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Abstract
Threonine, an essential amino acid, operates as a key determinant in fostering growth, health, and holistic efficiency of various fish species in aquaculture. Diverse fish species exhibit a varying threonine requirement due to their distinct physiological and metabolic demands. Adequate threonine intake is crucial for the synthesis of proteins, mucins, and antibodies, all of which are pivotal for growth and immune function. It also plays a pivotal role in maintaining intestinal health, promoting nutrient absorption, and mitigating oxidative stress. Understanding the specific threonine requirements of different fish species is essential for achieving optimal growth rates, efficient feed utilization, and robust disease resistance. Insufficient threonine levels can lead to poor growth, reduced fillet quality and increased susceptibility to diseases. It is a critical component of fish nutrition, and its precise inclusion in fish diets is essential for maximizing the productivity and sustainability of aquaculture operations. Tailoring diets to the threonine requirements of specific fish species is a promising avenue for optimizing fish production and ensuring food security in an ever-growing global population.
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Introduction
Threonine (Thr), an essential amino acid, plays a crucial role in fish nutrition as it cannot be synthesized endogenously and must be obtained through diet. It is among the most limiting amino acids in fish feed, especially when plant-based protein sources such as soybean meal are used as substitutes for fish meal (Fang et al., 2020). Threonine is vital for protein synthesis, enzyme production, and various physiological functions that contribute to growth and overall fish health (Small & Soares, 1999). Studies indicate that dietary threonine levels significantly influence protein deposition, muscle growth, and feed efficiency in various fish species, making its inclusion in aquafeeds essential for optimal performance (Baldisserotto & Silva, 2004).
Beyond its structural role in protein synthesis, threonine is a key regulator of metabolism. It contributes to energy metabolism, improves intestinal nutrient absorption, and enhances digestive efficiency (Gao et al., 2014). Research suggests that appropriate threonine supplementation can optimize lipid metabolism by regulating lipid formation pathways and reducing triglyceride accumulation in the liver (Boyd et al., 2019). Furthermore, threonine is essential for mucin production in the intestine, which enhances gut health and improves nutrient assimilation in fish (Wang et al., 2010). Studies on broilers also suggest that threonine influences intestinal immunity and antioxidant capacity through modulation of gut microbiota and metabolic pathways (Wang et al., 2007; Chen et al., 2018).
Threonine also plays a vital role in immune system function. It regulates immune cell differentiation and cytokine production through signaling pathways such as target of rapamycin (TOR) and mitogen-activated protein kinase (MAPK), which are essential for maintaining gut and systemic immunity (Chen et al., 2018). In fish, an optimal dietary threonine level has been associated with enhanced disease resistance, improved antioxidant defenses, and a stronger immune response, particularly in species such as carp and tilapia (Tsion et al., 2015; Liu et al., 2017). A deficiency in threonine can lead to compromised immunity, reduced mucosal integrity, and increased susceptibility to infections (Daley et al., 2015).
Threonine production for use in aquaculture faces several challenges, including cost efficiency, strain optimization, and purification processes. Industrial-scale production is predominantly conducted through microbial fermentation using bacteria such as Escherichia coli and Corynebacterium glutamicum (Hamard et al., 2009; Ma et al., 2020). The global threonine market was valued at $2.05 billion in 2020 and is expected to grow at a rate of 5.47% annually, driven by increasing demand for sustainable and efficient aquafeeds (Gaifem et al., 2018). Advances in biotechnology and fermentation strategies continue to improve threonine production efficiency, making it more accessible for commercial aquaculture applications (Feng et al., 2013; C.M et al., 2009).
Threonine is a critical nutrient for fish growth, metabolic regulation, and immune defense. Ensuring an adequate supply of threonine in aquafeeds supports optimal health, enhances feed utilization, and promotes sustainable aquaculture production. Future research should focus on refining dietary requirements for different fish species and improving production techniques to enhance the bioavailability and cost-effectiveness of threonine supplementation in aquaculture. Fish farmers and aquaculture nutritionists consider the amino acid composition, especially threonine, when creating diets to ensure that fish receive the right nutrition for their overall health, growth, and economic efficiency. The threonine requirements can differ among fish species, depending on factors like their life stage (young or adult) and specific physiological demands. To cater to the nutritional needs of various fish species in commercial aquaculture, fish feeds are carefully formulated to contain threonine as one of the important amino acids, promoting best possible development and well-being of the fish.
Metabolic Pathway of Threonine
