


Effect of Low-Temperature (-20°C) Preservation on Pesticide Residues, Biochemical Quality, Microbial Load, Proximate Composition, and Sensory Attributes of Indian Major Carps


Abstract
The present investigation evaluated the effect of low-temperature (−20°C) preservation on pesticide residues, biochemical quality, microbial load, proximate composition, and sensory attributes of Indian major carps Catla (Catla catla), Rohu (Labeo rohita), and Mrigal (Cirrhinus mrigala)—during 24 weeks of frozen storage. Although freezing is widely practiced to extend fish shelf life, limited information exists regarding the stability and behavior of pesticide residues under prolonged frozen conditions, representing a significant research gap. Muscle samples analyzed at 0, 4, 8, 12, 16, 20, and 24 weeks using the QuEChERS method followed by GC–MS showed a significant (p≤0.05) increase in pesticide residues during storage; for example, in C. catla, Endosulfan II increased from 0.823 to 1.230 µg/kg and Cypermethrin 2 from 0.437 to 0.663 µg/kg by week 24. This observed increase may be attributed to moisture loss and concentration effects during frozen storage rather than new contamination. Biochemical indices indicated progressive deterioration, with total volatile basic nitrogen rising from 2.980 to 30.710 mg/100 g, peroxide value from 0.756 to 8.453 mg/100 g, and free fatty acids from 0.027 to 0.173 mg/100 g. Microbial load also increased from 2.407 to 6.337 CFU/ml, while proximate composition showed minor changes, including slight moisture reduction (76.90% to ~76.16%) and fat decline (3.73% to 2.73%). Sensory scores decreased from 9.00 to approximately 7.2–7.8 over the storage period. Overall, the study demonstrates that frozen storage at −20°C extends shelf life but does not eliminate pesticide residues or completely prevent biochemical and microbial deterioration during extended preservation. 
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Introduction 
Environmental pollution from pesticides has emerged as a major concern in many developing nations due to their extensive use in modern agriculture. A pesticide is defined as a substance or a mixture of substances intended to prevent, destroy, repel, or mitigate pests. Under United States law, pesticides also include plant regulators, defoliants, and desiccants (FAO, 2024). Globally, pesticide consumption reached approximately 3.54 million metric tons in 2021, with Europe accounting for 45 percent and the United States for 24 percent of total use (FAO, 2024). Although India reported a comparatively lower average pesticide consumption (0.5 kg/ha) than Japan and the USA, the injudicious and unregulated application of pesticides has resulted in contamination of aquatic ecosystems through agricultural runoff, leaching, spray drift, and sewage discharge (Kaushik et al., 2010; Gassert et al., 2014). Major Indian rivers such as Ganga, Yamuna, Narmada, Godavari, Tapi, and others have shown detectable levels of organochlorine and organophosphate pesticides in water and sediments, sometimes exceeding acceptable limits (Kaushik et al., 2010; Shah and Parveen, 2021; Shah et al., 2021).
Pesticides present in aquatic environments bind to organic particles and sediments due to their physicochemical properties, leading to bioaccumulation and biomagnification in aquatic organisms (Zhao et al., 2009; Singh et al., 2012). Fish are exposed directly through contaminated water and indirectly through their diet, resulting in tissue accumulation that may vary depending on lipid content and species-specific metabolic processes (Ghayyur et al., 2021). Several studies have reported toxicological effects of pesticides in fish, including biochemical alterations, histological damage, enzyme disruption, and DNA damage in species such as Labeo rohita and Cirrhinus mrigala (Ghayyur et al., 2021). Considering that organochlorine pesticides are highly lipophilic and resistant to biodegradation, their accumulation in edible tissues poses potential health risks to humans consuming contaminated fish (Aktar et al., 2009; Mahboob et al., 2015; Adeyemi et al., 2008).
Fish is commonly consumed in processed or preserved forms; therefore, understanding the influence of processing and preservation techniques on pesticide residues is essential for ensuring food safety. Thermal processing methods such as roasting, frying, microwave cooking, and halogen cooking have been shown to significantly reduce pesticide residues in fish (Armbruster et al., 1989; Zabik et al., 1996; Talab and Ghannam, 2015). Freezing at around −20°C is widely practiced to extend shelf life by minimizing metabolic activities and inhibiting microbial growth, thereby preserving the biochemical and sensory quality of fish. However, the behavior and stability of pesticide residues during frozen storage are not well elucidated. Previous investigations indicated limited reductions in pesticide residues during freezing, with significant decreases observed mainly at deep freezing conditions such as −70°C (Alaboudi et al., 2021), while storage at moderate low temperatures may not substantially degrade pesticides (Abou-Arab, 1997). Hydrophobic pesticides may also strongly associate with lipid matrices during freezing, influencing extraction efficiency and analytical accuracy (Molina-Ruiz et al., 2015).
