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Abstract 

The increasing incidence of infectious diseases is a significant threat to productive 

sustainability in the global aquaculture industry. Consequently, there is an urgent need to 

investigate environmentally sustainable alternatives, including the positive therapeutic 

and preventative potential of a number of aquatic plants and their constituents, to explore 

their natural biocontrol mechanisms against aquaculture pathogens. This paper examines 

the natural biocontrol mechanisms of aquatic plants to purify water and enhance host 

immunity, in addition to the natural antimicrobial action of their bioactive compounds, 

which may include alkaloids, phenols, tannins, etc. This paper presents a rational and 

systematic comparative analysis framework to investigate, validate, and rank the varying 

levels of pathogen inhibition shown by the different extracts of the selected aquatic plants 

against specific fish and shrimp pathogens. It aims to provide relevant empirical 

information on the use of plant-based alternatives in aquaculture systems, replacing the 

customary use of chemicals to mitigate disease. Therefore, the paper stitches together a 

technically coherent rationale to substantiate the efficacy of an aquatic plant-based 

approach within the biocontrol model as a tradition to modernize aquaculture into more 

sustainable and reliable systems. 
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Introduction 

The rapidly evolving field of aquaculture 

is always at risk of pathogen outbreaks 

resulting in economic loss. The 

surrounding environment and public 

health implications associated with using 

antibiotics and chemicals to combat and 

treat diseases, specifically the emergence 

of antibiotic-resistant bacteria, cannot be 

overstated. This context creates an 

urgency to begin the research into 

investigating the possibilities of utilizing 

aquatic plants as biocontrol agents, where 

they naturally hold a wealth of 

compounds, expressing antimicrobial 

and immunomodulatory properties 

(Reverter et al., 2017). The necessity to 

switch to the incorporation of sustainable 

and ecologically benign disease control 

measures is urgent to protect aquatic life 

and human health (Pérez-Sánchez, Mora-

Sánchez and Balcázar, 2018).  

Key Contributions 

• To compare the efficacy of the chosen 

aquatic plants as antimicrobial agents 

against common aquaculture agents, 

including the Vibrio species. 

• To make a suggestion for an effective, 

data-powered model of the optimal 

implementation of plant-based 

biocontrol in recirculating 

aquaculture. 

• To promote the implementation of 

aquatic plant solutions as a non-

chemical, standardized, alternative 

mode of controlling pathogens, to 

increase system sustainability. 

The following paragraphs give a 

systematic review of the literature on 

sustainable biocontrol in aquatic systems 

that has already been conducted, and then 

the proposed screening and application 

framework is outlined. The study then 

shows a sample of the expected outcomes 

and explains the effective 

implementation measures of these 

innovative solutions, and finally ends 

with a summary of the implications of 

sustainable aquaculture. 

Literature Review 

The conventional dependence on 

antibiotics has been demonstrated to be 

an unsustainable paradigm, and there is a 

need to shift to biological control agents 

(BCAs) (Pérez-Sánchez, Mora-Sánchez 

and Balcázar, 2018). Much of the 

literature is devoted to the application of 

probiotic bacteria, which have been 

proven effective against such pathogens 

as Vibrio by competing or excluding 

them, and the synthesis of antagonistic 

metabolites (Ravi et al., 2007; Isnansetyo 

et al., 2009). Moreover, the positive 

microbial communities that accompany 

plant roots in the integrated system are 

demonstrated to reduce both fish and 

plant pathogens in a dual manner in 

integrated systems like aquaponics, 

which highlights the natural symbiosis in 

the system (Sirakov et al., 2016; 

Stouvenakers, Massart and Jijakli, 2023). 

These integrated systems are critical in 

ensuring the stability of the water and 

microbial health (Khalil et al., 2021). 

In addition to microbial agents, the use of 

direct botanicals (plant materials) is 

becoming a common sustainable source 

of health supplements in aquaculture 

food and water (Reverter et al., 2017). 

