


Role of Purified Esterases in Enhancing the Shelf Stability of Pearl Millet Flour


Abstract
The current study focused on isolating and characterizing fatty acid esterase from pearl millet, specifically comparing enzymes derived from F1 seeds and F2 grains. Purification was achieved through ammonium sulfate precipitation, dialysis, and gel filtration chromatography. Separation on a Sephadex G-75 column revealed two distinct isoforms, termed Fatty Acid Esterase I and II. In F1 seeds, these isoforms were purified to 10.05- and 8.34-fold levels with activity recoveries of 13.3% and 8.6%, respectively, whereas in F2 grains, purification reached 4.65- and 5.39-fold levels with recoveries of 6.71% and 9.11%. Both isoforms exhibited optimal function within a pH range of 7.8–8.0. Molecular weight determinations showed that Fatty Acid Esterase I measured 69.18 kDa in F1 seeds and 66.09 kDa in F2 grains, while Fatty Acid Esterase II had molecular masses of 23.98 kDa and 22.90 kDa, respectively. The optimal temperature for the activity of both esterases from both sources was 45 °C. Thermostability tests indicated that Esterase II from F1 seeds and Esterase I from F2 grains were more heat-resistant than their counterparts. Kinetic analyses revealed Vmax/Km values of 10.85 and 13.19 units ml⁻¹ µM⁻¹ for Esterase I from F1 seeds and F2 grains, while Esterase II displayed a higher Vmax/Km value in F2 grains (8.45 units ml⁻¹ µM⁻¹) compared to F1. Thus, the Development of fat acidity and specific fat acidity in stored flour strongly correlated with lipid content. Increase in fat content was directly proportional to an increase in Specific fat acidity and fat acidity in both genotypes of pearl millet. Development of fat acidity was higher in high-temperature storage flour as compared to low-temperature stored flour. So, Low temperature increased the shelf life of pearl millet flour. F2 grains contained lipid content and fat acidity and SFA were higher compared to F1 seeds of HHB-299, So, fat acidity and SFA directly depend on fat content. Thus, Rancidity was higher in F2 grains due to higher lipid content. Both isoforms from the two genotypes were inhibited by ascorbic acid, suggesting that the antioxidant could suppress in situ lipid hydrolysis, thereby extending the shelf life of millet flour.
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Introduction

Pearl millet (Pennisetum glaucum) is the most widely grown millet species worldwide, with evidence of its cultivation in India tracing back to approximately 3000 BC (Andrews and Kumar, 1992). Due to its adaptation to endure extreme climatic conditions, including heat, drought, and low pH, it is a significant coarse-grain cereal and fodder crop of the arid and semi-arid tropics of the Indian subcontinent and various African regions with very little rainfall (Maiti and Wesche-Ebeling 1997). The ovoid-graining pearl millet plant produces the largest kernels of any millet variety, which might be practically white, pale yellow, brown, grey, slate blue, or purple. Protein content of pearl millet hybrids and varieties released in India ranges between 8.00 to 13.00 % (Anonymous 2013). It is a good source of lipids (Goyal et al., 2014), fibre (Malleshi et al., 1986; Malleshi and Klopfenstein, 1998), Fe and Zn (Kumar, 2015), and total tocopherols (Bajaj, 2017). It also contains a high content of phytic acid (Kumar 2015). In terms of nutritional quality, digestibility (Dykes and Rooney 2006), protein content, and metabolizable energy level (Agte et al. 1999), pearl millet is comparable to maize and generally superior to sorghum. According to Ejeta et al. (1987), it is a wholesome and easily digested source of protein and calories for people. Among all grains and pulses, it is the least expensive source of protein, iron, zinc, and energy (Parthasarathy Rao et al. 2006; Rai et al. 2013). Patients with celiac disease can safely eat pearl millet proteins because they are gluten-free (Sarita and Singh 2016). The hybrids and types of pearl millet grown in India have a very high potential for total antioxidant content (Berwal et al. 2017). Pearl millet is one of the major starchy materials used by Indian ethanol producers for the production of potable alcohol (Kleih et al. 2007). Its use in the production of alcohol as an auto fuel in India has also been explored (Gohel and Duan 2012). Pearl millet also has high potential for usage in poultry industries as feed (Singh et al. 2014). Another significant barrier to pearl millet flour in the food industry is the quick development of an off-flavor during storage. Compared to other cereals like wheat and maize, hydrolysis of lipids and other biochemical changes in the water-soluble fraction of flour are much faster (Goyal et al. 2017). The main factors influencing the storability of pearl millet flour are the amount of lipids present (Kaced et al. 1984) and the accumulation of fat acidity (FA) (Lai and Varriano-Marston 1980b), which is caused by lipase's hydrolytic cleavage of triglycerides. Goffman and Bergman (2003) observed that hydrolytic rancidity was strongly correlated with esterase activity and not with oil concentration in rice bran. A strong correlation between the rate of increase in FA of flour and activities of lipolytic enzymes (in vitro esterase, in situ esterase, and in situ lipase) of control flour of pearl millet B-lines (Bajaj et al. 2016b). At the same time, no correlation was found between lipid content and either total FA or rate of development of FA or activities of esterase/lipase. Sheenu et al. (2018) reported two isoenzymes of fatty acid esterase, FAE I and FAE II, in pearl millet F1 hybrid HHB 197 but only one, i.e., FAE I, in its female and male parents, viz, ICMA 97111 and HBL 11. The molecular weight and thermostability of the isoenzymes varied. FAE I of the hybrid and its parental lines also differed in Km values for para-nitrophenyl butyrate (p-NPB). Bajaj et al. (2016b, 2016c) compared the development of fat acidity and levels of in situ activities of fatty acid esterase and lipase in stored flour of F1 seeds and F2 grains of pearl millet hybrids HHB 197 and HHB 94. The male parent of HHB 197 is a slow lipids-hydrolysing line HBL 11, whereas that of HHB 94 is a fast lipids-hydrolysing line G73-107. They concluded that either the isoenzyme profile of fatty acid esterase of F2 grains is different from that of F1 seeds of a hybrid, or the physicochemical and kinetic properties of these are different. Thus, comparing physico-chemical and kinetic properties of esterases from flour of F2 grains and F1 seeds of the hybrid HHB 94 might aid in understanding reasons for the differential rate of release of fatty acids, build up of FA in flour, and thus storability of different kinds of flour.