In this context, the present study was undertaken to evaluate the effect of low-temperature (−20°C) preservation on pesticide residues, biochemical quality parameters, microbial load, proximate composition, and sensory attributes of Indian major carps, thereby assessing both food safety implications and quality retention during extended frozen storage.
This study contributes to food safety, environmental toxicology, and post-harvest fish preservation science by evaluating the behavior of pesticide residues under long-term frozen storage conditions. The findings challenge the conventional assumption that pesticide residues remain chemically static during frozen storage and provide important insight into concentration effects linked with moisture loss and matrix degradation. This work is particularly relevant for countries where fish is stored frozen for extended periods before consumption.
2. Material and Methods 
2.1 Effect of low temperature processing on pesticide residues in fish muscle
The experiment on effect of low temperature processing techniques on pesticide residues in fish muscle was conducted under seven sub sets of different durations. The fish samples Catla catla were collected and fish after cleaning were divided into seven sub sets of 0, 4, 8, 12, 16, 20 and 24 weeks with three replicates/ duration. In each replicate, fish muscle (70 to 80 g) was placed in air tight polybags and labelled. These polybags were then kept in deep freezer at -20°C. At each duration, the replicated samples were taken out and processed for organochlorine and organophosphate pesticide residues estimation in the muscle.
2.1.1 Extraction of pesticides from fish Muscle
Pesticides from fish muscle were extracted following standard protocol (Lehotay, 2007) using the QuEChERS method (Anastassiades et al., 2003; Norli et al., 2011). For analysis, samples of muscle, gills and liver of C. catla, L. rohita and C. mrigala were homogenized separately. Then, 5g of each homogenized sample was mixed with 15 ml of acetic acid (1%) in acetonitrile in a centrifuge tube and vortexed for 1 minute to maintain a pH between 5 and 7. To separate the fatty layer and reduce interference, 2 ml of hexane was added. Then, 6g of magnesium sulphate (MgSO4) and 1.5g of sodium ethanoate (NaOAc) were added to the mixture and was shaken vigorously for 1 minute. Thereafter, it was centrifuged at 3000 rpm for 5 minutes in a refrigerated centrifuge (Eppendorf 5804R, Germany) to facilitate solvent partitioning and improve pesticide recovery. From the mixture, 4-5 ml of supernatant was transferred to another centrifuge tube and kept at -20°C for 15 minutes to enable fat deposition. Then, 1.5 ml of the upper layer was taken, and 150 mg of MgSO4 and 100 mg of calcium chloride (CaCl2) were added, vortexed for 1 minute, and centrifuged again at 5000 rpm for 5 minutes to further enhance solvent partitioning. Finally, 1 ml of the supernatant was added to the QuEChERS clean-up kit. The kit contained 25 mg Primary Secondary Amine (PSA) to remove sugars, fatty acids, and organic acids, 25 mg C18 to remove long-chain fatty compounds, sterols, and non-polar interference, 7 mg Graphitized Carbon Black (GCB) to remove pigments, polyphenols, and other polar compounds without losing planar pesticides like HCB and Terbufos, and 150 mg MgSO4 to separate the solvent layer and improve pesticide recovery. The mixture was shaken vigorously and centrifuged at 9000 rpm for 5 minutes. After the clean-up process, 1 ml of the supernatant was taken for GC-MS analysis.
2.1.2 Gas chromatographic and mass- mass spectrum analysis
The extracted pesticides were analyzed using a GC-MS system (Thermo Fisher Trace 1300 and ISQ LT Single Quadrupole Mass Spectrometer) equipped with a TG-5MS column (30m × 0.25mm × 0.25µm). The injector temperature was set to 290°C and gradient temperature programming was employed. The oven's initial temperature was 90°C for 0.5 minutes, then increased to 280°C at a rate of 8°C per minute, and subsequently to 300°C at a rate of 15°C per minute for 2.5 minutes. The split flow was 50 ml/min and the carrier gas flow was 1 ml/min. The MS transfer line and ion source temperatures were set at 290°C and 250°C, respectively. Helium, with a purity of 99.995 percent was used as the carrier gas. The mass spectrometer identified quantified compounds and their isomers, detecting four fragment ions per compound using selected ion monitoring (SIM) mode, along with retention time. For quantification, a calibration curve was created for each standard pesticide mix at six concentrations (1, 5, 10, 50, 100, and 250 ppb).
 2.2 Proximate composition of fish cubes after low temperature processing
The proximate composition of fish muscles of Catla catla, was estimated after low temperature processing in triplicate following standard methodology (AOAC, 2000). The parameters measured at 0, 4, 8, 12, 16, 20 and 24 weeks with three replicates/ duration were moisture content, crude protein, lipid content, and ash content. The detailed estimation procedures of these parameters are given are given below.