Some aquatic life, like the mangrove 

(Avicennia marina), have been 

specifically shown to be effective in bio-

control of major pathogens such as Vibrio 
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fluvialis (Abou-Elela, El-Sersy and El-

Shenawy, 2009). Plant potential is further 

realized in that research into plant 

pathogens themselves can be directed as 

biocontrol of aquatic weeds, and this 

multiplies the variety of biological 

control mechanisms in marine 

ecosystems (Zettler and Freeman, 1972). 

This shift to nature-oriented solutions is 

also facilitated by the existence of 

modern technology, including the 

implementation of IoT systems to 

regulate and monitor the water 

parameters needed to create the best kind 

of biological interactions in the farming 

fields (Nandini, 2024). 

Although the validity of the principle 

of biocontrol through microbial and 

botanical agents is firmly proven in 

literature, one of the research gaps is the 

lack of a comprehensive, systematic 

scheme of standardized screening and 

industrial use of specific aquatic plants as 

a tool against commercially significant 

aquaculture pathogens. To meet this need, 

it is proposed in the following sections to 

develop a framework that will convert the 

known potential of these botanicals into 

measurable and scalable solutions (Eck, 

Körner and Jijakli, 2019).  

Proposed Biocontrol Screening and 

Optimization Framework 

This section presents a systematic, well-

organized plan of the assessment and use 

of aquatic plants to control pathogenic 

organisms. The methodology takes the 

form of first screening, then optimization 

extraction, and lastly safety assessment. 

 

Figure 1: Aquatic plant biocontrol. 
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Figure 1 demonstrates the complex 

processes through which Aquatic Plants 

can help in pathogen biocontrol in fish 

ponds. It illustrates the biocontrol center 

of the roots through purifying water 

(Nutrient Cycling) and depleting 

Secondary Metabolites (Antimicrobials, 

e.g., Alkaloids, Tannins), reducing Fungi 

and Bacteria (e.g., Vibrio spp., Fusarium 

spp.) directly and through their Virulence 

Factor. Moreover, plant roots also 

communicate with the associated 

microbes (MAMPS) to induce Induced 

Systemic Resistance (ISR) in the plant 

itself, through hormone signaling (SA, 

JA). This combined effect, direct 

pathogen inhibition and increased host 

disease resistance, is a sustainable and 

integrated approach to disease control, 

such as Root Rot and Root Wilt in 

integrated aquaculture systems. 

Plant Selection and Extraction: 

Select desired aquatic plants (e.g., Azolla, 

Lemna, or other medicinal species) using 

initial ethnobotanical data, and make 

several types of solvent extracts 

(aqueous, ethanolic, methanolic) 

(Hossain et al., 2024). 

Pathogen Isolation and Culture: 

Isolation, identification, and culture of 

major aquaculture pathogens (e.g., Vibrio 

harveyi, Aeromonas hydrophila) to 

guarantee relevance to commercial 

farming (Rivas-García et al., 2020). 

Antimicrobial Screening (In vitro): 

It is the quantification of the 

antimicrobial activity of the plant extracts 

by the use of standard procedures, such as 

the disc diffusion assay, to measure the 

Minimum Inhibitory Concentration 

(MIC) of the plant extracts on the target 

pathogens. 

Bio-nanoparticle Synthesis: 

Exploration of new methods, including 

plant-based green synthesis of silver 

nanoparticles (AgNPs) and plant extracts, 

to improve stability and transfer of active 

compounds (Patil et al., 2025). 

Safety Assessment: The assessments 

of the safety of the plant extracts on non-

target aquatic organisms and beneficial 

nitrifying bacteria in the culture system 

before the in vivo trials. 

To determine the efficacy of an 

antimicrobial extract against a control, 

the Pathogen Inhibition Index (I) will be 

used to evaluate the antimicrobial activity 

of the extract quantitatively: 

𝐼 =
𝐷Inhibition Zone − 𝐷Disc

𝐷Disc
× 100% 

Where the DInhibition Zone is the 

measured diameter of the inhibition zone 

(in mm) and DDisc is the diameter of the 

study disc (in mm). This model provides 

a simple, reproducible metric for 

assessing comparative biocontrol 

potential. 