Threonine has a primary function as a building block for protein synthesis, especially in production of mucin. Furthermore, it can enter various metabolic pathways, leading to the formation of essential substances such as glycine, acetyl CoA and pyruvate, which are vital for the overall metabolism of the host. Threonine is involved in three separate metabolic pathways as shown in (Figure.  1). The breakdown of threonine can occur through either the pathway that operates without the involvement of glycine or the pathway that is reliant on glycine. In a research investigation, it was discovered that during fasting and starvation periods, threonine undergoes enzymatic conversion by liver threonine dehydratase (STDH) through glycine-independent pathway, resulting in the production of α-ketobutyric acid and ammonia. Subsequently, this keto-butyrate compound is subject to decarboxylation, leading to the formation of propionyl-CoA (Blandon et al., 2023)
[bookmark: _Hlk155089556]Threonine dehydrogenase (TDH) and Serine/threonine dehydratase (STDH) exhibit elevated expression levels in the pancreas followed by the liver. On the contrary, threonine aldolase shows low enzymatic activity in the liver but is significantly localized in the prostate (Liu et al., 2013; Petit et al., 2018). 
Threonine dehydrogenase and threonine aldolase play essential roles in glycine-dependent pathway of threonine metabolism. TDH, in particular, serves as a pivotal enzyme in this process. It catalyses the conversion of threonine into 2-amino-3-oxybutyrate, which is a transient intermediate. This intermediate is subsequently decomposed into glycine and acetyl-CoA, facilitated by the enzyme 2-amino-3-oxobutyrate CoA ligase (GCAT). Following this, acetyl-CoA is involved in the tricarboxylic acid (TCA) cycle, where it participates in power generation. Furthermore, threonine aldolase is responsible for metabolizing threonine into glycine and acetaldehyde (Dong et al., 2016). It's important to emphasize that the route of threonine metabolism can vary based on the physiological state. In toddlers, threonine is solely broken down by serine/threonine dehydratase (STDH) (Shiio et al., 1990), however, apart from the STDH pathway (glycine-independent), in adults approximately 7–10% of total threonine undergoes catabolism through the TDH pathway. The variance is attributed to greater glycine demands in juveniles in comparison to grown-ups (Hermann et al., 2003). Metabolic pathway of threonine is given in Fig.1.
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Figure.1: Depicting Metabolic Pathway of Threonine Threonine Metabolism Characteristics: 
Threonine metabolism plays a crucial role in nutrient digestion, absorption, and intestinal function. Studies indicate that dietary threonine enhances the activity of digestive enzymes such as trypsin and amylase, facilitating protein and carbohydrate digestion, which improves feed utilization and growth performance such as in juvenile grass carp (Ctenopharyngodon idella). (Dong et al., 2021). Additionally, threonine is essential for mucin production in the intestine, maintaining gut barrier integrity and reducing susceptibility to pathogenic infections (Jiang et al., 2020).
The metabolic fate of dietary threonine is primarily directed toward protein synthesis and mucosal tissue maintenance. It serves as a key precursor for glycoproteins, supporting intestinal epithelial health and reducing oxidative stress. Furthermore, optimal threonine levels improve lipid metabolism, preventing excessive fat accumulation in the liver while enhancing fatty acid oxidation and energy utilization (Wu et al., 2019). Studies have also shown that inadequate threonine intake can disrupt amino acid metabolism, leading to impaired fish growth and immune function (Kuang et al., 2020).
Beyond its metabolic functions, threonine plays a significant role in immune modulation and antioxidant defense. Supplementation with adequate threonine levels enhances antioxidant enzyme activities such as superoxide dismutase (SOD) and glutathione peroxidase (GPx), which reduce oxidative damage and improve fish resilience to environmental stressors (Tang et al., 2021). Moreover, threonine regulates inflammatory pathways by influencing cytokine production, thereby strengthening the immune response and overall health of fish (Zhou et al., 2022).
These findings emphasize the importance of precise dietary threonine formulation in aquafeeds to optimize digestion, metabolism, and immune function in juvenile grass carp. Future research should focus on refining dietary inclusion levels to maximize growth efficiency while ensuring intestinal and metabolic health (Dong et al., 2021).
Empirical Methods used for threonine requirement
1. Indicator amino acid oxidation (IAAO) method
This method was initially developed by Bayley et al (Nath et al., 2023; Ikeda et al., 2012; Dong et al., 2011; House et al., 2001) for evaluating amino acid requirements in young growing pigs were determined. Top of FormThis method operates on the principle that if an essential amino acid (EAA) crucial for synthesis of protein is deficient, subsequently, all other amino acids, along with the chosen indicator amino acid (often another EAA, such as L-[1-13C] phenylalanine), will undergo oxidation (Floch and Seve, 2005). Top of Form
This primarily happens since amino acids cannot be stored and are required to be allocated within two primary processes: utilization for protein synthesis or undergoing oxidation. With an increase in the consumption of the amino acid in limited supply, the breakdown of the indicator amino acid decreases, indicating a larger portion is being utilized for protein synthesis. When the requirement for the deficient amino acid is adequately fulfilled, the oxidation of the indicator amino acid will no longer change. The point where the oxidation of the indicator amino acid stabilizes and stops decreasing is called the "breakpoint". This breakpoint, determined through bi-phase linear regression analysis, represents the mean (Edgar, 2005). 