2.2.1 Estimation of moisture content 
A 10 g fish cube from each high processing techniques per replicate was placed in a covered glass petri dish that had been previously weighed. The difference was used to determine the fish cube weight. After removing the lids, the fish cubes containing dishes were put inside a hot air oven that was set to a temperature between 100 and 105 °C. After 16 hours of drying, the dish was cooled to room temperature in desiccators before being weighed. The weight loss was expressed as a percentage of the fish cube's moisture content.
Calculation of moisture content:


Where,
W = weight in g of the empty dish
W1=weight in g of the dish with fish cube before drying 
W2= weight in g of the dish with fish cube after drying
2.2.2 Estimation of crude protein content  
The crude protein content was estimated by calculating total nitrogen using the Kjeldahl method (AOAC, 2000) in Kjeldahl distillation apparatus. In a 250 ml digestion flask, approximately 1 g of fish cube was digested with 10 ml of concentrated sulfuric acid and a pinch of the digestion combination [K2SO4 (10): CuSO4 (1): SeO2 (0.25)]. A small amount of glass beads was introduced into the digesting flask to prevent bumping in the solution. The samples were prepared to be placed in the digestion chamber. In the digestion unit, the samples containing digestion chamber was placed and digestion of samples was started. The contents of the digestion flask were heated until a clear, colorless solution was produced. Following chilling, distilled water was added to get the volume up to 100 ml. In a Kjeldahl distillation apparatus, 15 mL of a 40 percent sodium hydroxide solution was used to evaporate the 2 ml aliquot. After the ammonia was released, it was absorbed in 5 ml of 2 percent boric acid solution that contained a mixed indicator (0.1% bromocresol green and 0.1% methyl red dissolved in 95% ethyl alcohol in a 1:5 ratio) until the boric acid solution turned green. This was titrated up to the development of the pink color using 0.02 N standard sulfuric acid. By multiplying the total nitrogen content by 6.25, the crude protein content was computed and reported as a percentage of the sample weight.


Where,
N = Normality of H2SO4
X = Quantity of standard H2SO4 in ml required for titration of samples 
V = Aliquot (ml) of digested extract taken for distillation 
W = Weight (g) of sample
2.2.3 Estimation of lipid content  
Dry sample (10 g) of fish cubes was placed in a thimble and covered with a cotton plug. The thimble was placed in the Soxhlet apparatus/lipid estimation unit and ether (200 ml) was poured into the flask. It distilled for 16 hours. After cooling, the solvent was filtered from the apparatus into a pre-weighed conical flask. The flask in the apparatus was rinsed with small quantities of ether and then added washings to the above flask. The ether was removed with evaporation and the flask was then dried with fat at 80-100°C, cooled in a desiccator, and weighed. The amount of crude fat (lipid) in the fish cube was determined using the formula below,


2.2.4 Estimation of total ash content 
A 10 g dry sample was placed in a porcelain crucible that had been heated, cooled and weighed beforehand. By heating the dried sample over a burner while maintaining wire mesh, the sample was fully blackened. The burnt sample was burned for approximately 6 to 7 hours at 500oC with a sufficient air supply in a muffle furnace until it turned white. The muffle furnace was turned off and allowed to cool down for 6-7 hours. Before removing the crucible, it was stored at room temperature in desiccators.
[bookmark: bookmark40]Calculation:



2.3 Effect of low temperature processing on biochemical composition of fish muscle
The muscles of Catla catla, Labeo rohita and Cirrhinus mrigala were stored at -20°C in deep freezer. These were subjected to biochemical analysis after 0, 4, 8, 12, 16, 20 and 24 weeks in triplicate. The fresh muscle sample of each species at 0 day acted as control. The Trimethylamine (TMA) (Beatty and Gibbon, 1937), Total Volatile Basic Nitrogen (TVBN) (Beatty and Gibbon, 1937), Free fatty acid (FFA) content (Dyer and Morten (1956) and Peroxide value (Jacob's 1958) was estimated following standard procedures; the details of which are described below: 
2.4 Estimation of Trimethylamine (TMA)
The Trimethylamine (TMA) was analyzed by Conway diffusion method. The frozen fish muscle (10 g) of C. catla, L. rohita and C. mrigala homogenized Using a pestle and mortar, 10 g of the muscle of C. catla at 0 day was macerated in triplicate with 50 ml of distilled water and it was then left in the refrigerated condition for 30 minutes. After adding 10 ml of 20 percent trichloroacetic acid (TCA) to the macerated C. catla muscle, it was let to stand for ten minutes. After passing through coarse filter paper, the slurry was diluted with distilled water to a volume of 100 ml. The inner chamber of the device was filled with 2 ml of the combined indicator and boric acid. Grease was applied to the unit's glass covering, with a small opening left for the insertion of formaldehyde in the outer chamber. The outer chamber's contents were gradually combined while rotating. For one night, the solution was incubated at 37°C. Inner chamber solution was titrated against 0.01 N NaOH following incubation. TCA (2%) solution was used as a blank in place of a fish muscle. In the similar way, 10 g of C. catla frozen muscle was taken out at 4, 8, 12, 16, 20 and 24 weeks of storage in deep freezer under triplicate condition. Likewise, muscles of L. rohita and C. mrigala was used to estimate Trimethylamine at different weeks of storage. TMA-N was computed in mg/100g and represented using formulae:

Where,
N = Normality of NaOH
X = Quantity of NaOH in ml required for titration of sample
 Y = Quantity of NaOH in ml required for titration of blank
2.5 Estimation of Total volatile base nitrogen (TVB-N)
The Conway micro diffusion method was used to measure the total volatile base nitrogen (TVB-N) in fish frozen muscle (5 g) of C. catla, L. rohita and C. mrigala that has been treated with (Beatty and Gibbon, 1937). At each duration (0, 4, 8, 12, 16, 20 and 24 weeks of storage), using a pestle and mortar, 10 g of C. catla muscle was macerated in triplicate with 20 percent trichloro acetic acid (TCA) solution. Coarse filter paper was used to filter the slurry. Distilled water was added to the solution to make it up to 100 ml. Saturated potassium carbonate is added to the inner chamber after 2 ml of boric acid with mixed indicator (0.066% methyl red and 0.066% bromocresol green solution at ratio of 1:1) was added. To seal the unit's lid and make it airtight, grease was added. Overnight, the solution was left at room temperature. The inner chamber was then titrated against sulfuric acid (0.02N). TCA (2%) solution was used as a blank in place of C. catla muscle. Likewise, muscles of L. rohita and C. mrigala was used to estimate total volatile base nitrogen at different weeks of storage. TVB-N was measured in mg per 100 g and computed using the formula below.


Where,    	
N = Normality of sulfuric acid
X = Quantity of sulfuric acid in ml required for titration of sample
 Y = Quantity of sulfuric acid in ml required for titration of blank
2.6 Estimation of Free fatty acid 
Free fatty acid (FFA) in fish muscle of all three species was estimated using the method described by Dyer and Morten (1956). After adding an equivalent amount of anhydrous sodium sulfate to a pestle and mortar to eliminate any remaining moisture from the 10 g of C. catla muscle at 0, 4, 8, 12, 16, 20 and 24 weeks in triplicate, the mixture was thoroughly grinded and then transferred to a conical flask. After adding 70–75 ml of chloroform, the mixture was left in a dark area for 15 minutes. Following filtration of the slurry, 10 ml of the filtrate was placed in a conical flask and dried over a water bath to remove the chloroform. Using phenolphthalein as an indicator, 10 ml of hot neutral alcohol was added and the mixture was titrated against a standard alkali. Likewise, free fatty acid was estimated in the muscles of L. rohita and C. mrigala at different weeks The following equation was used to calculate free fatty acid:
FFA (% oleic acid) 
2.7 Estimation of peroxide value
The fish muscle’s peroxide value (PV) was calculated using Jacob (1958) method. After the moisture in the pestle-mortar was eliminated, 10 g of the C. catla muscle at 0 day was macerated in triplicate with anhydrous sodium sulphate and transferred to a conical flask. After adding 70–75 ml of chloroform, the mixture was left for 15 minutes. After filtering the slurry, 10 ml of the filtrate was transferred to a conical flask and dried over a water bath to remove the chloroform. A pinch of potassium iodide (KI) was introduced to a 250 ml iodine flask containing 10 ml of chloroform extract. After giving the mixture a good shake for a minute, it was left in the dark for 30 minutes. After that, the flask's sides and stopper were cleaned before adding roughly 50 ml of distilled water. Then acetic acid (15 ml) was added. Using starch as an indicator, the contents of the flask were titrated against a 0.01N sodium thiosulphate solution while being vigorously shaken until the blue colour completely vanished. Simultaneously, a blank was used as control to complete the titration without a sample. In the similar way, 10 g of C. catla frozen muscle was taken out at 4, 8, 12, 16, 20 and 24 weeks of storage in deep freezer under triplicate condition. Likewise, muscles of L. rohita and C. mrigala was used to estimate peroxide value at different weeks of storage.
The amount of peroxides represented as milli-equivalents of peroxide oxygen per kilogram of fat is known as an oil's or fat's peroxide value. This value was computed using the following formula:

Where, 			
V = volume of sodium thiosulphate used for fish muscle	
X = volume of sodium thiosulphate used for blank	
N = normality of sodium thiosulphate		
W = weight of fish muscle									 
2.8 Sensory analysis of fish muscle after low temperature processing
The muscles of C. catla, L. rohita and C. mrigala stored at -20°C in deep freezer were subjected to sensory analysis after 0, 4, 8, 12, 16, 20 and 24 weeks in triplicate. These were placed on a coded plate in front of ten semi trained technical experts for sensory evaluation. The panelists were requested to evaluate the muscle of three species in terms of appearance, odor, texture, flavor, and overall acceptability. Panelists were instructed to assess the fish muscle of C. catla, L. rohita and C. mrigala individually using a 9-point hedonic scale as described under heading 3.9. 
2.9 Effect of low temperature processing on microbiological analysis of fish muscle
The muscles of C. catla, L. rohita and C. mrigala stored at -20°C in deep freezer were subjected to microbiological analysis after 0, 4, 8, 12, 16, 20 and 24 weeks in triplicate. The aerobic plate count (APC), also known as the total viable count, was determined using the spread plate technique (APHA, 1995). Sterile Petri dishes were prepared with plate count agar HIMEDIA (M091), which was made by dissolving 235g in 1000 ml of distilled water and autoclaving at 121°C (15 psi) for 15 minutes. After cooling, the agar medium was poured into sterile Petri dishes that had been sterilized in a hot air oven at 180°C for 2 hours. Once the agar solidified, the plates were placed in an incubator at 40 °C in an inverted position for 15-20 minutes. 10 g of fish muscle of each species at each duration were aseptically placed into a mortar separately and macerated with 90 ml of sterile 0.85 percent sodium chloride (NaCl) solution for 2 minutes. Serial decimal dilutions of 10-2, 10-3, 10-4 and 10-5 were prepared using 9 ml saline solution and mixed thoroughly in a cyclomixer. From each dilution, 0.1 ml of the inoculum was spread onto the plates using a sterile spreader. The plates were incubated at 37°C for 24 hours, and those containing 30-300 colonies were selected for counting.
[bookmark: bookmark53]Calculation:


Where,
N= Number of colonies counted 
V= Volume of sample plated
D=Dilution from which counting was done
Statistical analysis
The Critical Difference of pesticide residues in muscle of C. catla was calculated using the OPSTAT software developed by CCSHAU, Hisar. Two factor ANOVA was applied to pesticide residues to see the impact of low temperature processing, proximate composition, biochemical, microbiological, and sensory analyses were also subjected to two-way ANOVA to identify differences in observed results.

3. Results 
3.1 Effect of low temperature processing on pesticide residues
The effect of low-temperature processing (-20°C) on pesticide residues in fish muscle was analysed over a 24-week period. Observations from Table 1 revealed that residues of all five pesticides increased over time. Alpha BHC residues started at 0.050 µg/kg and increased to 0.070 µg/kg by the 24th week, with a mean of 0.062 µg/kg. Heptachlor showed a significant increase from 0.073 µg/kg to 0.120 µg/kg, with a mean of 0.100 µg/kg (CD = 0.006; p = 0.05). Endosulfan II residues raised from 0.823 µg/kg to 1.230 µg/kg, averaging 1.034 µg/kg. Endosulfan sulfate saw an increase from 0.210 µg/kg to 0.347 µg/kg, with a mean of 0.287 µg/kg. Cypermethrin 2 residues increased from 0.437 µg/kg to 0.663 µg/kg, with a mean of 0.561 µg/kg CD = 0.006; p = 0.05). The overall mean of pesticide residues across the 24 weeks was 0.486 µg/kg. Statistical analysis indicated a significant difference in pesticide residues over time (CD = 0.008; p = 0.05), with a combined effect of pesticide type and observation period (CD = 0.017; p = 0.05).
Table 1: Effect of low temperature (-20°C) processing on pesticide residues in Catla catla muscle
	pesticide
	Pesticide residues (µg/kg) at different observation periods (weeks)
	
	Mean

	
	0
	4
	8
	12
	16
	20
	24
	

	Alpha BHC
	0.050
	0.050
	0.060
	0.063
	0.070
	0.070
	0.070
	0.062

	Heptachlor
	0.073
	0.090
	0.097
	0.100
	0.113
	0.110
	0.120
	0.100

	Endosulfan II
	0.823
	0.900
	0.980
	1.040
	1.103
	1.160
	1.230
	1.034

	Endosulfan sulfate
	0.210
	0.230
	0.270
	0.300
	0.320
	0.330
	0.347
	0.287

	Cypermethrin 2
	0.437
	0.483
	0.540
	0.560
	0.603
	0.640
	0.663
	0.561

	Mean
	0.319
	0.351
	0.389
	0.413
	0.442
	0.462
	0.486
	


CD (p=0.05) pesticide =0.006; S E (m) = 0.002
CD (p=0.05) for observation period = 0.008; S E (m) = 0.003
CD (p=0.05) for pesticide × observation period = 0.017-; S E (m) = 0.006

3.2 Changes in total volatile basic nitrogen content during low temperature preservation
The effect of low-temperature preservation (-20°C) on the total volatile basic nitrogen (TVB-N) content in three fish species (Catla catla, Labeo rohita and Cirrhinus mrigala) revealed that the TVB-N content increased over time for all three species (Table 2). Irrespective of species, total volatile basic nitrogen was 2.980 mg/100g at 0 week which significantly increased at the end of study period i.e. 24 weeks (30.710 mg/100g) (CD = 0.669; p = 0.05).
Fish species and interaction between two parameters had no effect on total volatile basic nitrogen during low temperature preservation. In C. catla, it ranged between 3.063 and 30.463 mg/100g, in L. rohita 2.427 to 30.277 mg/100g and in C. mrigala 3.450 to 31.390 mg/100g, respectively.






