci. 2018. https://doi.org/10.1073/pnas.1716530115.

Lépez D, Vlamakis H, Kolter R. Biofilms. Cold Spring Harb Perspect Biol. 2010. https://doi.org/10.1101/cshperspect.a000398.
Tolker-Nielsen T. Biofilm development. Microbiol Spectr. 2015;3(2):0001-2014. https://doi.org/10.1128/microbiolspec.MB-0001-2014.
Kim SK, Lee JH. Biofilm dispersion in Pseudomonas aeruginosa. J Microbiol Seoul Korea. 2016;54:71-85.

Talagrand-Reboul E, Jumas-Bilak E, Lamy B. The social life of aeromonas through biofilm and quorum sensing systems. Front Microbiol.
2017. https://doi.org/10.3389/fmicb.2017.00037.8:37.

. Tolker-Nielsen T, Brinch UC, Ragas PC, Andersen JB, Jacobsen CS, Molin S. Development and dynamics of Pseudomonas sp. Biofilms J

Bacteriol. 2000;182(22):6482-9.

Royer SJ, Ferrén S, Wilson ST, Karl DM. Production of methane and ethylene from plastic in the environment. PLoS ONE. 2018. https://doi.
org/10.1371/journal.pone.0200574.

Characklis WG, Marshal KC, Mcfeters GA. The microbial cell. In: Biofilms, Wiley-Interscience Publication New York (Characklis W.G and K.C.
Marshall, Eds.) 1990, 131-159

Flemming H, Neu TR, Wozniak DJ. The EPS matrix: the “House of Biofilm Cells." J Bacteriol. 2007. https://doi.org/10.1128/jb.00858-07.
Venkatesan N, Perumal G, Doble M. Bacterial resistance in biofilm-associated bacteria. Future Microbiol. 2015. https://doi.org/10.2217/
fmb.15.69.10(11):1743-1750.

Hall CW, Mah TF. Molecular mechanisms of biofilm-based antibiotic resistance and tolerance in pathogenic bacteria. FEMS Microbiol Rev.
2017;41:276-301.

Del Pozo JL. Biofilm-related disease. Expert Rev Anti Infect Ther. 2018;16(1):51-65.

Watts JEM, Schreier HJ, Lanska L, Hale MS. The rising tide of antimicrobial resistance in aquaculture: sources, sinks and solutions. Mar
Drugs. 2017;15(6):158. https://doi.org/10.3390/md15060158.

Raharjo HM, Budiyansah H, Mursalim MF, Chokmangmeepisarn P, Sakulworakan R, Debnath PP, Sivaramasamy E, Intan ST, Chuanchuen R,
Dong HT, Mabrok M, Rodkhum C. The first evidence of blaCTX-M-55, QnrVC5, and novel insight into the genome of MDR Vibrio vulnificus
isolated from Asian sea bass (Lates calcarifer) identified by resistome analysis. Aquaculture. 2023. https://doi.org/10.1016/j.aquaculture.
2023.739500.

Algammal, et al. Newly emerging MDR B. cereus in Mugil seheli as the first report commonly Harbor nhe, hbl, cytK, and pc-plc virulence
genes and bla1, bla2, tetA, and ermA resistance genes. Infect Drug Resist. 2022;15:2167-85.

Algammal AM, Mabrok M, Ezzat M, Alfifi KJ, Esawy AM, Elmasry N, El-Tarabili RM. Prevalence, antimicrobial resistance (AMR) pattern, viru-
lence determinant and AMR genes of emerging multi-drug resistant Edwardsiella tarda in Nile tilapia and African catfish. Aquaculture.
2022. https://doi.org/10.1016/j.aquaculture.2021.737643.

Chen L, Kumar S, Wu H. A review of current antibiotic resistance and promising antibiotics with novel modes of action to combat antibiotic
resistance. Arch Microbiol. 2023;205:356. https://doi.org/10.1007/500203-023-03699-2.

Rombout J, et al. Teleost intestinal immunology. Fish Shellfish Immunol. 2011;31(5):616-26.

Plant KP, Lapatra SE. Advances in fish vaccine delivery. Dev Comp Immunol. 2011. https://doi.org/10.1016/j.dci.2011.03.007.35(12):
1256-1262.