Materials and Methods 

Grain sample and preparation of flour: Pearl millet of F1 seeds and F2 grains of the hybrid HHB 94 were used for the study.  Flour was kept in a desiccator to bring it to room temperature before preparing the enzyme extract. 

Purification of Fatty Acid Esterases: All extraction and purification procedures were conducted in a cold laboratory (LKB, Sweden) at temperatures ranging from 0 to 4°C.

Enzyme extract: 4.5 grams of flour was hand homogenized in a pre-chilled pestle and mortar in 45 ml of 0.1M phosphate buffer (pH 8.0). The homogenate filtered through four layers of cheesecloth was centrifuged at 10000 rpm for 20 min in a refrigerated centrifuge at 4°C.

(NH4 )2 SO4 fractionation and dialysis: The supernatant was fractionated using ammonium sulphate (NH4)2 SO4 up to 30% saturation. For further enzyme purification, the supernatant was again fractionated with (NH4)2 SO4, raising the saturation to 60% which resulted in the precipitation of esterase. The precipitates were dissolved in 1 mL of 0.1M sodium phosphate buffer (pH 8.0). The resulting solution was dialyzed using a properly washed dialysis membrane (Flat width 25 mm, molecular weight cut-off limit 14000, Sigma Aldrich, USA) against the same buffer. Every four hrs, the used dialysis buffer was replaced with fresh buffer. Two ml of (NH4)2 SO4 fraction recovered after dialysis was concentrated against solid sucrose to 1.5 ml, which was further used for gel filtration chromatography

Gel filtration chromatography: Gel filtration column was prepared as follows: Sephadex G-75 (8. 50 g) (particle size 40- 120μ, Bed volume 12-15 ml, Pharmacia Fine Chemicals, Upasala) was suspended in 250 ml of 0.1M phosphate buffer (pH 8.0) in a beaker and allowed to swell at room temperature for 8 hrs with intermittent shaking. The gel suspension's excess buffer was decanted. The suspension was poured carefully into an LKB glass column (length 100 cm x diameter 1.7 cm) and allowed to settle by gravity. After complete sedimentation of Sephadex in the column, the effective length of the column was 67 cm. The void volume was calculated by passing 1.5 ml of blue dextran solution (2 mg ml) through the column as per instructions given in the Technical Bulletin of the manufacturer (Sigma-Aldrich, USA). The concentrated (NH4)2 SO4 fraction was carefully layered over the top of the Sephadex G-75 bed pre-equilibrated with 0.1M phosphate buffer (pH 8.0). The column was subsequently eluted with the same buffer. The fractions (2.5 ml) were collected at a flow rate of 12 ml hr. The activity of proteins and FAEs was examined in these fractions.

Protein estimation: Protein in various fractions during elution of the column was monitored by measuring the absorbance at 280 nm on a spectrophotometer (Thermo Scientific, USA, Model Evolution 201). Protein in enzyme extract was quantitatively determined by the method of Lowry et al. (1951), (NH4)2 SO4 fraction, and gel filtered fractions, and all measurements were made in duplicates.

Fatty acid esterases assay: Fatty acid esterases activity in crude extract and in the preparations during the purification process was assayed by the method of Winkler and Stuckman (1979). The total assay mixture (1 ml) contained a 1:20 dilution of the substrate solution A (0.3 % p-NPB prepared in isopropanol) in solution B (0.1% Gum acacia solution prepared in double-distilled water), 50 μl of 0.1 M sodium phosphate buffer (pH 8.0), and 50 μl of enzyme preparation. The reaction was started by adding the enzyme. The absorbance at 410 nm at room temperature was measured at 30-second intervals for two and a half minutes in order to instantly quantify the amount of released p-nitrophenol (p-NP). The linear portion of the change in absorbance was taken into account for calculating enzyme activity. One unit of esterase activity was defined as equal to 0.1 change in O.D./min. All assays were performed in duplicates.

Extraction and estimation of free lipid content: To extract free lipids from flour, the method of AOAC (1990) was employed. Weighed accurately four g dry flour into a cellulose thimble and fixed onto (holding the thimble) pre-weighed beaker. After adding approximately 100 ml of petroleum ether into a pre-weighed beaker, the thimble was fitted in a Soxhlet apparatus, and the hot plate of the equipment was maintained at 180°C. The process was carried out for at least one hour for complete extraction of fat, and extra solvent was removed from the top of the apparatus by a funnel, and the level was maintained in the beaker. Extraction was completed by restricting the flow of liquid from the collecting condenser to the extraction beaker by controlling the valve. The extraction beaker was transferred into an oven maintained at 50 OC for removing traces of the solvent. Thimbles were allowed to dry in a fume hood overnight and later weighed, and the percent fat extraction was calculated. The amount of lipids was calculated by taking the difference between the weight of the beaker before and after extraction. Results were expressed as a percentage of dry flour.

