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The rapid growth of the aquaculture industry over recent decades, with annual production reaching 94.6 million tonnes in 2018 has resulted in a significant increase in saline wastewater following the use of seawater in both fish and shellfish production and processing. This wastewater contains high concentrations of nutrients, organic compounds, and total nitrogen, resulting in the requirement for significant treatment prior to discharge to meet environmental regulations, which are becoming more stringent. The infrastructure and running costs associated with physico-chemical treatment approaches are generally higher than the implementation of biological approaches; the latter represents both an economic and sustainable technology. However, salinity represents a significant inhibitor to microbial activity, affecting the efficacy of the biological treatment of wastewater. This review aims to 1) identify the major biodegradable components in saline fish wastewater that may result in deleterious effects upon discharge, 2) discuss the current methods used for the treatment of fish processing wastewaters, and 3) identify opportunities for improved processes to be utilised and identify gaps in knowledge that require further research. Total suspended solids (TSS), chemical oxygen demand (COD), biochemical oxygen demand (BOD), and total nitrogen (TN) were found to be the most prevalent components in fish effluent. High concentrations of TSS and TN are likely due to the protein content. One method for reducing the environmental impact of the treated wastewater is to enhance nutrient removal (TSS, TN, BOD) through process modification, leading to an increase in active proteolytic activity. Bioaugmentation using immobilised, saline-tolerant proteases or halophilic, protease-producing microorganisms have both shown significant potential in laboratory studies in reducing both the COD and TN content of fish processing wastewater to below discharge limits and therefore may represent commercial options for future treatment processes.
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HIGHLIGHTS

• Current physical and chemical approaches may not adequately treat highly saline fish processing wastewaters to meet current and future environmental legislation.
• Improvements to biological treatment options such as bioaugmentation represent a significant opportunity.
• Bioaugmentation using either saline-tolerant enzymes or moderate halophiles, which are simple to grow and degrade pollutants may offer suitable solutions for biological treatment in the future
INTRODUCTION
The increasing global population has contributed to a significant growth in the consumption of fish (FAO, 2020); global fish production reached 96.4 million tonnes in 2018, with aquaculture contributing 47% of the total. In per capita terms, annual fish consumption grew from 9.0 kg in 1961 to 20.2 kg in 2015, at an average annual rate of around 1.5%. The total value of fisheries and aquaculture production in 2016 was estimated at USD 362 billion, of which USD 232 billion originated from aquaculture production (FAO, 2018).
The growth and success of the aquaculture industries have however resulted in a significant increase in waste generation from production systems (Dauda et al., 2019). As more than 90% of fish products are marine (Blaber, 2011), seawater is widely used in the processing of the products from aquaculture (Figure 1). Typical water consumption is about 20 m3 of seawater per tonne of fish. Most water used at fish-processing plants ultimately becomes waste effluent (Xiao and Roberts, 2010). For example, one fish processing plant based in Victoria, Australia produces 2,000 m3 a day of wastewater during tuna processing and canning operations (Construction, 2018) and between 1,500 and 13,000 m3 in salmon processing (Carawan, 1991).
[image: Figure 1]FIGURE 1 | Fish processing pathway schematic [adapted from (Vidaček and Bugge, 2016)].
As a consequence, the environmental impact associated with increased fish processing is a subject of increasing concern. Fish processing wastewater generally contains high concentrations of nitrogenous compounds (inorganic and organic) and exhibits a high biochemical oxygen demand (BOD) (Vidya et al., 2020). For example, wastewater from fish processing are characterised by high nutrient concentrations, including high nitrogen content, mainly in the form of ammonia (82 g L−1), high total suspended solids (TSS, 0.15–1.1 g L−1), biological oxygen demand (BOD, 1.4 g L−1) and chemical oxygen demand (COD, 2.9 g L−1) (Muthukumaran and Baskaran, 2013). The nutrients, if released into water untreated can harm fish and other inhabitants of the aquatic ecosystem. A strong positive correlation between BOD, nutrient loads (nitrogen, phosphate, nitrate) of a discharged wastewater, and the development of eutrophic conditions have recently been confirmed (Vidya et al., 2020). The known consequences of eutrophication include blooms of blue-green algae, tainted drinking water supplies, and degradation of recreational opportunities. In the United States, eutrophication has been estimated to cost $2.2 billion annually (Dodds et al., 2009). When these dense algals bloom eventually die, microbial decomposition severely depletes dissolved oxygen, creating a “dead zone,” lacking sufficient oxygen to support most organisms. Dead zones are found in many freshwater lakes including the Laurentian Great Lakes during summer (Arend et al., 2011). Other “dead zones” occur in marine coastal environments surrounding large, nutrient-rich rivers such as the Mississippi River and the Gulf of Mexico, Susquehanna River, and the Chesapeake Bay. They have been shown to affect more than 245,000 square kilometers in over 400 near-shore systems (Diaz and Rosenberg, 2008). Additionally, stress caused by the salinity of fish processing wastewater affects plant growth and restricts the use of surrounding land if the effluent is released (Safdar et al., 2019). About 20% of all irrigated land is affected by salinity, leading to plant osmotic stress and ion toxicity (Kader and Lindberg, 2010).