This method utilizes stable isotope-labelled amino acids to assess the rate at which a specific amino acid is oxidized, providing an indirect measure of the body's need for that amino acid. By examining the oxidation rate of threonine, scientists can make estimates about the dietary requirement for this amino acid.
2. Protein Digestibility-Corrected Amino Score method
[bookmark: _Hlk155089520]Threonine requirement can be estimated by assessing the amino acid composition of a sample protein with that of a standard protein, frequently using the amino acid pattern (FAO and WHO, 2007). The threonine requirement is considered satisfied when the amino acid profile of the test protein aligns with or outperforms the reference pattern.
The formula utilized to determine the Protein Digestibility-Corrected Amino Acid Score is as follows:
PDCAAS, % = (mg of first limiting amino acid in 1 g test protein) / (mg of the same amino acid in 1 g reference protein) * TD (%)
TD represents the accurate digestion of a test protein, determined through a rat-based assessment. Accurate faecal protein breakdown is characterized as the percentage difference between protein nitrogen (N) intake and faecal nitrogen (N) output, after accounting for metabolic faecal nitrogen (N), as determined by a diet devoid of protein.
According to the formula, the PDCAAS method is grounded in two fundamental principles. The first principle highlights the presence of the initial essential amino acid, which restricts growth in a protein or protein blend, is pivotal in determining its capacity to meet dietary amino acid requirements. The second fundamental principle of this method underscores that a protein can only fulfil dietary needs when its amino acids are absorbable from the diet, emphasizing the significance of protein digestibility.
3. Serum or Tissue Amino Acid Profiles
[bookmark: _Hlk155089670]Examining the amino acid composition of plasma (blood) can offer insights into how amino acids are being utilized by the body and can indicate whether there may be a requirement for higher threonine intake. Some researchers have noted a robust correlation between the levels of free amino acids in the bloodstream and muscle tissue of fish and their dietary intake of amino acids (Sunde et al., 2001). The underlying concept is that the proportion of these amino acids present in the blood or tissues should persist relatively low until the fish's demand for a specific amino acid is fulfilled. Subsequently, the levels should increase significantly when the fish is supplied with an excess of that amino acid. While this approach has proven valuable in validating amino acid requirements, its effective application has been restricted to only a few cases.Top of Form
To illustrate, in the instance of investigating an essential amino acid requirement for channel catfish, only data related to serum levels of lysine as reported by (Wilson et al., 1997), threonine (Wilson et al., 1978), histidine (Wilson et al., 1980) and methionine (Harding et al., 1977) proved valuable in corroborating the estimated requirement values derived from weight gain data. Similarly, when assessing the amino acid requirements for Nile tilapia (Santiago and Lovell, 1988) could only utilize the concentration of isoleucine, threonine, and free lysine in muscle cells to confirm the values needed for these particular amino acids in developmental experiments.
4. Ogino's Carcass Deposition Method
This method, primarily developed for determining the quantitative specifications for critical amino acids, especially in fish, was pioneered by Ogino in 1930's. He noticed a striking resemblance in the percentage composition between the dietary essential amino acid requirements for fish and the essential amino acid profile found in fish muscle tissue.The procedure involves estimating the daily nitrogen or protein rate, as well as the percentage feeding rate for every 100 grams of body weight. Subsequently, further experiments are conducted on test animals to determine the specific requirements for each amino acid. Based on these parameters, the optimal levels at which amino acids need to be present in the dietary protein source is calculated and the optimal daily dietary requirements for each individual amino acid (Martino et al., 2005)
5. Growth studies
The traditional Almquist plot or growth response curve approach has been predominantly utilized to ascertain the majority of amino acid prerequisite values. In this approach, multiple fish groups are provided with diets with varying concentrations of the amino acid under investigation. This continues until noticeable differences emerge in the increase in weight of the fish being tested. Typically, an incremental increase in weight is observed as the intake of the amino acid increases until a specific point is reached, known as the break point. At this break point, the weight gain reaches a plateau, indicating that the requirement for that particular amino acid has been met. Different approaches have been utilized to estimate or calculate the breakpoint corresponding to the requirement value derived from weight gain data. The requirement values for Chinook salmon (reviewed by Mertz in 1972), common carp, and Japanese eel (reported by Nose in 1979) were established using the Almquist plot method, without the use of statistical analysis. In contrast, some studies, such as those conducted by Harding et al. in 1977 and Akiyama et al. in 1985, employed regression analysis to create the Almquist plot for estimating these requirement values.
In the investigation carried out by Wilson et al. in 1980, the estimation of requirement values involved the utilization of both the continuous analysis of quadratic regression and the broken-line model. It's worth noting that within the past decade, a significant proportion of reported requirement values have been determined using the broken-line model as the preferred method.