Estimation of fat acidity (FA): The FA was determined by the method of AACC (1999) with a minor modification. Two and a half grams of dry flour were taken in a 50 ml conical flask, and 15 ml toluene was added, and the contents were allowed to settle for a few minutes. The extract flask was shaken for 1 hour, and the supernatant liquid was filtered using filter paper. The final volume of the sample aliquot was made to 12 ml with toluene, and an equal volume of phenolphthalein solution was added. It was then titrated the resultant mixture with potassium hydroxide solution to a white pink colour, which sustained for at least 30 sec. Blank titration was carried out by adding an equal volume of phenolphthalein solution to toluene. FA was calculated as mg KOH per 100 g flour.

Characterization of Partially Purified Fatty Acid Esterase:

Determination of Molecular Weight: The molecular weight of the partially purified enzyme was determined by generating a calibration curve that related the logarithm of molecular weight to the elution volume of the enzyme peak obtained after gel filtration on a Sephadex G-75 column. To standardize the column, protein markers were applied at a concentration of 2 mg/ml, including cytochrome C (12.4 kDa), carbonic anhydrase (29.0 kDa), bovine serum albumin (66.0 kDa), alcohol dehydrogenase (150.0 kDa), and beta-amylase (200 kDa). The molecular weight of the enzyme was then derived using this calibration curve.

Estimation of optimum pH: The optimal pH for esterase activity was assessed by measuring enzyme activity in 0.1 M phosphate buffer across a pH range of 7.4 to 8.5. The enzyme assay was carried out using the corresponding buffer conditions described previously.

Estimation of Optimum Temperature and Testing of Thermostability: The optimum temperature for the enzyme was determined by measuring its activity over a range of 30 to 80 °C. The thermal stability of the purified enzyme was assessed by incubating the enzyme preparation at the designated temperatures for 20 minutes, followed by measurement of its activity.

 Estimation and Calculation of Vmax and Km: The activity of the purified enzyme was evaluated using p-NPB as a substrate across a concentration range of 0.215–852 μM. Kinetic parameters (Vmax and Km) were derived from replicated measurements of reaction velocity versus substrate concentration using GraphPad Prism version 8.0.

Inhibitory Effect of Ascorbic Acid: The influence of ascorbic acid on enzyme activity was assessed by conducting assays in its presence at concentrations ranging from 2 to 10 mM, maintaining a total reaction volume of 1 ml. The percentage of inhibition was determined by considering the activity of the control assay (without ascorbic acid) as 100%. 

Statistical analysis: All parameter estimations were carried out in a minimum of three replicates. The experimental data were processed and analyzed using Microsoft Excel 2010 and GraphPad Prism version 8.0 software.

Results

Purification of esterase: Fatty acid esterases extracted from pearl millet flour were partially purified through ammonium sulfate fractionation at 30–60% saturation, followed by a two-step purification process. Fresh crude extracts prepared from F1 seeds of pearl millet hybrid HHB 94 and F2 grains of pearl millet hybrid HHB 94 had total enzyme activity of 1007.5 (Table 1) and 1117.5 units (Table 2), respectively. After 24 hours, crude extracts of F1 seeds and F2 grains of pearl millet hybrid HHB 94 retained total enzyme activity of 348.5 (Table 1) and 469.5 units (Table 2), respectively. In a similar order, seeds of the F1 hybrid HHB 94 and F2 grains of HHB 94 showed 162.29 and 190.2 mg protein, resulting in specific activity equaling 2.14 and 2.46 units mg-1 protein. Thus, the specific activity of crude preparation of the F1 seeds was also slightly lower than that of the F2 grains of the hybrid HHB 94. The elution pattern of the enzyme isolated from the F1 seeds of hybrid HHB 94 is shown in Figure 1. Maximum activity was detected in fraction 12 of peak 1(6.2 units ml-1) and fraction 19 of peak 2 (4 units ml-1). Fractions 11 to 13 and 18 to 20 were pooled separately and recovered 46.5 and 30 units of fatty acid esterase-I and fatty acid esterase-II in a volume of 7.5 ml each (Table 1). Thus, the enzyme activity of fatty acid esterase-I was more than that of fatty acid esterase-II. Protein content was maximum in fraction 7 (1.19 OD 2.5 ml-1), which declined continuously till fraction 18. The pooled fractions 11-13 (fatty acid esterase-I) and 18-20 (fatty acid esterase-II) contained 2.16 and 1.68 mg proteins, resulting in specific activity of 21.52 and 17.85 units mg-1 proteins (Table 1). Thus, 10.05 and 8.34 fold purification of Fatty acid esterases I and II was achieved. The elution pattern of the enzyme isolated from the F2 grains of hybrid HHB 94 (Fig. 2) was similar to that of F1 seeds of hybrid HHB 94 (Fig. 1). Maximum activity was detected in fraction 10 of peak 1 (6.2 units ml-1) and fraction 20 of peak 2 (9.5 units ml-1). Peak 1 and peak 2 contained a total activity of 17 and 85.5 units in a volume of 10 ml (fractions 8-11) and 42.5 ml (fractions 13-29), corresponding to an average activity of 1.7 and 2.0 units ml-1, respectively, resulting in a ratio of activity of fatty acid esterase-II to fatty acid esterase-I of 1.17. Thus, this ratio (1.17) of enzyme activities was comparatively higher than that (0.95) of F1 seeds. The pooled fractions 9-11 (fatty acid esterase-I) and 19-21 (fatty acid esterase-II) contained 2.76 and 5.37mg proteins, resulting in specific activity of 11.41 and 13.26 units mg-1 proteins (Table 2). 