A number of treatment processes involving physical, chemical, and biological remediation approaches have been applied to treat saline wastewater containing high concentrations of organic material (Kargi and Dinçer, 2000; Paluenzuela-Rollon et al., 2002). While the costs of physical-chemical treatment are generally high due to energy consumption and the likelihood of secondary pollution, biological processes are well suited for fish processing wastewaters and do not result in secondary pollution or residues (Ezeonu et al., 2012). However, fish processing wastewater contains high salinity, similar to or greater than that of seawater (Omil et al., 1995); the inhibitory impact of salinity on the activity of many biological systems results in a significant reduction in the efficacy of current biological approaches.
As a result, there exists an urgent need for the development of cost-effective, efficient solutions for the treatment of fish processing wastewaters. Thus, the aim of this review is to:
1) Identify the major biodegradable components in saline fish wastewater that may result in deleterious effects upon discharge,
2) Discuss the current methods used in aquaculture for the treatment of fish processing wastewater,
3) Identify opportunities for improved processes to be utilised and identify gaps in knowledge that require further research.
THE PHYSICO-CHEMICAL PROPERTIES OF FISH PROCESSING WASTEWATER
To satisfy environmental regulations, treatment processes are required to remove the majority of the soluble and organic compounds in the wastewater. Although the characteristics of the wastewater depend on the type of protein being processed such as fish, crabs, or shrimp, and the use of any additives such as brine and oil (Chowdhury et al., 2010), the main physical-chemical properties and contaminants present in aquaculture processing wastewater are discussed in the following section.
pH
The pH of fish processing wastewater may be acidic or alkaline due to the composition of the proteinaceous matter in the material. For example, pH in fish cannery processing effluents is around 3.8 (Balslev-Olesen et al., 1990), but six to seven in fish processing effluents (Najafpour et al., 2006); in contrast, fish condensate is produced with a pH range from 9 to 10 (Sandberg and Ahring, 1992). Although not a contaminant, pH is important as a characterisation parameter since it suggests contamination of effluents and relates to the emission of ammonia compounds (Vidya et al., 2020). As pH increases, more ammonia is converted to the un-ionised form, which is extremely toxic to fish.
Solids
Total suspended solids (TSS) in aquaculture effluent are generally high due to the presence of protein and lipids (Paluenzuela-Rollon et al., 2002) which account for approximately 10–30% of total solids. Others reported that in fish processing, TSS varied from 150 to 1,100 mg L−1 (Muthukumaran and Baskaran, 2013) or up to 22,910 mg L−1 in fish processing plant wastewaters (Picos-Benítez et al., 2019). The average TSS was found to be 635 mg L−1 in the final effluent in another report with TSS contributing significantly to COD, BOD, and total nitrogen (TN) levels (Muthukumaran and Baskaran, 2013). Total suspended solid concentrations must be reduced to comply with discharge limits (e.g. in European Union, COD ≤120 mg L−1) (Federal Ministry for the Environment, N. C. A. N. S., Germany, 2004).