Azad IS, Shankar KM, Mohan CV, Kalita B. Protective response in common carp orally vaccinated with biofilm and free cells of Aeromonas
hydrophila challenged by injection and immersion routes. J Aquacult Trop. 2000;15(1):65-70.

Azad IS, Shankar KM, Mohan CV. Uptake and processing of biofilm and free cell vaccine of Aeromonas hydrophila in Indian major carps
and common carp following oral vaccination—antigen localization by a monoclonal antibody. Dis Aquat Org. 2000;43(2):103-8.

Joice A, Shankar KM, Mohan CV. Effects of bacterial biofilm in nursery on growth, survival and resistance to Aeromonas hydrophila of
common carp Cyprinus carpio. ) Aquacult Trop. 2002;17(4):283-98.

Nayak DK, Asha A, Shankar KM, Mohan CV. Evaluation of biofilm of Aeromonas hydrophila for oral vaccination of Clariasbatrachus—a
carnivore model. Fish Shellfish Immunol. 2004;16(5):613-9.

Asha A, Nayak DK, Shankar KM, Mohan CV. Antigen expression in biofilm cells of Aeromonas hydrophilaemployed in oral vaccination of
fish. Fish Shellfish Immunol. 2004;16(3):429-36.

Ip YK, Chew SF. Ammonia production, excretion, toxicity, and defense in fish: a review. Front Physio. 2010;1:134. https://doi.org/10.3389/
fphys.2010.00134.

Langis R, Proulx D, et al. Effects of bacterial biofilm on intensive Daphnia culture. Aquacult Eng. 1988;7:21-38.

Umesh NR, Shankar KM, Mohan CV. Enhancing fish growth through plant substrates role of bacterial biofilm. Aquacult Int. 1999;7:1-10.
Thompson FL, Abreu PC, Wasielesky W. Importance of biofilm for water quality and nourishment in intensive shrimp culture. Aquaculture.
2002;203:263-78.

@ Discover


https://doi.org/10.1073/pnas.1716530115
https://doi.org/10.1101/cshperspect.a000398
https://doi.org/10.1128/microbiolspec.MB-0001-2014
https://doi.org/10.3389/fmicb.2017.00037.8:37
https://doi.org/10.1371/journal.pone.0200574
https://doi.org/10.1371/journal.pone.0200574
https://doi.org/10.1128/jb.00858-07
https://doi.org/10.2217/fmb.15.69.10(11):1743-1750
https://doi.org/10.2217/fmb.15.69.10(11):1743-1750
https://doi.org/10.3390/md15060158
https://doi.org/10.1016/j.aquaculture.2023.739500
https://doi.org/10.1016/j.aquaculture.2023.739500
https://doi.org/10.1016/j.aquaculture.2021.737643
https://doi.org/10.1007/s00203-023-03699-2
https://doi.org/10.1016/j.dci.2011.03.007.35(12):1256-1262
https://doi.org/10.1016/j.dci.2011.03.007.35(12):1256-1262
https://doi.org/10.3389/fphys.2010.00134
https://doi.org/10.3389/fphys.2010.00134

Review Discover Biotechnology (2024) 1:6 | https://doi.org/10.1007/544340-024-00005-8

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

Milstein A, Naor A, Barki A, Harpaz S. Utilization of periphytic natural food as partial replacement of commercial food in organic tilapia
culture—an overview. Transyl Rev Syst Ecol Res. 2013;15:49-60.

Ramesh MR, Shankar KM, Mohan CV, Verghese TJ. Comparison of three plant substrates for enhancing carp growth through bacterial
biofilm. Aquacult Eng. 1999;19:119-31.

Azim ME, Wahab MA, Van Dam A, Beveridge MCM, Verdegem MCJ, Huisman EA. Optimization of stocking ratio of two Indian Major Carps
rohu (Labeo rohita) and catla (Catla catla) in a periphyton based system. Aquaculture. 2001;203:33-49.

Keshavanath P, Gangadhar B, Ramesha TJ, Van Rooij JM, Beveridge MCM, Baird DJ, Verdegem MCJ, VanDam AA. Use of artificial substrates
for enhancing production of freshwater herbivore fish in pond culture. Aquac Res. 2001;32:189-97.