Table 1: Summary of partial purification of fatty acid esterase from F1 seeds of pearl millet hybrid HHB 94

	Purification
		step
	Volume
(ml)
	Total
Activity of enzyme
(units)
	Activity of Enzyme (units/ml)

	Amount of protein
(mg)
	Specific
Enzyme Activity
(units/mg
protein)
	Purification Folds

	Per cent Recovery


	Extract (Crude, Fresh)
	37.5
	1007.5
	26.86
	
	
	
	

	Extract (Crude, 24 hrs old)
	37.5
	348.5
	9.29
	162.29
	2.14
	-
	100

	30-60% (NH4)2SO4 Fractionation
	1.5
	237
	158
	51.69
	4.58
	2.14
	68

	 Gel filtration
Fatty acid esterase I
	7.5
	46.5
	6.2
	2.16
	21.52
	10.05
	13.3

	Gel filtration
Fatty acid esterase II
	7.5
	30
	4
	1.68
	17.85
	8.34
	8.6




Table 2: Summary of partial purification of fatty acid esterase from F2 grains of pearl 
                  millet hybrid HHB 94
	
	Volume
(ml)
	Total
Activity of enzyme
(units)
	Activity of  enzyme (units/ml)

	Amount of protein
(mg)
	Specific
Enzyme Activity
(units/mg
protein)
	PurificationFolds

	Per cent Recovery


	Extract (Crude, Fresh)
	37.5
	1117.5
	29.8
	
	
	
	

	Extract (Crude, 24 hrs old)
	37.5
	469.5
	12.5
	190.2
	2.46
	-
	100

	30-60% (NH4)2SO4 Fractionation
	1.5
	180.6
	100.3
	32.54
	5.55
	2.25
	38.46

	 Gel filtration
Fatty acid esterase I
	7.5
	31.5
	4.2
	2.76
	11.41
	4.65
	6.71

	Gel filtration
Fatty acid esterase II
	7.5
	71.25
	9.5
	5.37
	13.26
	5.39
	9.11


[bookmark: _Hlk203580752]
Optimum pH: The effect of pH on Fatty acid esterase activity is depicted in the Figures. 5,6. Activity of fatty acid esterase-I increased almost linearly from 5.2 units ml-1 at pH 7.4 to 7.5 units ml-1 at pH 8.0 and declined with further increase in pH till 8.5. Optimum pH for both fatty acid esterase-I as well as esterase-II of seeds of pearl millet hybrid HHB 94 was 8.0 and 7.8, respectively (Figure 5). These findings showed that the in vitro activity of fatty acid esterase in pearl millet flour is approximately ten times more than the in situ activity. However, a slight variation in the flour's pH may not have a substantial impact on the in situ hydrolysis of lipids.

[bookmark: _Hlk154409462]Optimum Temperature and Thermostability: Profile of changes in activity in response to varying assay temperature is presented in Figures 7 and 8. The activity of fatty acid esterase-I of the F1 seeds of hybrid HHB 94 determined at 30 °C was 4.6 units ml-1, which increased linearly with a rise in temperature to 9.2 units ml-1 at 45°C (Figure 7). At 50 °C, the activity declined substantially, i.e., by 30 %. The activity of fatty acid esterase-I and fatty acid esterase-II of F2 grains of HHB 94 determined at 30 OC was 3.2 and 4.8 units ml-1, which increased to 7.8 and 9.4 units ml-1 at 45°C. Activity of fatty acid esterase I and II declined after 45 OC and reached a level of 4.5 and 7.2 units ml-1 at 50 OC, respectively. Thus, the optimum temperature for both fatty acid esterases of F1 seeds and F2 grains of hybrid HHB 94 was identical, i.e., 45 OC. For testing thermo-stability, enzyme activity after pre-incubation of the purified preparation for 20 min at the specified temperature was determined and compared to that recorded at 30 °C. The enzyme preparation of all of the genotypes was stable for several hrs at 30 OC. At 50 OC, fatty acid esterase-I and fatty acid esterase-II of the F1 hybrid HHB 94 lost about 37.65 and 21.4 % of their respective activities present at 30 °C (Figure.9). Comparison of data presented in Figures 9 and 10 revealed that thermo-tolerance of both fatty acid esterases of F1 seeds was contrasting to that of F2 grains of hybrid HHB 94 i.e. fatty esterase-II of F1 seeds and fatty acid esterase-I of F2 grains were comparatively more thermo-stable whereas fatty esterase-I of F1 seeds and fatty acid esterase-II of F2 grains were less thermo-stable. 