Organic Content
Fish processing wastewater contains high BOD and COD, which originate primarily from carbonaceous compounds and nitrogen-containing compounds. Biological Oxygen Demand and COD are a measure of how much dissolved oxygen is being consumed as microbes break down organic matter and oxidise all pollutants (Li and Liu, 2019). The organic content directly influences the demand for dissolved oxygen in rivers and streams, with serious implications for the river’s biodiversity. The consequences of high BOD and COD include increases stress on aquatic organisms with the potential for death by suffocation. For example, a strong positive correlation exists between the BOD concentration of wastewater discharged into rivers and subsequent eutrophication, which results in negative impacts on aquatic organisms in the receiving water body, including fish (Vidya et al., 2020). In the fish processing industry, the COD of the effluent is usually higher than the 5-days biochemical oxygen demand (BOD5): the ratio of the two varies according to the type of fish processing plants (from 1.1: 1 to 3:1) (Technical Report series FREMP, 1994). One report showed that the BOD5 in tuna waste varies between 500–1,500 mg L−1, only 40% of the COD value (1,300–3,250 mg L−1) (Carawan, 1979). In another study by Muthukumaran et al., the BOD5:COD ratio for the fish wastewater generated was almost 1:1 (Muthukumaran and Baskaran, 2013). They reported that the average BOD in the final effluent was 3,000 mg L−1 and COD was 3,500 mg L−1. The current discharge limits stated in European Union guidelines, for BOD and COD in the final effluent are 50 and 120 mg L−1, respectively; in this case, BOD and COD levels must be reduced by 83 and 66%, respectively (Federal Ministry for the Environment, N. C. A. N. S., Germany, 2004).
Total Nitrogen and Phosphorus
The concentration of nitrogen in fish processing wastewater varies based on the type and amount of fish processed; high concentrations are likely due to the protein content (15–20% of wet weight) of fish and marine invertebrates (Picos-Benítez et al., 2019). High ammonia concentrations are often observed due to high blood and slime content in wastewater streams. The total nitrogen in fish processing was reported to be 1,200 mg L−1 (Picos-Benítez et al., 2019), while the average total nitrogen was found to be 347 mg L−1 in the final fish wastewater (Muthukumaran and Baskaran, 2013). Phosphorus also partly originates from the fish but can be introduced with processing and cleaning agents, with concentrations reported in the range 13–47 mg L−1 (Cristóvão et al., 2014a). Excess quantities of nitrogen and phosphorus may cause the proliferation of algae and affect aquatic life in a water body. Large algal growth, algal blooms severely reduce or eliminate oxygen in the water, leading to the death of large numbers of fish (EPA, 2019).
Fat, Oil, and Grease (FOG)
Fat, oil, and grease (FOG) concentrations vary depending on the type of material. One study reported that the FOG concentration in fish canning wastewater varied from 156–2,808 mg L−1 depending on the season (Cristóvão et al., 2014a). Fats oil and grease are readily removed from wastewater through skimming as FOG float on the water’s surface; however, if they remain then this will affect oxygen transfer into the wastewater below.
Salinity
In the fish processing industry, the sources of waste are initially related to the raw materials and seawater used in various processes. For example, the wastewater generated from fish processing contains in the range of 3.5–20 g L−1 NaCl (Val del Rio et al., 2018; Picos-Benítez et al., 2019), while wastewater from dried salted fish plant contains NaCl ranging from 17 to 46 g L−1 (Yun Chen and Ghufran, 2017). High salinity can cause high osmotic stress and the inhibition of microorganism activity, which results in a significant decrease in biological treatment efficiency.
There is therefore a requirement for the aquaculture industry to ensure that fish processing has minimum impact on the environment. This is reflected in government policies, where pollution control regulations in terms of wastewater discharge have become more stringent to manage the effluent discharge (Table 1).
TABLE 1 | Example of guidelines for the discharge of wastewaters from fish processing in various countries.
[image: Table 1]Another issue with the effective treatment of waste from the aquaculture industry lies in the variability of the wastewater in terms of composition which makes it difficult for standard approaches for aquaculture wastewater treatment to be developed and implemented.
CURRENT TREATMENT APPROACHES
Various treatment processes including non-biological (physical, chemical treatment) and biological approaches (aerobic and anaerobic treatment) have been applied to treat saline aquaculture containing high concentrations of organic material (Paluenzuela-Rollon et al., 2002). With the availability of different treatment techniques, the question of which treatment is most effective must be considered. The answer to this question is not simple because of the broad range of characteristics of aquaculture wastewater. Table 2 compares the advantages and disadvantages of the current approaches.
TABLE 2 | The advantages and disadvantages of current fish wastewater treatment approaches.