Dietary Threonine requirement in fish
In 1957, Halver developed the first effective amino acid test diet for fish, drawing inspiration from the amino acid test diets previously used by Rose and colleagues to evaluate the amino acid requirements of young albino rats. Halver tested diets containing 70% crystalline L-amino acids, formulated to reflect the amino acid profiles of whole chicken egg protein, Chinook salmon egg protein, and Chinook yolk-sac fry protein. Of these, the diet based on whole chicken egg protein produced the best growth rates and feed efficiency in Chinook salmon during a 12-week trial. As a result, this diet was adopted to establish the qualitative amino acid requirements of Chinook salmon (Halver et al., 1957). The actual differences and reliability of the indispensable amino acid (IAA) requirements of the teleosts studied so far have frequently been questioned. These disparities are often attributed, at least in part, to variations between laboratories, including discrepancies in the composition of basal diets (Tacon and Cowey, 1985; Akiyama et al., 1997). There is significant results from studies conducted with chickens and rats indicating that an imbalance or surplus of certain amino acids in the diet can raise the requirement for dietary threonine (Tews et al., 1980; Davies and Austic, 1982; Kidd et al., 1997). The possible interactive effects of the diet have not been extensively explored in the threonine requirement studies conducted with fish thus far.
The threonine requirements for fish, as depicted in Table 1, exhibit significant variation, with documented data ranging from 2-5 percent of their protein intake level. The underlying reasons for this lack of consensus in requirement values remain unclear, and further studies are needed to assess whether this extensive range reflects genuine differences in threonine needs or s simply a consequence of differing methodologies used to establish these values.
	Table 1: Requirements are presented as a proportion of protein 