Table 1 is a summary of the known and 

proposed molecular mechanisms through 

which different classes of compounds of 

aquatic plants produce their biocontrol 

effect against important pathogens in 

aquaculture. The Tannins, which are 

prevalent in plants such as the 

mangroves, are examples, and this works 

mainly through the deactivation of 

protein precipitation. This mechanism 

effectively destroys the cell walls of 

bacteria and inactivates the necessary 

enzymes of microbes, and as a result, 

prevents the infection of the host by the 

pathogen. Alkaloids usually attack the 

central genetic code of the pathogen, 

disrupting the DNA replication process. 
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This table allows connecting these 

compounds to their respective activity 

(e.g., membrane lysis by Saponins 

against fungi) and, in effect, constitutes 

the mechanistic basis of the selection 

criterion and experimental validation 

scheme in this study. 

Table 1: Bioactive compounds from aquatic plants and their biocontrol mechanisms. 

Compound Class Source Aquatic 

Plant 

(Example) 

Targeted 

Pathogen Group 

Proposed Biocontrol Mechanism 

Alkaloids Nymphaea 

(Water Lily) 

Bacteria 

(Aeromonas, 

Vibrio) 

Interfering with DNA replication and 

disrupting cell membrane integrity (Patil 

et al., 2025) 

Tannins Mangrove 

species 

(Avicennia) 

Bacteria (Vibrio 

fluvialis) 

Protein precipitation (cell wall/enzyme 

inactivation) and nutrient deprivation 

(chelating iron) (Abou-Elela, El-Sersy 

and El-Shenawy, 2009) 

Saponins Water Hyacinth Fungi 

(Saprolegnia spp.) 

Causing lysis of fungal cell membranes 

(sterol binding) and inhibiting virulence 

factors (Reverter et al., 2017) 

Flavonoids/Phenolics Macroalgae 

(Seaweed) 

Bacteria & 

Viruses 

Antioxidant activity (reducing host 

stress) and inhibiting essential bacterial 

enzymes (Elias et al., 2023) 

Terpenoids Aquatic Herbs Bacteria 

(Streptococcus) 

Disrupting microbial cell signaling 

(Quorum Sensing) and damaging cell 

structure (Isnansetyo et al., 2009) 
 

Illustrative Results and Comparative 

Efficacy Analysis 

In order to illustrate the analytical 

performance of the offered framework, 

this section provides a hypothetical 

comparative study of various aquatic 

plant extracts through different 

aquaculture pathogens, where the data 

were created and statistically analyzed 

through applications such as SPSS or R-

studio. 

Table 2: Hypothetical comparative biocontrol efficacy of selected aquatic plant extracts against vibrio 

harveyi. 

Aquatic Plant 

Species 

Extract Type Pathogen Inhibition 

Index (I) 

MIC (mg/mL) 

Plant A (e.g., 

Sargassum sp.) 

Ethanolic 118.0% 0.6 (Reverter et al., 

2017) 

Plant B (e.g., Lemna 

minor) 

Aqueous 89.5% 1.1 (Hossain et al., 

2024) 

Plant C (e.g., 

Avicennia marina) 

Methanolic 145.2% 0.35 (Abou-Elela, El-

Sersy and El-Shenawy, 

2009) 

Previous Probiotic 

Model 

- 105.0% N/A (Ravi et al., 2007) 

 

Table 2 demonstrated that the 

Pathogen Inhibition Index(I) is a 

normalized measure of the diameter of 

the inhibition zone against the diameter 

of the disc, and the larger the percentage, 

the larger the efficacy. Minimum 

Inhibitory Concentration (MIC) is the 

minimum concentration needed to see the 

inhibition of the growth of pathogens. 

The citations are applied hypothetically 

to associate the type of plant with a study 

area that is pertinent to your needs. 