Table 2: Changes in total volatile basic nitrogen content of muscle during low temperature preservation
	Observation Period (weeks)
	[bookmark: _Hlk170314832]Changes in total volatile basic nitrogen content(mg/100g) in
	Mean

	
	Catla catla
	Labeo rohita
	Cirrhinus mrigala
	

	0
	3.063
	2.427
	3.450
	2.980

	4
	5.103
	4.550
	5.850
	5.168

	8
	8.823
	9.010
	8.080
	8.638

	12
	14.210
	13.093
	14.117
	13.807

	16
	18.203
	17.460
	17.367
	17.677

	20
	22.660
	23.497
	22.847
	23.001

	24
	30.463
	30.277
	31.390
	30.710

	Mean
	14.647
	14.330
	14.729
	


[bookmark: _Hlk170315166]CD (p=0.05) for observation period = 0.669; S E (m) = 0.234
CD (p=0.05) for fish species = N/A; S E (m) = 0.153
CD (p=0.05) for observation period × fish species = N/A; S E (m) = 0.405

3.3 Changes in peroxide value during low temperature preservation
Significant effect of observation period on peroxide value during low temperature preservation was recorded. It increased from 0.756 mg/100g at 0 week to 8.453 mg/100g after 24 weeks (CD = 0. 337; p = 0.05). The interaction between observation period and fish species was also significant depicting higher peroxide values in C. catla from 4 to 24 weeks than in L. rohita and C. mrigala. Observations on the peroxide value during low temperature preservation showed significantly lower values (Table 3) in C. mrigala (3.850 mg/100g) followed by L. rohita (4.041 mg/100g) and C. catla (4.262 mg/100g) (CD = 0. 221; p = 0.05).
[bookmark: _Hlk172869133]Table 3: Changes in peroxide value of muscle during low temperature preservation
	Observation Period (weeks)
	[bookmark: _Hlk170316668]Changes in Peroxide Value content(mg/100g) in
	Mean

	
	Catla catla
	Labeo rohita
	Cirrhinus mrigala
	

	0
	0.683
	0.797
	0.787
	0.756

	4
	1.137
	1.130
	1.017
	1.094

	8
	3.273
	3.047
	2.940
	3.087

	12
	4.183
	4.293
	4.070
	4.182

	16
	5.640
	4.823
	4.270
	4.911

	20
	6.680
	5.640
	5.303
	5.874

	24
	8.237
	8.557
	8.567
	8.453

	Mean
	4.262
	4.041
	3.850
	


CD (p=0.05) for observation period = 0.337; S E (m) = 0.118
CD (p=0.05) for fish species = 0.221; S E (m) = 0.077
CD (p=0.05) for observation period × fish species = 0.584; S E (m) = 0.204

3.4 Changes in free fatty acid content during low temperature preservation
The perusal of data on free fatty acid content during low temperature preservation showed that observation period and fish species significantly influenced its values (Table 4). At the start of the experiment, it was 0.027 mg/100g at 0 week which significantly increased to 0.173 mg/100g at 24 weeks (CD = 0. 007; p = 0.05). Among the fish species, statistically comparable free fatty acid values were recorded in L. rohita (0.100 mg/100g) and C. mrigala (0.102 mg/100g) which significantly increased in C. catla (0.109 mg/100g) (CD = 0. 005; p = 0.05). The statistical analysis done through ANOVA also revealed significant interaction between observation period and fish species for free fatty acid content CD = 0. 013; p = 0.05).
Table 4: Changes in free fatty acid content of muscle during low temperature preservation
	Observation Period (weeks)
	Changes in Free Fatty Acid content(mg/100g) in
	Mean

	
	Catla catla
	Labeo rohita
	Cirrhinus mrigala
	

	0
	0.027
	0.030
	0.023
	0.027

	4
	0.060
	0.057
	0.047
	0.054

	8
	0.093
	0.077
	0.090
	0.087

	12
	0.097
	0.093
	0.110
	0.100

	16
	0.140
	0.130
	0.127
	0.132

	20
	0.163
	0.140
	0.153
	0.152

	24
	0.183
	0.173
	0.163
	0.173

	Mean
	0.109
	0.100a
	0.102a
	


CD (p=0.05) for observation period = 0.007; S E (m) = 0.003
CD (p=0.05) for fish species = 0.005; S E (m) = 0.002
CD (p=0.05) for observation period × fish species = 0.013; S E (m) = 0.004

3.5 Changes in proximate composition of Catla catla muscle during low temperature preservation
The changes in proximate composition (%) of fish during low-temperature (-20°C) preservation over a 24-week period were analysed. Table 5 illustrated variations in moisture, protein, fat, and ash content. Moisture content decreased slightly from 76.90 percent at the start to 76.40 percent by the 5th week, while protein content increased from 16.20 percent to 17.70 percent. Fat content decreased from 3.73 percent to 2.73 percent, and ash content varied between 1.50 percent and 1.87 percent. The overall mean proximate composition across the observation period was 76.16 percent moisture, 16.91 percent protein, 3.24 percent fat, and 1.69 percent ash. Statistical analysis indicated a significant difference in proximate composition among components (CD = 0.601; p = 0.05), with notable changes observed in protein and fat content over the preservation period.
Table 5: Changes in Proximate composition of Catla catla muscle during low temperature preservation
	Observation Period (weeks)
	Changes in Proximate composition 
	Mean

	
	Moisture (%)
	Protein (%)
	Fat (%)
	Ash (%)
	