Tammam MS, Wassef EA, Toutou MM, et al. Combined effects of surface area of periphyton substrates and stocking density on growth
performance, health status, and immune response of Nile tilapia (Oreochromis niloticus) produced in cages. J Appl Phycol. 2020. https://
doi.org/10.1007/s10811-020-02136-x.

Abreu PC, Ballester ELC, Odebrecht C, Wasielesky JW, Cavalli R, Graneli OW, Anesi AM. Importance of biofilm as food source for shrimp
(Farfantepenaeus paulensis) evaluated by stable isotopes (5'>C and 8'> N). J Exp Mar Biol Ecol. 2007;347:88-96.

Zhang B, Lin W, Huang J, Wang Y, Xu R. Effects of artificial substrates on the growth, survival and spatial distribution of Litopenaeus van-
nameiin the intensive culture condition. Iran J Fish Sci. 2010;9(2):2934-3304.

Schveitzer R, Arantes R, Baloi MF, Costédio PFS, Arana LV, Seiffert WQ, Andreatta ER. Use of artificial substrates in the culture of Litopenaeus
vannamei (Biofloc System) at different stocking densities: effects on microbial activity, water quality and production rates. Aquac Eng.
2013;54:93-103.

Cohen D, Ra'anan Z, Rappaport U, Arieli Y. The production of freshwater prawn Macrobrachium rosenbergii in Israel improved conditions
for intensive monoculture. Bamidgeh. 1983;35:31-7.

Ra'anan Z, Cohen D, Rappaport U, Zohar GY. The production of freshwater prawn Macrobrachium rosenbergii in Israel: the effect of added
substrate on yields in a monoculture situation. Bamidgeh. 1984;36:35-40.

Tidwell JH, Coyle SD, Wiebel C, Evans J. Effects and interaction of stocking density and added substrate on production and population
structure of freshwater prawn Macrobrachium rosenbergii. ) World Aquac Soc. 1999;30:174-9.

An BNT, Anh NTN. Co-culture of Nile tilapia (Oreochromis niloticus) and red seaweed (Gracilaria tenuistipitata) under different feeding rates:
effects on water quality, fish growth and feed efficiency. J Appl Phycol. 2020;32:2031-40. https://doi.org/10.1007/s10811-020-02110-7.
Haque MR, Islam MA, Wahab MA, Hog ME, Rahman MM, Ekram M, et al. Evaluation of production performance and profitability of hybrid
red tilapia and genetically improved farmed tilapia (GIFT) strains in the carbon/nitrogen controlled periphyton-based (C/N-CP) on-farm
prawn culture system in Bangladesh. Aquac Rep. 2016;4:101-11.

Sugumaran E, Radhakrishnan MV. Effect of sugarcane bagasse and supplemental feed on length and weight of the catfish Clarius batrachus
(linn.). Int J Fish Aquatic Stud. 2014;1(4):8-11.

Rai S, et al. Comparison of the growth and production of carps in polyculture ponds with supplemental feed using Rice Straw and Kanchi
as substrates. Our Nat. 2010;8:92-105.

Richard M, et al. Influence of periphyton substances and rearing density on Liza aurata growth and production in marine nursery ponds.
Aquaculture. 2010;310(1-2):106-11.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

@ Discover


https://doi.org/10.1007/s10811-020-02136-x
https://doi.org/10.1007/s10811-020-02136-x
https://doi.org/10.1007/s10811-020-02110-7

	Microbial biofilms as oral vaccine and for ameliorating aquatic environment: a future potential for aquafarming
	Abstract
	1 Introduction
	1.1 Biological basis of microbial biofilms on substrates
	1.1.1 Development of microbial biofilms as fish food
	1.1.2 Cell composition of Substrate based microbial biofilms
	1.1.3 Properties of substrate based microbial biofilms

	1.2 Microbial biofilms as oral vaccines for improving fish health
	1.3 Microbial biofilms for improving water quality for aquafarming
	1.3.1 Role of microbial biofilms on Ammonia
	1.3.2 Role of microbial biofilms on dissolved oxygen (DO)

	1.4 Cases of successful microbial biofilms based fish production
	1.4.1 Microbial biofilms based carp culture
	1.4.2 Microbial biofilms based tilapia culture
	1.4.3 Microbial biofilms based shrimp culture

	1.5 The way forward

	2 Conclusions
	Acknowledgements 
	References