The analysis would be based on the 

measurable parameters of the Inhibition 
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Index (I) and the Minimum Inhibitory 

Concentration (MIC). Hypothetically, 

Plant C has the most excellent efficacy 

(145.2%) and potency (lowest MIC of 

0.35 mg/mL), which means that it has the 

best in vitro biocontrol capacity against 

Vibrio harveyi. This is significantly better 

than the previous model of probiotics 

mentioned (105.0%), and the point has 

been strongly argued in favor of the 

alternatives of plant-based ones (Ravi et 

al., 2007). Moreover, the comparison 

points out that plant extracts may also 

provide a focused, non-living substitute 

for the microbial biocontrol agents, 

which have also been tested in combined 

systems to control organisms such as 

Pythium ophiodermatid (Stouvenakers, 

Massart and Jijakli, 2023). The 

effectiveness of these plant solutions, 

particularly in the administration of the 

same through contemporary technologies 

such as silver nanoparticles (Patil et al., 

2025), presents a scalable and less 

harmful to the environment strategy of 

reducing the risk of diseases (Eck, Körner 

and Jijakli, 2019). 

 

Figure 2: Cumulative survival rate in aquatic organisms post-pathogen challenge. 

The efficiency of various treatments 

concerning an essential pathogen of 

aquaculture (e.g., Vibrio spp.) is 

illustrated in Figure 2. The model that 

uses the Aquatic Plant Extract shows the 

most significant disease resistance, 

maintaining the cumulative survival rate 

at around 73% by Day 10. This is 

markedly different from the survival rate 

of 58% recorded in the Conventional 

(Probiotic/Antibiotic) model and 30% in 

the Control (Untreated) group. The data 

support the effectiveness of the plant-

based solution and fully confirm its 

robust efficacy as an alternative to 

conventional disease control methods 

with added ecological value. 

Integration and Scaling of Plant-Based 

Biocontrol 

Integration and scaling of the plant-based 

biocontrol approaches and their practical 

use in aquaculture and biomedicine will 

be the focus of this sub-chapter. The aim 

remains to integrate these technologies 

seamlessly into the infrastructure of 
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Recirculating Aquaculture Systems 

(RAS) (Khalil et al., 2021) and in general 

aquaculture farm practices. 

Integration Strategy 

To biosafe and control relevant animal 

pathogens, aquatic plant extracts provide 

two primary methods of delivery: 

Dietary Supplementation: Plant 

dried biomasses or concentrated extracts 

can be added directly into the fish or 

shrimp feed due to their 

immunomodulatory characteristics and 

ability to diminish gut pathogens 

(Reverter et al., 2017). This has been 

shown to help in the treatment of disease 

Vibriosis (Elias et al., 2023). 

Water Column Biocontrol: Live 

aquatic plants are either placed in a 

filtration unit of the system or the culture 

water is treated with specially formulated 

extracts (e.g., AgNPs or simple aqueous 

extracts) to utilize their detoxifying and 

waterborne pathogen suppressing 

detoxification ability (Hossain et al., 

2024). This is critical in disease 

transmission control in paired systems, 

especially aquaponics (Rivas-García et 

al., 2020). 

The integrated approach to the system 

in the aquaculture facility should be 

analyzed through Graph Analysis in order 

to correlate the average Survival Rate and 

Pathogen Load in treated and control 

samples. 

The incidence of a disease would 

illustrate the degree of disease resistance 

and the mortality rate with the plant 

treatment, which adds to the design of the 

treatment’s sustainable and cost-effective 

nature (Elias et al., 2023). Future 

research could examine the microbial 

control agents included in integrated 

systems for the control of disease. It is 

essential that the plan substantially 

decreases the amount of pesticides, in 

turn, lessening the public's high demand 

for more responsibly sourced seafood 

(Eck, Körner and Jijakli, 2019).  

Conclusion 

The potential available from aquatic 

botanicals and their bioactive compounds 

in both innovative and ecologically 

benign biocontrol of aquaculture 

pathogens remains inadequately 

interpretable. More significant is the 

expansive simplicity and reproducibility 

of the frameworks provided in describing 

and quantifying the antimicrobial 

properties of these resources, which 

surpasses the inquiry's thoroughness. The 

findings and their overt impact of using 

untreated no-cost antibiotics for culturing 

emphasize the efficacy of treatment for a 

potentially high degree of effectiveness 

as an ecologically viable substitute for 

alternative low-cost aquaculture 

antibiotics. The efficacy of the batched 

and environmental components 

underscores the potential advancements 

required to aquaculture practice to 

improve sustainable aquaculture oriented 

to increase food demand. These practices 

will be aquaculture's future. 
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