	Fish
	Threonine Requirement
	Percentage of Total Protein
	             Reference

	Chinook salmon
Sockeye salmon
	2.2
2.2
	4.4%
	Long et al., 1969

	Chum Salmon
	3.0
	6.0% to 7.5%
	Nose et al., 1972

	Hybrid Stripped bass
	0.9
	2.0% to 2.25%
	Keembiyehetty et al., 1997

	Coho salmon
	2.0
	4.0% to 5.0%
	Halver and Shanks, 1986

	Catla
	4.09-4.48
	10.23% to 14.93%
	Zehra et al., 2014

	Common carp
	3.9
	9.75% to 13.0%
	Nose, 1979

	Japanese eel
	4.0
	8.0% to 10.0%
	Wilson et al., 1978

	Red Sea bream
	1.8
	3.6% to 4.0%
	Forster and Ogata, 1998

	Channel catfish
	2.2
	6.11% to 7.86%
	Wilson et al., 1978

	Nile Tilapia
	3.8
	10.86% to 12.67%
	Yue et al., 2014

	Milk Fish
	4.5
	11.25% to 15.0%
	Borlongan, 1991

	Rainbow trout juvenile
	1.31
	2.62% to 3.28%
	Bodin et al., 2008

	Yellow tail
	2.9
	5.8% to 6.44%
	Wilson and Halver, 1986

	White sturgeon
	3.3
	6.6% to 8.25%
	Wilson and Halver, 1986

	Red drum
	2.8
	5.6% to 7.0%
	Boren and Gatlin, 1995

	Pacific white shrimp
	1.51
	3.78% to 5.03%
	Zhou et al.,2013

	European sea bass
	2.3-2.6
	4.6% to 5.78%
	Tibaldi and Tulli,1999

	Largemouth bass
	5.0
	10.0% to 12.5%
	Rahman et al., 2021

	Blunt snout bream
	1.57
	3.93% to 5.23%
	Tsion et al., 2015

	Penaeus monodon
	1.4
	3.1% to 4.0%
	Millamina et al., 1997

	Large yellow croaker (Larmichthyscrocea)
	1.86-2.06
	3.72% to 4.90%
	He et al., 2015

	Channa punctatus
	2.2- 2.3
	4.89% to 5.75%
	Sharf et al., 2022

	Mrigal (Cirrhinusmrigala)
	4.50
	11.25% to 15.0%
	Ahmed et al., 2004

	Rohu (Labeorohita)
	3.77-4.20
	9.43% to 14.00%
	Abidi et al., 2008

	Salmo salar smolts (Atlantic salmon)
	1.31
	2.62% to 3.12%
	Helland and Helland, 2011

	Striped bass (Morone saxatilis)
	1.03
	2.06% to 2.58%
	Small and JH, 1999

	Indian catfish (Heteropneustesfossilis)
	1.27
	2.82% to 3.63%
	Ahmed et al., 2007