Vmax and Km values:  During the present investigation, only one substrate, i.e., p-NPB, was used. Best fit Vmax and Km values were determined using replicated data of reaction velocity v/s substrate concentration with the software GraphPad Prism version 8.0. F1 seeds of pearl millet Fatty acid esterase I and II followed typical Michaelis-Menten kinetics with Km values of 1.377 and 0.593 μM for p-nitrophenyl butyrate (Plate 1). Vmax and Km values of 14.87 units ml-1 and 1.377 µM p-NPB, respectively, were obtained (Figure 1), corresponding Vmax/Km ratio of 14.87/1.377 = 10.79, 8.45 units ml-1/µM.. F2 grains of pearl millet FAE I and II followed typical Michaelis–Menten kinetics with Km values of 0.948 and 0.750 μM for p-nitrophenyl butyrate (Plate 2). Vmax and Km values of 12.38 units ml-1 and 0.938 µM p-NPB, respectively, were obtained (plate 2), corresponding to a Vmax/Km ratio of 12.38/0.938 = 13.19, 26.10 units ml-1/µM. The quick hydrolysis of lipids in stored pearl millet flour may be partially caused by Km FAE's strong affinity for the substrate.

[bookmark: _Hlk203580836]Ascorbic Acid's Inhibitory Effect: Figures 11 and 12 show how ascorbic acid affects the activity of pure fatty acid esterases. Ascorbic acid inhibited fatty acid esterases of pearl millet in a concentration-dependent manner. At 2, 5, and 10 mM concentrations, it inhibited the activity of fatty acid esterase-I of F1 seeds by 48, 59, and 83 %, respectively (Figure 11). Similarly, fatty acid esterase-I of F2 grains of hybrid HHB 94 was inhibited by 53, 75, and 82 % by 2, 5, and 10 mM ascorbic acid, respectively (Figure 12). Thus, the deleterious effect of ascorbic acid on the activity of fatty acid esterases increased with its increasing concentration. Fatty acid esterase-II of the two sources studied was comparatively more sensitive than the respective fatty acid esterase-I to the presence of ascorbic acid. 

Free lipids of pearl millet: Lipid content of fresh flour of the F1 seeds of hybrid HHB 94 and F2 grains of HHB 94 was 6.04 and 6.22%, respectively (Table 4.2.1). Thus, the lipid content of F2 grains of hybrid HHB 94 was slightly higher than that of F1 seeds of hybrid HHB 94. 

Development of Fatty acids in fresh and stored flour of pearl millet: One set of flour of each genotype was stored at low temperature (20ºC) and another at high temperature (45ºC). FA of fresh and stored flour on the 5th and 10th day was determined. Results were presented in Table 4. Fat acidity constantly increased with increased storage period compared to fresh flour. After 5 days of storage at 20 ºC, fat acidity in flour of the F2 HHB 94 (129 mg KOH/ 100g) was slightly higher than that (112 mg KOH / 100g) developed in flour of F1 hybrid HHB 94. Similarly, after 10 days of storage, total fat acidity in flour of the F2 HHB 94(182 mg KOH / 100g) was higher than that (150 mg KOH/ 100g) developed in flour of F1 hybrid HHB 94.  Invariably, the fat acidity of flour of all the genotypes stored at 45 OC was higher by more than two-fold than that of the flour of the respective genotypes stored at 20 OC. Fat acidity values of 265 and 305 mg KOH 100g-1 were observed in flour of F1 seeds of hybrid HHB 94 and F2 grains of hybrid HHB 94, and values of 112 and 129 mg KOH 100g-1 were observed in flour of respective genotypes stored for an identical period but at 20 OC, clearly reflecting this. Data presented in table 4. revealed that between 0 and 5 days of storage at 20º C, FA in flour of F1 seeds and F2 grains of pearl millet hybrid HHB94 was 65 and 80 mg KOH / 100g, respectively whereas during the later period between 5 and 10 days of storage FA equivalent to only 38 and 53 mg KOH /100g increased in the same flour. At 45 OC, it increased by 75 and 65 mg KOH/100g in flour of F1 seeds and F2 grains of the hybrid HHB 94 during the identical period of storage. Changes in FA on a per g free lipids basis, termed as SFA (specific fat acidity), were also calculated, and the results have been presented in Table 4. After 5 days of storage at 20 ºC, SFA in flour of the F2 HHB 94 (20.73 mg KOH/g lipids) was slightly higher than that (18.54 mg KOH/g lipids) developed in flour of F1hybrid HHB-94. Similarly, after 10 days of storage, SFA in flour of the F2 HHB 94 (29.26 mg KOH/g lipids) was higher than that (24.83 mg KOH/g lipids) developed in flour of the F1 hybrid HHB 94. Invariably, SFA of flour of both genotypes stored at 45 OC was higher by more than 2-fold than that of the flour of the respective genotypes stored at 20 OC. SFA values of 43.87 and 49.03 mg KOH/g lipids were observed in flour of F1 seeds of hybrid HHB 94 and F2 grains of hybrid HHB 94, and values of 18.54 and 20.73 mg KOH/g lipids observed in flour of respective genotypes stored for an identical period but at 20 OC clearly reflect this. Data presented in table 4.2.3 revealed that between 0 and 5 days of storage at 20º C, SFA in flour of F1 seeds and F2 grains of pearl millet hybrid HHB 94 was 10.76 and 12.86 mg KOH / g lipids, respectively whereas during the later period between 5 and 10 days of storage SFA equivalent to only 6.29 and 8.53 mg KOH / g lipids increased in the same flour. Therefore, the Development of fat acidity and specific fat acidity in flour strongly correlated with lipid content. Increase in fat content is directly proportional to an increase in fat acidity and specific fat acidity. Development of fat acidity and specific fat acidity was higher in high-temperature storage flour compared to low-temperature stored flour. F2 grains contain lipid content and fat acidity and SFA were higher compared to F1 seeds of HHB-299, So, fat acidity and specific fat acidity directly depend on lipid content. Thus, Rancidity was higher in F2 grains due to higher lipid content.