[image: Table 2]Non-biological approaches are considered a high-cost approach since they require significant initial capital and operating costs. The efficacy of non-biological approaches is also often limited due to the presence of chemical residuals and secondary pollutants; as a consequence, these technologies are only applied in certain conditions or used for pre-treatment due perhaps to the presence of high concentrations of suspended matter (Dinçer and Kargi, 2000; Neilly et al., 2009; Fan et al., 2011). For example, one study found that non-biological approaches such as flotation were not a suitable primary treatment method for the treatment of fish canning wastewater (Cristóvão et al., 2014a). However, any integrated bioprocess such as microalgae, chemical treatment, and membrane microfiltration are complex to install and run and are often expensive in terms of the costs for equipment, maintenance, and operations.
For economic and environmental sustainability, fish processing wastewater needs to be considered in terms of compliance with quality requirements before discharge or recycling. Biological treatment is one of the best options for the disposal of organic matter-rich wastewater by fish processing (Parvathy et al., 2017). With biological treatment, wastewater pollutant reduction efficiencies of greater than 90% can be attained (Kiepper, 2001). The microorganisms used are responsible for the degradation of organic matter and organic waste stabilisation (Arvanitoyannis and Kassaveti, 2008); both BOD and COD significantly decrease as a result of microbiological activity (Cristóvão et al., 2012). For this reason, significant potential lies in improving existing biological systems based on their low cost and their sustainability. However, current biological processes can be inefficient due to the environmental conditions faced by the microbial community present in aquaculture wastewater. These are discussed further below.
FACTORS AFFECTING BIOLOGICAL PROCESSES INVOLVED IN THE TREATMENT OF FISH PROCESSING WASTEWATER
Factors Affecting Anaerobic Treatment
Effect of pH and Ammonia Content on Anaerobic Treatment
At present, several types of anaerobic digesters (AD) are used to treat saline fish processing wastewater; these include anaerobic fixed-bed and fluidised bed reactors (AFB), up-flow anaerobic sludge blanket reactors (UASB), and up-flow microbial fuel cells (MFC) (Table 3). Since AD leads to the formation of biogas (a mixture of methane and carbon dioxide) and relatively low volumes of microbial biomass, it offers numerous advantages, including low sludge production, low energy requirement, and green energy recovery (Massé et al., 2010; Xia et al., 2012). This technology has also a positive net energy production as the biogas produced can replace fossil fuel, resulting in a direct positive effect on greenhouse gas reduction. Despite these benefits, however, poor operational stability still prevents the AD process from being widely employed for the treatment of fish processing wastewater (Shanmugam and Horan, 2009). Several factors affect the AD process performance and stability, including the initial concentration of organic compounds, pH, and ammonia concentrations (NH3+-N). The optimal pH for biogas reactors in terms of methane production is 6.8–7.3 (Liu et al., 2019); most methanogenic bacteria have optima for growth between pH 7 and 8, whereas volatile fatty acid-degrading bacteria have lower pH optima, 5.5–9 (Jun et al., 2012). However, the reported pH of fish wastewater effluents ranges from 7.2 to 7.8 (Vidya et al., 2020) or 6.1 to 7.1 (Cristóvão et al., 2014a) depending on the level of total soluble and suspended COD, which vary between processing and fish type (Chowdhury et al., 2010). In one study, Sandberg and Ahring (1992) demonstrated that a 15–17% reduction in COD removal during AD occurred when the pH was increased slowly to 8.0 or more (Sandberg and Ahring, 1992).
TABLE 3 | Examples of halophilic bacteria used in the aerobic treatment of saline wastewater.
[image: Table 3]Additionally, ammonia is one of the main intermediate products of AD, as a result of the biodegradation of proteins, urea, and nucleic acids (González-Fernández and García-Encina, 2009). The high concentrations of protein often associated with fish processing effluents are readily converted into ammonia, an inhibitor of methanogenesis (Aspé et al., 2001). Ammonia affects methanogenic bacteria in two ways: 1) the ammonium ion may inhibit the methane-producing enzyme directly and/or 2) hydrophobic ammonia molecules may diffuse passively into bacterial cells, causing proton imbalance or potassium deficiency (Gallert et al., 1998). In one study, during anaerobic treatment, methanogenic activity was shown to be significantly reduced by the presence of high concentrations of ammonia (Chen et al., 2008; Hejnfelt and Angelidaki, 2009); the results showed that an NH3-N concentration greater than 100 mg L−1 inhibited methanogenesis (Aspé et al., 2001). It was also reported that free ammonia inhibitory concentrations for mesophilic treatment were 25–140 mg N-NH3 L−1 (Guerrero et al., 1997), but in one case, ammonia was reported to reach approximately 600 mg N L−1 (Sarnaik et al., 2015). Numerous possible remediation techniques have been reported for the control of ammonia inhibition in the AD process including anaerobic ammonium oxidation (anammox) (Egli, 2003), the use of zeolite, and carbon fiber textiles (Sasaki et al., 2011). These materials work as ion exchange elements for NH4-N and the adsorption of NH3 (Kimura et al., 2010). However, all these approaches bear the disadvantage that the materials are expensive to implement at a large scale and toxic for the microorganisms at high levels.