	Grass-carp (Ctenopharyngodon idella)
	1.33
	3.80% to 4.75%
	Hong et al., 2015

	Silver catfish (Rhamdiaquelen)
	2.45-3.25
	6.13% to 10.16%
	Flores et al., 2023

	Ictalurus punctatus
	2.20
	6.11% to 7.86%
	Wilson et al., 1978

	Oncorhynchus kisutch
	2.00
	4.00% to 5.00%
	Arai and Ogata, 1991

	Pactolinus major
	1.80
	3.60% to 4.29%
	Forster and Ogata, 1998



 Threonine and Ideal Protein concept
Proteins are primarily made up of amino acids that are linked together through peptide bonds, with chains connected via both sulphur and hydrogen bonds. They are made up of carbon (50%), nitrogen (16%), oxygen (21.50%), and hydrogen (6.50%), with occasional presence of phosphorus and sulphur. In the realm of fish biology, proteins are recognized as the most abundant category of organic compounds and represent the largest molecules within a cell. They serve as major nutrients, often referred to as "macromolecules." In fish tissue, proteins constitute a substantial portion, accounts for approximately 65-75% of the total dry weight.
Fish rely on protein as a supplier of amino acids, which are important for their nutrition. The process involves the digestion or hydrolysis of protein, resulting to the release of free amino acids. These are then taken up through the alimentary canal and transported by the bloodstream to various organs and tissues. These units are subsequently utilized by different tissues to create emerging proteins. A steady supply of protein or amino acids is required because fish consistently use amino acids, either to build new proteins during growth and reproduction or to replenish existing proteins for maintenance.
In cases where the feed lacks sufficient protein, it results in diminished or halted growth and weight loss, as less crucial tissues have their protein resources redirected to sustain the vital functions of more essential tissues. On the contrary, an excessive supply of protein consumption in the diet leads to only a portion of it being utilized for protein synthesis, with the surplus being transformed into energy. Protein has a gross energy value of 5.60 kcal per gram. The protein content in fish feed is crucial because it's the costliest component. Accurately determining the specific protein need for various fishes and sizes of cultured fish is crucial. Threonine is a crucial amino acid (often abbreviated as Thr) was first identified in 1938 by Nelson and Cox. It is an amino acid that is polar and soluble in water that animals need and often becomes the limiting factor in the diets of swine and poultry. This α-amino acid has both an amino group (-NH2) and a carboxyl group (-COOH) linked to a central carbon atom, along with a side chain (-CH(OH)CH3). Its side chain contains a hydroxyl (-OH) group, making it unique among the 20 amino acids. It can form hydrogen bonds with other amino acids, particularly serine and tyrosine, due to the presence of the hydroxyl group in its side chain. These hydrogen bonds contribute to the stabilization of protein secondary structures like α-helices and β-sheets. Threonine can be part of the active site in enzymes and plays a critical role in catalysis. Its hydroxyl group can participate in chemical reactions, such as nucleophilic attacks or forming hydrogen bonds with substrates or cofactors.
Physiological and Nutritional functions of Threonine in Fish
· Threonine (Thr) is an essential amino acid that plays a fundamental role in fish growth, metabolism, and immune response. Since fish cannot synthesize threonine endogenously, it must be obtained through diet (Fang et al., 2020). Threonine is particularly important in juvenile fish, as it supports optimal growth and intestinal health, thereby improving nutrient absorption and overall well-being (Wang et al., 2017).
· It is one of the most limiting amino acids in fish diets and is essential for protein deposition and muscle development (Gao et al., 2014). Studies on Ctenopharyngodon idella (grass carp) have shown that an optimal dietary threonine level enhances muscle protein synthesis, ensuring efficient growth performance and feed conversion ratios (Zhou et al., 2013).
· Thr is a key component of intestinal mucus, which plays a vital role in maintaining gut integrity and protecting against pathogens (Chen et al., 2018). In juvenile grass carp, dietary threonine supplementation has been associated with improved intestinal barrier function, enhanced digestive enzyme activity, and better nutrient absorption efficiency (Hong et al., 2015). Additionally, it promotes the secretion of mucins, which enhance the protective lining of the gut, reducing susceptibility to infections (Zhou et al., 2013). Adequate threonine intake has been linked to increased resistance against bacterial and viral infections in fish. Research on Nile tilapia (Oreochromis niloticus) demonstrated that threonine supplementation significantly improved survival rates when exposed to pathogenic bacteria (Zhou et al., 2018). The amino acid supports the integrity of epithelial barriers and boosts macrophage activity, crucial for pathogen defense (Wu et al., 2021).