Table 3:  Effect of fat acidity on shelf life of fresh and stored flour of pearl millet and finger millet flour

	Source of flour
	Fat acidity (mg of KOH/100 g flour)

	
	Storage day(s) 
	Increase during day(s)

	
	0d
	5d
	10d
	0d& 5d
	5d&10d
	0d& 10d

	Storage Temperature (20 OC)

	F1  seeds of hybrid HHB 94
	47±2
	112±3
	150±1
	65
	38
	103

	F2 grains of hybrid HHB 94
	49±0
	129±2
	182±3
	80
	53
	133

	Storage Temperature (45 OC)

	F1  seeds of hybrid HHB 94
	47±2
	265±15
	340±5
	218
	75
	293

	F2 grains of hybrid HHB 94
	49±0
	305±15
	370±5
	256
	65
	321




Table 4:  Effect of Specific FA on shelf life of fresh and stored flour of pearl millet and finger millet flour

	Source of flour
	Specific acidity (mg KOH/ g lipids)

	
	Storage day(s) 
	Increase during day(s)

	
	0d
	5d
	0d
	5d
	0d
	5d

	Storage Temperature (20 OC)

	F1  seeds of hybrid HHB 94
	7.78
	18.54
	24.83
	10.76
	6.29
	17.05

	F2  grains of hybrid HHB 94
	7.87
	20.73
	29.26
	12.86
	8.53
	21.39

	Storage Temperature (45 °C)

	F1  seeds of hybrid HHB 94
	7.78
	43.87
	56.29
	36.09
	12.42
	48.51

	F2  grains of hybrid HHB 94
	7.87
	49.09
	59.48
	41.16
	10.45
	51.61



	


	Fig. 1:  Molecular weight of fatty acid esterases partially purified from F1 seeds of pearl millet hybrid HHB 94




	

	
Fig.  2: Molecular weight of fatty acid esterases partially purified from F2 grains of pearl millet hybrid HHB 94

	



	

	
Fig. 3: Effect of pH on the activity of purified fatty acid esterase -I and II from F1 seeds of pearl millet hybrid HHB94






	

	Fig. 4: Effect of pH on the activity of partially purified fatty acid esterase I and II from F2 grains of pearl millet HHB94



	

	
Fig. 5: Effect of temperature on the activity of partially purified fatty acid esterase-I and II of F1 seeds of pearl millet hybrid HHB 94

	



	

	
Fig. 6:   Effect of assay temperature on the activity of partially purified fatty acid esterase-I and II of F2 grains of pearl millet HHB 94



	

	Fig. 7: Thermo-stability of partially purified fatty acid esterase-I and II of F2 grains of pearl millet hybrid HHB 94





	

	
Fig.8: Thermo-stability of partially purified fatty acid esterase-I and II of F1 seeds of pearl millet hybrid HHB 94



	

	
Fig. 9: Effect of ascorbic acid on the activity of partially purified fatty acid esterase-I and II of F1 seeds of pearl millet hybrid HHB 94




	

	
Fig. 10: Effect of ascorbic acid on the activity of s purified fatty acid esterase I and II of F2 grains of pearl millet hybrid HHB 94
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Fig 11:  Km value of fatty acid esterase-II partially purified from F1 seeds of pearl millet hybrid HHB 94.
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Fig. 12: Km value of fatty acid esterase-I partially purified from F2 grains of pearl millet hybrid HHB 94