Effect of Salinity on Anaerobic Treatment
The performance of AD is often reduced to different degrees by sodium concentrations within the range 3.5–28 g L−1 (Chen et al., 2008). This is because the physical and biological properties of microorganisms are changed at high osmotic pressure, which affects the production of hydrogen in anaerobic fermentation (Zhang et al., 2017). At high salinity (3.0–3.5%) and alkaline condition (pH 8.0–10.0), hydrogen production was reported to be significantly reduced, while a sodium concentration exceeding 10 g L−1 strongly inhibited methanogenesis (Picos-Benítez et al., 2019). Additionally, high salinity is reported to inhibit the metabolism of nitrifying bacteria, resulting in the reduction of the nitrogen removal rate (Shen et al., 2015). In one study the total nitrogen removal was reduced from 85 to 70% when the salt concentration increased from 20–30 g L−1, while COD removal was reduced from 90 to 71% when the salt content in fish wastewater increased from 5–30 g L−1; similarly, phosphorus removal decreased from 38 to 10% with increases in salt content from 0 to 30 g L−1 (Panswad and Anan, 1999). In addition, biogas yield was reduced to 64% when salinity increased from 0 to 20 g L−1; COD removal also decreased to between 83 and 90% (Picos-Benítez et al., 2019).
Factor Affecting Aerobic Treatment
The efficacy of the aerobic wastewater treatment processes is also known to be adversely affected by high salinity. High salt concentrations increase osmotic pressure, which results in a reduction in particle size and density, causing cell plasmolysis and cell death (Medveďová et al., 2018). In addition, reports suggest that the size and fractal dimension of flocs decrease as the salt concentration increases (Moon et al., 2003), resulting in reduced settling; Moussa et al. also stated that most microorganisms were almost completely inhibited at a salinity of 20–30 g L−1 (Medveďová et al., 2018). Furthermore, other reports suggest that when the chloride concentration exceeds 40 g L−1, a reduction in pollutant removal was observed (Aloui et al., 2009). In one report, the COD removal efficiency of the effluent fell from 80 to 48.5% when salinity increased from 0.5 to 1.5% (Salmanikhas et al., 2016). This experiment investigated the effect of salt concentration on the efficacy of the aerobic treatment of synthetic effluents using a fed-batch biological reactor with activated sludge. In other research using a sequencing batch reactor to treat a synthetic saline effluent, the COD removal efficiency was reduced from 90 to 32% when salinity increased from 0 to 6% (Uygur and Kargi, 2004). Yun et al. also concluded that the total nitrogen removal of the system was reduced from 85 to 70%, and COD removal decreased from 90 to 71% when the salt level in wastewater increased from 5–30 g L−1 (Yun Chen and Ghufran, 2017).
In summary, research suggests that while the efficacy of aerobic wastewater systems is largely dependent on salinity, anaerobic approaches require adaptation to several factors (salinity, pH, and ammonia concentrations). Fish wastewaters are rich in protein, which generates high concentrations of ammonia; both nitrogen and salt can inhibit anaerobic digestion; this is the reason why the use of anaerobic treatment of fish processing wastewater has resulted in poor results in terms of treatment efficacy (Picos-Benítez et al., 2019). In summary, aerobic systems appear to be generally represent the most promising method to treat fish processing wastewaters. However, the salinity of the wastewater remains an important issue, often resulting in reduced treatment efficiency. Therefore, the cost-effective and efficient treatment of nitrogen-rich saline fish processing wastewater remains a challenge. The next section will look at possible solutions to deal with high salinity and alternative methods of treatment.