· Thr is involved in immune function by regulating cytokine production and immune cell proliferation. It influences key signaling pathways such as the target of rapamycin (TOR) and mitogen-activated protein kinase (MAPK), which are essential for immune responses (Wang et al., 2010). Deficiencies in threonine have been linked to weakened immune responses and higher disease susceptibility in fish species, including grass carp (Ctenopharyngodon idella) and tilapia (Oreochromis niloticus) (Chen et al., 2018). Threonine plays a crucial role in maintaining immune function and antioxidation in fish by supporting the synthesis of immune-related proteins, mucins, and antioxidants. Studies have shown that dietary threonine enhances lysozyme activity, immunoglobulin levels, and cytokine production, contributing to improved disease resistance (Li et al., 2020). Additionally, threonine is a key precursor for the production of glutathione, a major antioxidant that protects fish from oxidative stress (Feng et al., 2019).In juvenile grass carp, threonine supplementation has been associated with increased antioxidant enzyme activity, reducing oxidative stress and improving overall resilience to environmental stressors (He et al., 2015).
· Beyond protein metabolism, threonine plays a critical role in lipid metabolism by regulating lipogenesis and lipid transport in the liver. Studies have shown that an optimal threonine concentration enhances lipid oxidation and reduces triglyceride accumulation, preventing hepatic lipid disorders (Boyd et al., 2019). This is particularly important for aquaculture species, as excessive fat deposition can negatively affect fish health and fillet quality (Daley et al., 2015).
· Thr serves dual roles as both a glycogenic and ketogenic amino acid. It is pivotal in the formation of several metabolic intermediates and acts as a precursor for non-essential amino acids such as glycine and serine (Lehninger's, 2007). Adding threonine to the diet of fish improves their growth significantly. This amino acid is essential for protein synthesis and plays a crucial role as the primary limiting factor in the synthesis of mucin and immunoglobulins, both of which are formed in significant quantities within the fish's digestive tract (Silva et al., 2006). Thr is a critical amino acid for fish growth when they are on low-protein diets, and it plays a role in numerous physiological and biochemical processes, as indicated by research conducted by (Abidi and Khan in 2008, Bodin et al. in 2008, Gao et al. in 2014, Habte-Tsion et al. in 2015, Farhat in 2016).  Thr is essential for mucin production, a critical component of intestinal mucus that protects the gut lining. A study on grass carp (Ctenopharyngodon idella) showed that dietary threonine improved the intestinal health index, villus height, and goblet cell numbers, leading to better nutrient absorption and disease resistance (Hong et al., 2015). Additionally, it modulates the intestinal microbiota, reducing inflammation and enhancing digestive efficiency (Liu et al., 2020).
· Dietary threonine has been observed to regulate the expression of the TOR (target of rapamycin) and 4E-BP2 genes in the intestinal region, as reported by (Habte-Tsion et al. in 2015). The TOR signalling pathway is known to play a pivotal role in controlling protein formation, as highlighted in the work of (Feng et al., 2013), and the 4E-BPs are significant TOR protein's downstream signalling targets, as described by Schmelzle and Hall in 2000.This observation could offer additional understanding as to why dietary supplementation with threonine leads to improvement in growth rate and increased protein accumulation in these fish, as found in the study by Habte-Tsion et al. in 2015.
· Including threonine in the diet has been shown to enhance the functions of trypsin, lipase, and alpha-amylase in the liver and pancreas, as seen in larval stages of Jian carp (Cyprinus carpio var. Jian). Additionally, it improves the intestinal enzymes activities associated with assimilation, such as alkaline phosphatase (AP), γ-glutamyl transpeptidase (γGT), and Na+/K+-ATPase (Feng et al., 2013). Thr serves not only as a crucial component of mucin in the gastrointestinal tract but at the same time functions as a dietary regulator which modulates the intestinal immune system through intricate transmission pathways, notably the mitogen-activated protein kinase (MAPK) pathway. Furthermore, it is deemed an essential factor for cellular growth and expansion. Thus, optimizing the threonine requirement can positively influence health and disease-related factors in animals. In fish, threonine is vital amino acids present in fish protein at a relatively high level, approximately 4.9% (Ryu, Shin, & Kim, 2021). It plays an essential role in regulating various aspects of dietary metabolism, the synthesis of large molecules, and maintaining the balance in the gut. The feeding habits of fish shape their digestive and absorptive capacities. Herbivorous fish typically excel in starch digestion compared to omnivorous and carnivorous species. Conversely, in terms of protein and fat digestion, herbivorous fish generally have a reduced capacity compared to omnivorous and carnivorous counterparts. Consequently, the dietary threonine on digestion and absorption could differ among fish with diverse feeding behaviours as shown in Figure 2.
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                    Figure. 2: Functions of Threonine (Physiological and Nutritional) 