Discussion

A purification fold of 4.65 and 5.39 was obtained for isoenzymes I and II, respectively. Since ion exchange chromatography was not employed in this study, unlike in earlier reports, the purification level and specific activity of FAEs from pearl millet were comparatively lower than those reported for carboxyl esterase (Upadhya et al., 1985), ferulic acid esterase (Latha et al., 2007), and acetic acid esterase (Latha and Muralikrishna, 2007) isolated from germinated finger millet. Activity of fatty acid esterase-I increased almost linearly from 5.2 units ml-1 at pH 7.4 to 7.5 units ml-1 at pH 8.0 and declined with further increase in pH till 8.5. Optimum pH for both fatty acid esterase-I as well as II of seeds of pearl millet hybrid HHB 94 was 8.0 and 7.8, respectively. Staubmann et al. (1999) reported that the pH optima of butyrate-dependent FAEs isolated from Jatropha curcas seeds were 8.0 and 7.5 for isoforms JEA and JEB, respectively. In contrast, both FAE isoforms from yam tubers exhibited an optimum pH of 5.0 (Hou et al., 1999). The pH of aqueous extracts from fresh and stored pearl millet flour has been observed to range between 6.67 and 6.25 (Goyal et al., 2015). Several studies, including those by Chandrashekharaiah et al. (2011), Bhavith et al. (2014), and Kantharaju and Murthy (2014), indicate that many plant esterases function optimally within a pH range of 7 to 8. Consequently, FAE activity in stored flour is likely reduced. These results align with the findings of Bajaj et al. (2016), who demonstrated that the in vitro activity of FAE in pearl millet flour is nearly ten times higher than its in situ activity. Nonetheless, minor fluctuations in flour pH may not significantly influence lipid hydrolysis under storage conditions. The activity of fatty acid esterase-I of the F1 seeds of hybrid HHB 94 determined at 30 °C was 4.6 units ml-1, which increased linearly with rise in temperature to 9.2 units ml-1 at 45°C. At 50 °C, the activity declined substantially, i.e., by 30 %. The activity of fatty acid esterase-I and fatty acid esterase-II of F2 grains of HHB 94 determined at 30 OC was 3.2 and 4.8 units ml-1, which increased to 7.8 and 9.4 units ml-1 at 45°C. Activity of fatty acid esterase I and II declined after 45 OC and reached a level of 4.5 and 7.2 units ml-1 at 50 OC, respectively. The optimum temperature for both fatty acid esterases from F1 seeds and F2 grains of hybrid HHB 94 was found to be 45 °C, which is lower than that reported for yam tuber esterase (Hou et al., 1999). The optimal temperature of pearl millet FAEs was also slightly below that of isoform JEA (50 °C) but comparable to isoform JEB from Jatropha curcas L. (Staubmann et al., 1999). Similar optimum temperatures around 45 °C have been reported for esterases from finger millet (Latha et al., 2007; Latha and Muralikrishna, 2007), Caesalpinia mimosoides (Bhavith et al., 2014), Tamarindus indica (Kantharaju and Murthy, 2014), and soybean (Barros and Macedo, 2015). While enzymes typically exhibit optimum activity between 25 and 37 °C, a higher optimum temperature suggests that pearl millet flour stored under elevated summer temperatures may deteriorate more rapidly. This is further supported by observations of increased fat acidity in flour stored at higher temperatures, indicating enhanced in situ lipolytic enzyme activity under such conditions (Lai and Varriano-Marston, 1980b; Kadlag et al., 1995). For testing thermo-stability, enzyme activity after pre-incubation of purified preparation for 20 min at the specified temperature was determined and compared to that recorded at 30 °C. The enzyme preparation of both genotypes was stable for several hrs at 30 OC. At 50 OC, fatty acid esterase-I and fatty acid esterase-II of the F1 hybrid HHB 94 lost about 37.65 and 21.4 % of their respective activities present at 30 °C. Comparison of thermo-tolerance of both fatty acid esterases of F1 seeds was contrasting to that of F2 grains of hybrid HHB 94, i.e., fatty acid esterase-II of F1 seeds and fatty acid esterase-I of F2 grains were comparatively more thermo-stable, whereas fatty acid esterase-I of F1 seeds and fatty acid esterase-II of F2 grains were less thermo-stable. Hou et al. (1999) reported that FAEs from yams (Dioscorea batatas) tubers remained thermostable below 50 °C. In contrast, Latha and Muralikrishna (2007) observed that acetic acid esterase activity decreased by nearly 60% at 60 °C, while esterases from Tamarindus indica seeds were found to be unstable even below 40 °C (Kantharaju and Murthy, 2014). A sharp reduction in the in vitro activities of peroxidase, lipoxygenase, and polyphenol oxidase in pearl millet flour stored at 37 °C (Goyal et al., 2015) suggests the in situ instability of these enzymes. Conversely, Bajaj et al. (2016) demonstrated that both in vitro and in situ activities of FAE, as well as the in situ activity of lipase, remained statistically unchanged in control samples and in flour stored for 10 days at the same temperature. This stability allows continuous fatty acid release, contributing to rancidity development. The purified FAEs from pearl millet displayed thermal stability up to 60 °C, which may be attributed to structural properties of the enzyme, though further study is required to confirm this. Esterases represent a broad class of hydrolase enzymes, many of which are capable of acting on diverse substrates such as phenyl acetate, naphthyl acetate, naphthyl propionate, p-nitrophenyl butyrate (p-NPB), nitrophenyl ferulate, and naphthyl myristate (Latha and Muralikrishna, 2007; Xin and Hui-Ying, 2013; Jensen et al., 2016). During the present investigation, only one substrate, i.e., p-NPB, was used. Best fit Vmax and Km values were determined using replicated data of reaction velocity v/s substrate concentration with the software GraphPad Prism version 8.0. F1 seeds of pearl millet FAE I and II followed typical Michaelis–Menten kinetics with Km values of 1.377 and 0.593 μM for p-nitrophenyl butyrate. Vmax and Km values of 14.87 units ml-1 and 1.377 µM p-NPB, respectively, were obtained (Plate 1), corresponding to a Vmax/Km ratio of 14.87/1.377 = 10.79, 8.45 units ml/1/uM. F2 grains pearl millet FAE I and II followed typical Michaelis-Menten kinetics with Km values of 0.948 and 0.750 μM for p-nitrophenyl butyrate. Vmax and Km values of 12.38 units ml-1 and 0.938 µM p-NPB, respectively, were obtained, corresponding to a Vmax/Km ratio of 12.38/0.938 = 13.19, 26.10 units ml-1/µM. Staubmann et al. (1999) reported Km values of 0.02 mM and 0.07 mM for two isoforms of an esterase isolated from Jatropha curcas L. seeds when tested with the same substrate. An esterase from Caesalpinia mimosoides showed a Km of 0.11 mM using 1-naphthyl acetate, while Jensen et al. (2016) documented a Km of 1.07 mM p-NPB for a carboxyl esterase from Pseudoalteromonas arctica. In the case of finger millet, ferulic acid esterase exhibited a Km of 0.053 μM and acetic acid esterase a Km of 0.40 μM (Latha and Muralikrishna, 2007; Latha et al., 2007). A considerably higher Km value of 3.62 mM for p-nitrophenyl ferulate was observed in feruloyl esterase from Aspergillus usamii (Yin et al., 2015). Such variations in Km values among esterases reflect differences in enzyme sources, levels of purification, substrates employed, and assay methods. For pearl millet, the Km values for p-NPB fall within the micromolar range, indicating a strong substrate affinity of FAEs, which may partly explain the rapid lipid hydrolysis observed in its stored flour. Fat acidity constantly increased with increased storage period compared to fresh flour. Rancidity after 5 days of storage at 20 ºC, fat acidity in flour of the F2 HHB 94 was slightly higher than that developed in flour of the F1 hybrid HHB 94. Similarly, after 10 days of storage, total fat acidity in flour of the F2 HHB 94 was higher than that developed in flour of F1 hybrid HHB 94.  Invariably, the fat acidity of flour of both genotypes stored at 45 OC was higher by more than two-fold than that of the flour of the respective genotypes stored at 20 OC. In case of specific fat acidity, similarly, after 5 days of storage at 20 ºC, SFA in flour of the F2 HHB 94 was slightly higher than that developed in flour of F1hybrid HHB-94. Similarly, after 10 days of storage, SFA in flour of the F2 HHB 94 was higher than that developed in flour of the F1 hybrid HHB 94. Invariably, SFA of flour of both genotypes stored at 45 OC was higher by more than 2-fold than that of the flour of the respective genotypes stored at 20 OC. Thus, the Development of fat acidity and specific fat acidity in stored flour strongly correlated with lipid content. Increase in fat content was directly proportional to an increase in Specific fat acidity and fat acidity in both genotypes of pearl millet. Development of fat acidity was higher in high-temperature storage flour as compared to low-temperature stored flour. So, Low temperature improved the shelf life of pearl millet flour. Several researchers have observed that the free acidity of pearl millet flour tends to rise during storage over varying time durations (Lai and Varriano-Marston 1980b; Kaced et al. 1984; Chavan and Kachare 1994; Kadlag et al. 1995; Nantanga et al. 2008; Yadav et al. 2012; Jain 2013; Čepková et al. 2014; Tiwari et al. 2014; Goyal et al. 2015). Goyal and Chugh (2017) observed that the crude fat content in freshly milled flour from different genotypes ranged between 3.8% and 7.2%, while fat acidity varied from 11 to 75 mg KOH/100 g dry matter. In stored samples, fat acidity levels increased significantly, ranging from 180 to 330 mg KOH/100 g dry matter. The rise in fat acidity showed a positive correlation with crude fat content (r = 0.440*), indicating that lipolytic enzymes played a major role in this process. According to Sharma et al., flour stored at 40°C deteriorated more rapidly than that kept at 10°C, and samples stored for 30 days exhibited greater rancidity than those stored for only 8 days at both temperatures. Ascorbic acid inhibited fatty acid esterases of pearl millet in a concentration-dependent manner. At 2, 5 and 10 mM concentrations, it inhibited the activity of fatty acid esterase-I of F1 seeds by 48, 59, and 83 %, respectively (Fig. 11). Similarly, fatty acid esterase-I of F2 grains of hybrid HHB 94 was inhibited by 53, 75, and 82 % by 2, 5, and 10 mM ascorbic acid, respectively. Thus, the deleterious effect of ascorbic acid on the activity of fatty acid esterases increased with its increasing concentration. Fatty acid esterase-II of the two sources studied was comparatively more sensitive than the respective fatty acid esterase-I to the presence of ascorbic acid. These findings align with previous reports (Bajaj et al., 2016a; Sheenu et al., 2018). The exact mechanism by which ascorbic acid inhibits fatty acid esterase has not yet been clarified in the literature. Evidence suggests that the inhibition may occur through a reduction in the pH of the reaction medium. Following the addition of 5 mM and 10 mM ascorbic acid, the final pH of the reaction mixture was measured at 5.32 ± 0.09 and 4.09 ± 0.06, respectively. This explanation is consistent with the observed decline in enzyme activity at pH levels below the optimal range.