OPTIONS FOR PRE-TREATMENT OF HIGHLY SALINE WASTEWATERS
A number of technologies are available which reduce the salinity of the wastewater before aerobic biological treatment (Table 4). These options are further discussed below.
TABLE 4 | Current options for the treatment of salinity in wastewaters; advantages and disadvantages of current techniques.
[image: Table 4]Due to the requirement of significant energy and its related costs in terms of energy and maintenance, overall treatment costs rise significantly with the addition of a desalination step. In 2013, desalination, removal of salt from seawater, brackish water, and wastewater was calculated to cost between United States $0.45 to United States $1.00 per m3 (Xu et al., 2017).
To overcome the costs associated with desalination an emerging environmental biotechnology opportunity exists, through bioremediation of saline wastewater by bioaugmentation using microorganisms that can tolerate or adapt to high salinity and degrade nutrients, resulting in enhanced growth and degradative activities. The options are discussed further below.
THE POTENTIAL SOLUTIONS TO TREAT SALINE FISH WASTEWATER EFFLUENTS
Bioaugmentation Using Salt-Tolerant Bacteria
In this approach, wastewater is bioaugmented with salt-adapted bacteria capable of withstanding high salinities and at the same time degrading the pollutants that are contained in wastewater (Marsh et al., 2021). In one study, a salt-tolerant bacterial consortium present in sludge was adapted to high salt concentrations (Lefebvre and Moletta, 2006). The novel characteristics and capacity for large-scale culturing make halophilic bacteria potentially valuable for biotechnology (Ventosa et al., 2011). However, most halophiles are inactivated when the NaCl or KCl concentration of the solution decreases to less than 2.4% (Madern et al., 2000). Therefore although these organisms thrive in high salt concentration environments (at least 3%) (Kushner, 1988), as their proteins require the presence of high concentrations of salt for optimum stability and activity (Madern et al., 2000) they may not be versatile enough for application in all fish processing wastewater applications, limiting their commercial potential.
However, halophiles can be divided into two groups, namely moderate and extreme halophiles. Moderate halophiles are microorganisms that grow best in a medium containing 3–15% NaCl, yet moderate halophiles are capable of growth at concentrations less than 1%. In contrast, extreme halophiles exhibit optimum growth in media containing 15–30% NaCl (Oren, 2010). For example, the moderate halophiles Vibrio costicola (Smith, 1936), Micrococcus halobios (Onishi and Kamekura, 1972), Spirochaeta halophila (Greenberg and Canale-Parola, 1976), Marinirhabdus sp. and Marinorbacter hydrocarbonoclasticus (Anh et al., 2021c) grew well from 3 to 15%. Comparing moderate and extreme halophilic bacteria, a survey demonstrated moderate halophiles have diverse metabolic requirements and capabilities. They may compete well with extreme halophilic bacteria in some hypersaline environments because they have relatively high growth rates at ambient temperatures (Rodriguez-Valera et al., 1981). For example, the moderate halophilic bacteria Salinivibrio costicola and Halomonas halodenitrificans are able to grow over a range of water activities between 0.98 (close to freshwater) to 0.86 (close to saturated NaCl) (Kushner, 1978).
Aside from their salinity tolerance, these strains must be able to release protease in order to improve the efficiency of COD and TN removal. This is because fish processing wastewater contain high loads of organic nutrients that originate primarily from carbonaceous compounds and nitrogen-containing compounds such as protein, peptide, and volatile amines (Ching and Redzwan, 2017). Increasing nitrogen removal through process modification, resulting in an increase in active proteolytic activity represents one possible option to reduce the environmental impact of the wastewater. In a recent study, two moderately halophilic, protease-producing bacteria Marinirhabdus sp. and Marinobacter hydrocarbonoclasticus were used to bioaugment non-sterile fish processing wastewater which led to COD and TN removal of 92%, and 80–85% respectively (Anh et al., 2021c). This study confirmed the effectiveness of bioaugmentation in removing COD and TN in saline fish wastewater. Additionally, Marinobacter hydrocarbonclasticus was found dominate the bacterial community suggesting the commercial potential of this organism for bioaugmentation of fish processing wastewater without the need for further bioaugmentation (Anh et al., 2021b).