	0
	76.90
	16.20
	3.73
	1.50
	24.58

	4
	76.17
	16.53
	3.60
	1.57
	24.47

	8
	75.83
	16.37
	3.30
	1.70
	24.30

	12
	75.83
	17.53
	3.10
	1.67
	24.53

	16
	75.83
	17.10
	2.97
	1.87
	24.44

	20
	76.40
	17.70
	2.73
	1.83
	24.67

	24
	76.16
	16.91
	3.24
	1.69
	24.44

	Mean 
	75.83
	17.10
	2.97
	1.87
	


CD (p=0.05) for observation period = N/A; S E (m) = 0.258
CD (p=0.05) for Proximate composition = 0.601; S E (m) = 0.211
CD (p=0.05) for observation period × Proximate composition = N/A; S E (m) = 0.516

3.6 Changes in microbial load in muscle during low during low temperature preservation
Fish species had no significant effect on microbial load in muscle during low during low temperature preservation (Table 6). It showed an increase in microbial load over time for all fish species. Initial microbial load ranged from 2.287 CFU/ml to 2.477 CFU/ml and increased to 6.253 CFU /ml to 6.460 CFU /ml by the 24th week CD = 0.071; p = 0.05). The overall mean microbial load across the observation period was 4.526 CFU /ml for C. catla, 4.567 CFU /ml for L. rohita, and 4.564 CFU /ml for C. mrigala. Statistical analysis indicated a significant increase in microbial load over time (CD = 0.071; p = 0.05), with no significant difference observed among fish species (CD not applicable; p = 0.05).
Table 6 Changes in microbial load in muscle during low during low temperature preservation
	Observation Period (weeks)
	Microbial load during frozen storage (CFU/ml)
	Mean

	
	Catla catla
	Labeo rohita
	Cirrhinus mrigala
	

	0
	2.287
	2.477
	2.457
	2.407

	4
	3.797
	3.833
	3.817
	3.816

	8
	4.697
	4.713
	4.673
	4.694

	12
	4.937
	4.957
	4.883
	4.926

	16
	4.730
	4.727
	4.747
	4.734

	20
	4.983
	4.967
	4.913
	4.954

	24
	6.253
	6.297
	6.460
	6.337

	Mean
	4.526
	4.567
	4.564
	


CD (p=0.05) for observation period = 0.071; S E (m) = 0.025
CD (p=0.05) for fish species = N/A; S E (m) = 0.016
CD (p=0.05) for observation period × fish species = 0.123; S E (m) = 0.043

3.7 Changes in sensory evaluation of muscle during low temperature preservation
The effect of low-temperature preservation (-20°C) on the sensory evaluation of fish, using a 9-point Hedonic scale, was analysed over a 24-week period. Observations from Table 7 revealed that sensory scores decreased over time. For C. catla, the sensory score started at 9.000 and decreased to 7.167 by the 24th week, with a mean of 7.976. L. rohita showed a decrease from 9.000 to 7.667, with a mean of 8.405. C. mrigala saw a decrease from 9.000 to 7.833, averaging 8.429. The overall mean sensory score across the 24 weeks was 7.976 for C. catla, 8.405 for L. rohita, and 8.429 for C. mrigala. Statistical analysis indicated a significant difference in sensory scores over time (CD = 0.007; p = 0.05), among fish species (CD = 0.005; p = 0.05), and a combined effect of observation period and fish species (CD = 0.013; p = 0.05).
Table 7: Changes in sensory evaluation of fish muscle during low temperature preservation
	Observation Period (weeks)
	Changes in sensory evaluation of fish muscle during low temperature
	Mean

	
	Catla catla
	Labeo rohita
	Cirrhinus mrigala
	

	0
	9.000
	9.000
	9.000
	9.000

	4
	8.333
	8.833
	8.667
	8.611

	8
	8.333
	8.833
	8.500
	8.556

	12
	8.167
	8.333
	8.500
	8.333

	16
	7.333
	8.167
	8.333
	7.944

	20
	7.500
	8.000
	8.167
	7.889

	24
	7.167
	7.667
	7.833
	7.556

	Mean
	7.976
	8.405
	8.429
	


CD (p=0.05) for observation period = 0.007; S E (m) = 0.003
CD (p=0.05) for fish species = 0.005; S E (m) = 0.002
CD (p=0.05) for observation period × fish species = 0.013; S E (m) = 0.004