TABLE 2. Nutritional Disorders of Threonine deficiency
	Deficiency Effect
	Fish Species
	Reference

	Suboptimal growth and inefficient feed conversion
	Juvenile Japanese flounder (Paralichthys olivaceus)
	Alam et al., 2003

	Reduced weight gain due to inadequate/excessive dietary threonine
	Blunt snout bream
	Tsion et al., 2015

	Reduced protein deposition
	Young Indian major carp (Cirrhinus mrigala)
	Ahmed et al., 2004

	Elevated PAC (Protein Amino Acid Content) and reduced GPT and GOT enzyme activity in hepatopancreas and muscle
	Juvenile grass carp
	Wen et al., 2023 

	Impaired intestinal immunity, reducing innate and adaptive immune components
	Juvenile grass carp
	Luo et al., 2014

	Induction of inflammatory response by inhibiting anti-inflammatory cytokine production (linked to mTOR pathway)
	Juvenile grass carp (after Aeromonas hydrophila infection)
	Inta et al., 2009

	Increased retention of body amino acids
	Nile tilapia (Oreochromis niloticus)
	Michelato et al., 2016

	Increased levels of n-6 PUFA, n-3 PUFA, EPA, and DHA in muscle tissue
	Juvenile largemouth bass (Micropterus salmoides)
	Rahman et al., 2021


Representation of nutritional disorder due to Thr deficiency is given in Fig. 3.
	Suboptimal Growth 

	Inefficient Feed Conversion Efficiency (FCE)

	Decreased Weight Gain Percentage (WG%)

	Reduced Protein deposition 

	Buildup of triglycerides in Liver 

	Increased PAC (Protein amino acid content) and decreased GOT (Glutamate oxaloacetate transaminase)

	Decrease in Food intake 

	Induce Intestinal Inflammation 





Nutritional Disorder due to Thr deficiency







                          
Figure.3: Nutritional Disorder caused due to the Threonine (Thr) deficiency
Sources of dietary threonine 
Threonine in fish diets can come from various sources. One study investigated the metabolic production of L-threonine ethanolamine phosphate in fish species, which occurs through a specific biochemical pathway, l-threonine ethanolamine phosphate is synthesized in fish and is involved in the synthesis of phospholipids. Threonine fermentation biomass (TFB) is a single-cell protein source that can partially replace fish meal in the diet of fish without negatively affecting their performance. These synthetic sources provide threonine, an essential amino acid, which is important for the development of fish. Synthetic sources of dietary threonine in fish include amino acid synthetic fish meal. Amino acid synthetic fish meal is a mixture of fish meal, compound amino acids, vegetable proteins, animal proteins, haemoglobin, amino acids and vitamins, which can be used as a fertilizer or animal feed. Overall, these studies suggest that threonine can be obtained from both natural synthesis within the fish and from alternative protein sources in the diet.
Conclusion
The dietary threonine requirements of different fish species are a critical aspect of optimizing their growth, health and overall aquaculture sustainability. This chapter has explored the varying threonine requirements among various fish species, highlighting the importance of tailoring feed formulations to meet the specific nutritional needs of each species. By conducting a detailed review of the available literature and experimental studies, it is apparent that threonine plays an important role in the growth, protein synthesis and immune function of fish. However, the optimal threonine levels can vary significantly between species, and factors such as life stage, temperature of water and composition of diet can influence these requirements. Understanding the threonine needs of different fish species is essential for the aquaculture industry's success. By fine-tuning dietary formulations to meet these requirements, aqua culturists can enhance fish growth rates, reduce production costs and minimize environmental impacts through improved nutrient utilization. Moreover, meeting the threonine needs of fish can contribute to overall fish health and welfare, reducing susceptibility to diseases and stress. Further research is needed to continue refining our understanding of the threonine requirements of various fish species, considering the evolving landscape of aquaculture practices, environmental concerns, and sustainability goals. Additionally, research should explore the potential for utilizing alternative protein sources and sustainable feed ingredients that can meet threonine requirements while minimizing the environmental footprint of aquaculture.
In conclusion, a thorough comprehension of the nutritional threonine need of different fish varieties is fundamental to advancing the aquaculture industry, promoting sustainable practices, and ensuring the availability of high-quality seafood for a growing global population.
Future Perspectives
Future perspectives on the threonine requirement of various fish species are focused on advancing the sustainability and efficiency of aquaculture practices. Through continued research, technological innovation, and environmental stewardship, we can work towards meeting the nutritional needs of diverse fish species while minimizing the ecological impact of fish farming. This collaborative effort between researchers, aqua culturists and policymakers will be instrumental in shaping the future of aquaculture and food security.
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