Halophilic bacteria are metabolically more versatile than the archaea, exhibiting more diverse enzymatic activities (Oren, 2010). However, there are, to date limited reports of these bacteria being the basis of commercial products, although extensive research has been undertaken to elucidate the properties of the enzymes from halophilic and halotolerant bacteria. Due to the stability and properties of halophilic enzymes, they are good candidates for use in industrial processes but are yet to be fully exploited.
The application of salt-tolerant bacteria to biological saline wastewater treatment has been previously reported (Breugelmans et al., 2008; Oren et al., 1992). Other reports suggest that hypersaline water polluted with organic compounds such as petroleum hydrocarbons and aromatic compounds can be remediated using halophiles (Fathepure, 2014). Furthermore, a profile of different halophiles capable of degrading organic pollutants was presented by Chen et al. (Chen et al., 2018). Similarly, Li et al. showed that the halophilic bacterium NY-4 was capable of efficient denitrification (94.2% of nitrate removal and 80.9% of total nitrogen removal in 48 h) (Li et al., 2013). Another study reported that the utilisation of halophilic microorganisms along with the activated sludge culture resulted in enhanced treatment performance, with 85% of COD removal within 9 h of fed-batch operation (Kargi and Dinçer, 2000).
Other industrial processes that generate highly saline wastewater have used halophilic microorganisms to treat saline wastewater such as pickling plants and tanneries (Kargi, 2002). For example, the single-celled, photosynthetic green alga, Dunaliella were studied in terms of their efficacy to remove organic carbon and toxic compounds in several processes (Santos et al., 2001). In another study, the addition of a Halobacter sp. resulted in significant improvement in the performance of an activated sludge plant to treat synthetic wastewater (Kargi and Uygur, 1996). The results showed high COD removal efficiencies at salt concentrations as high as 5% in the influent. Similarly, this augmented system was shown to be successful in treating effluent generated by the pickling industry with more than 95% COD removal (Kargi and Dinçer, 2000). The same technique (inoculation of the halotolerant bacteria Staphylococus sp. and Bacillus cereus) was applied to hypersaline effluent (15% NaCl) generated by the production of plum pickles and achieved COD removal efficiency of 90% in a sequencing batch system (Kubo et al., 2001).
However, most of the studies carried out and reported were conducted at a laboratory-scale model. No commercial applications have yet been developed for such enzymes although research examined the properties of the enzymes from halotolerant bacteria and their possible application.
As a consequence, there appears to be a commercial opportunity for the development of moderately halophilic bacteria with efficient degradative abilities as bioaugmentation agents. Despite the fact that the use of a salt-tolerant inoculum for the treatment of wastewater from fish processing has only be explored in a few studies, the benefits of their application appear significant. The use of microbial additives during composting is considered highly efficient, likely to enhance the production of different enzymes resulting in a better rate of waste degradation (Rastogi et al., 2020). Successful augmentation requires the appropriate selection of microbial strains or microbial consortia, which involves consideration of a few, key features of the added microorganisms, including rapid growth, readily culturable, ability to withstand high concentrations of contaminants, and survival in a wide range of environmental conditions.
Bioaugmentation Using Enzymes as Biodegrading Agents
The use of enzymes may represent a good alternative for overcoming most issues related to saline fish wastewater. Enzymes are recognised as highly efficient and green biocatalysts with the additional characteristics of high regioselectivity, chemoselectivity, and stereoselectivity (Bilal et al., 2018; Khan et al., 2018). Enzymes are also not affected by inhibitors of microbial metabolism and they can be used to remediate many compounds under extreme conditions limiting microbial activity (Rao et al., 2010). Ojuederia and Babalola (2017) found enzymes having a great potential to effectively transform pollutants at a detectable rate and were potentially suitable to restore polluted environments (Ojuederie and Babalola, 2017). The most representative enzymatic classes in the remediation of polluted environments are hydrolases, dehalogenases, transferases, and oxidoreductases. Their main producers are bacteria, fungi, mainly white-rot fungi, plants, and microbe-plant associations (Karigar and Rao, 2011).
In terms of the treatment of fish processing wastewater, which has high loads of organic nutrients that originate primarily from carbonaceous compounds and nitrogen-containing compounds such as protein, peptide, and volatile amines (Ching and Redzwan, 2017), proteases would appear to be offer significant potential. Proteases hydrolyse the breakdown of the peptide bonds of proteinaceous substance to components absorbed by bacteria and converted to biomass. For example, protease breaks down proteins and provides free amino acids to lactic acid bacteria, which are the final hydrolysis products and a rich source of protein needed for their growth (Kieliszek et al., 2021).