4. Discussion 

4.1 Effect of low temperature (-20°C) processing on pesticide residues
The present study examined the impact of low-temperature processing (-20°C) on pesticide residues in fish muscle over 24 weeks, revealing a concerning trend of increasing residues across all compounds analyzed. For instance, Alpha BHC residues started at 0.050 µg/kg and rose to 0.070 µg/kg by week 24, with Heptachlor increasing significantly from 0.073 µg/kg to 0.120 µg/kg. Endosulfan II, Endosulfan sulfate, and Cypermethrin 2 also showed notable increases over the study period. Statistical analysis confirmed a significant overall rise in pesticide residues, suggesting that prolonged low-temperature storage may not effectively mitigate residues and could lead to accumulation. These findings underscore the need for revisiting freezing protocols and exploring alternative methods to ensure effective pesticide management in frozen fish products, thereby safeguarding consumer health and regulatory compliance. Future research should focus on understanding the mechanisms behind residue accumulation under freezing conditions and optimizing storage practices accordingly.
The study conducted by Abou-Arab (1997) noted that storing food contaminated with pesticides at very low temperatures, such as around -4°C, may not significantly reduce pesticide levels. This is because metabolic activities in cells can still occur, albeit at low rates, which may hinder pesticide degradation. Deep freezing at -70°C, however, is more effective at reducing pesticide residues. At freezing temperatures, hydrophobic pesticides can tightly interact with lipid matrices in food samples, affecting extraction efficiency and overall analytical accuracy (Molina-Ruiz et al., 2015).
4.2 Changes in biochemical during low temperature (-20°C) study
The analysis of Catla catla, Labeo rohita, and Cirrhinus mrigala during 24-week low-temperature (-20°C) preservation revealed significant increases in TVB-N (14.569 mg/100g), PV (4.051 mg/100g), and FFA (0.103 mg/100g), indicating ongoing protein and lipid degradation. Sensory scores declined, reflecting deteriorated taste, odour, and texture. These findings suggest that -20°C storage is insufficient to prevent biochemical degradation and quality loss over extended periods. During the first 5 weeks of -20°C preservation, the proximate composition of the fish showed minor changes: moisture and ash content remained stable, protein increased slightly, and fat decreased. These changes reflect ongoing biochemical processes affecting nutrient integrity and product stability during frozen storage.
Study conducted by Simeonidou et al., (1997) also support the current study their study revealed that During 12 months of frozen storage at -18°C, whole fish and fillets of Horse mackerel (Trachurus trachurus) and Mediterranean hake (Merluccius mediterraneus) underwent changes in physical, chemical, and sensory attributes. pH, expressible water (EXW), trimethylamine (TMA), dimethylamine (DMA), formaldehyde (FA), total volatile base nitrogen (TVB-N), thiobarbituric acid number (TBA), peroxide value (PV), and free fatty acids (FFA) levels increased over time. Conversely, sensory attributes such as odor, taste, and texture declined during storage. Comparing quality scores between whole fish and fillets revealed no significant differences (P > 0.05) in sensory attribute scores, but significant differences (P < 0.05) were observed in pH, EXW, TMA, DMA, FA, TVB-N, TBA, FFA, and PV levels.
Similar study conducted by the Gandotra et al. (2013) Fish muscle stored frozen for one month showed decreasing protein, lipid, moisture, and ash content (P < 0.05) over time. Fresh samples had higher values (protein: 15.45±0.2%, lipid: 4.02±0.04%, moisture: 81.66±0.03%, ash: 1.48±0.1%) compared to frozen samples after one month (protein: 10.14±0.015%, lipid: 2.36±0.03%, moisture: 74±0.05%, ash: 1.33±0.02%). pH ranged from 5.9 to 7.1, while Free Fatty Acids (FFA) and Thiobarbituric Acid (TBA) increased with storage. Microbial counts (TPC, CC, PC) also rose significantly. Despite nutritional losses, frozen storage is essential for long-term preservation of fish taste and nutrition.


4.3 Changes in microbial load during low temperature (-20°C) study
Microbial load, measured in colony-forming units per milliliter (cfu/ml), increased significantly across all fish species during -20°C preservation. This rise suggests microbial proliferation despite frozen storage, potentially compromising product safety and shelf life. The overall mean microbial load (4.552 cfu/ml) indicates persistent microbial activity, necessitating stringent handling practices and periodic quality assessments to mitigate safety risks during prolonged frozen storage.
[bookmark: _GoBack]El-Dengawy et al. (2017) stated that frozen imported Mackerel (Scomber scombrus) stored at -18ºC for four months showed decreased protein, lipid, and ash contents, with a slight increase in moisture. The samples met Egyptian standards for total nitrogen. Microbiological analysis indicated a significant decrease in total bacterial count over time. Staphylococcus spp. and Salmonella were detected initially but decreased in subsequent months. No E. coli or Clostridium were found. Fourteen bacterial isolates were identified, including Staphylococcus, Micrococcus, and Bacillus species.

Conclusion
The present investigation demonstrated that low-temperature preservation (-20°C) over a 24-week storage period significantly influenced pesticide residues and quality characteristics of Indian major carps. Contrary to common assumptions regarding the stabilizing effect of freezing, residues of organochlorine and pyrethroid pesticides in Catla catla muscle showed a gradual and significant increase during storage, indicating that frozen preservation did not facilitate degradation or reduction of contaminants. Simultaneously, biochemical indicators of quality deterioration, including total volatile basic nitrogen (TVB-N), peroxide value (PV), free fatty acids (FFA), and trimethylamine (TMA), increased progressively, reflecting ongoing protein breakdown and lipid oxidation even under frozen conditions. Proximate composition exhibited minor but notable changes, particularly in protein and fat content, while microbial load also increased significantly over time, suggesting that -20°C storage limits but does not entirely inhibit microbial activity. Sensory evaluation scores declined steadily across the storage duration, though samples remained within acceptable limits until the later stages of preservation. Overall, the findings indicate that while frozen storage at -20°C extends shelf life, it does not prevent biochemical deterioration or pesticide residue persistence, emphasizing the need for improved pre-freezing handling practices, stricter contamination control measures, and optimized long-term storage strategies to ensure both safety and quality of frozen fish products.
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