Conclusion

The findings of this study revealed that the Vmax/Km ratio of fatty acid esterase-II in seeds of hybrid HHB 94 (8.45 Units ml⁻¹ µM⁻¹) was lower than that observed in fatty acid esterase-II of F2 grains of the same hybrid (26.10 Units ml⁻¹ µM⁻¹). The comparatively higher rate of lipid hydrolysis in the flour of F2 grains, as compared to F1 seeds, may be attributed to the greater catalytic efficiency of esterase-II in F2 grains, given that the lipid contents are nearly the same in both. The purified fatty acid esterase from pearl millet also showed stability up to 60 °C, suggesting a structurally stable enzyme, though this requires further investigation. Thus, the Development of fat acidity and specific fat acidity in stored flour strongly correlated with lipid content. Increase in fat content was directly proportional to an increase in Specific fat acidity and fat acidity in both genotypes of pearl millet. Development of fat acidity was higher in high-temperature storage flour as compared to low-temperature stored flour. So, Low temperature improved the shelf life of pearl millet flour. F2 grains contain lipid content, fat acidity and specific fat acidity were higher compared to F1 seeds of HHB-299, So, fat acidity and SFA directly depend on lipid content. Thus, Rancidity was higher in F2 grains due to higher lipid content in F2 grains. Additionally, the inhibitory effect of ascorbic acid on esterase activity in vitro suggests a practical strategy to reduce in situ lipid hydrolysis, thereby improving the storage stability of millet flour. Overall, this study supports the potential application of esterases from pearl millet not only for enhancing flour shelf life but also for various industrial purposes, including the production of chiral molecules, the control of flour rancidity, wood pulping, detergents, food processing, and the synthesis of low molecular weight esters.
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