For the success of saline fish wastewater treatment, the proteases added needs to be stable and exhibit efficient activity in a saline environment. Therefore, the enzymes applied may be immobilised onto a suitable matrix to be an effective catalyst for the degradation in saline environments (Pounsamy et al., 2017). An immobilised enzyme is physically confined to a certain region of space, retaining its catalytic activity and the capacity to be used repeatedly or continuously (Mohamad et al., 2015). Immobilised enzymes have usually long-term operational stability, being very stable toward physical, chemical, and biological denaturing agents. For example, an immobilised protease enzyme previously isolated and extracted from Enterococcus faecalis, exhibited enhanced activity (104%) compared with that of the free purified enzyme; furthermore, this activity was not affected by the presence of either organic matter or the salt concentration (Pounsamy et al., 2017).
Halotolerant enzymes are commonly produced by halotolerant microorganisms (Graziano and Merlino, 2014). For example, Gao et al. (2019) reported that the proteases secreted by Aspergillus oryzae was more stable than non-salt-tolerant proteases at high salinity, remaining 20% active even in the presence of 3.0 mol L−1 NaCl after 7 days (Gao et al., 2019). An protease was also isolated from the halotolerant organism Lycinibacillus macrolides, with activity of 304  U mL−1 in highly saline conditions (>4%) (Pounsamy et al., 2017). Protease of co-cultured Marinirhabdus sp. and Marinobacter hydrocarbonoclasticus showed activity and stability over a broader range of environmental conditions (temperature 25–60°C, pH 4–12, and 10–30% salinity, respectively) (Anh et al., 2021a).
Although salt-tolerant enzymes already play a key role in numerous processes at low to high NaCl concentrations, including various applications in detergent formulation, fish and meat processing (Graziano and Merlino, 2014), only a few reports on their application have been reported. In one study, halotolerant proteases from halophilic bacteria were used to treat marine waste (crab shell, shrimp shell, and squid pen powder) (Annamalai et al., 2014; Mokashe et al., 2018). Similarly, Maruthiah et al. reported protease production using marine shell waste from a marine Bacillus sp. APCMST-RS3 (Maruthiah et al., 2015). A salt-stable protease from the halophilic bacteria Lysinibacillus macroides, was found to efficiently degrade proteins in saline tannery wastewater, with a complete fragmentation time of 90 min at pH 6 and 30°C (Pounsamy et al., 2019). Another extracellular halophilic proteases from the halophile Alkalibacillus sp. NM-Da2 could remove 50% protein in synthetic saline wastewater after 5 h (Abdel-Hamed et al., 2016).
These initial results suggest that further research on the identification and development of halophilic bacteria, immobilised enzymes, be carried out in terms of their commercial potential.
CONCLUSION
The main components of fish effluent are high organic carbon concentrations, total nitrogen, and salinity. As a result, the fish processing industry faces significant challenges in terms of the effective treatment of these wastewaters to meet increasingly stringent discharge limits. Current treatment methods include physical, chemical, and biological approaches. While the major limitation associated with physico-chemical treatment is the production of secondary contaminants and elevated treatment costs, biological approaches, represent cost-effective and sustainable approaches. However, the efficacy of biological treatments is hampered by high concentrations of salinity in the wastewater, resulting in a need to develop new improved approaches. The use of RO and membranes are considered efficient for the removal of salts, but suspended solids reduce the efficiency and increase costs. Enhanced biological treatment using bioaugmentation using halophilic microorganisms with high protease activity and immobilised protease enzymes from halophilic bacteria represent potential cost-effective approaches to ensure that aerobic biological treatment of fish processing wastewaters can attain discharge target concentrations. Certainly, this review suggests that lab-scale studies indicate that bioaugmentation of biological systems, particularly aerobic systems such as activated sludge, lagoons, trickling filter, and rotating biological contactors using halophilic bacteria capable of both growth and degradative activity in the wastewater represents a simple yet effective solution to improve aquaculture wastewater treatment. Moderate halophiles are simple to grow in the salinity range 3-15% and may offer a potential commercial solution to the effective treatment of saline wastewaters. In addition, the application of immobilised, halophilic enzymes such as proteases represents a promising in situ remediation technique.
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