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Pullulanases are the most important industrial group of enzymes in family 13 glycosyl hydrolases. They hydrolyze either α-1,6 and α-1,4 or both glycosidic bonds in pullulan as well as other carbohydrates to produce glucose, maltose, and maltotriose syrups, which have important uses in food and other related sectors. However, very less reports are available on pullulanase production from native strains because of low yield issues. In line with the increasing demands for pullulanase, it has become important to search for novel pullulanase-producing microorganisms with high yields. Moreover, high production costs and low yield are major limitations in the industrial production of pullulanase enzymes. The production cost of pullulanase by using the solid-state fermentation (SSF) process can be minimized by selecting agro-industrial waste. This review summarizes the types, sources, production strategies, and potential applications of pullulanase in different food and other related industries. Researchers should focus on fungal strains producing pullulanase for better yield and low production costs by using agro-waste. It will prove a better enzyme in different food processing industries and will surely reduce the cost of products.
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1 INTRODUCTION
Starch processing enzymes are one of the well-known classes of microbial enzymes used in operations like brewing, baking, medicines, etc. The family of enzymes known as amylases is mostly employed to hydrolyze starch (Rubilar et al., 2008; Liu and Kokare, 2023). The four different groups of starch-processing enzymes include exoamylases, endoamylases, transferases, and debranching enzymes. Pullulanase and α-Amylase are the most efficient enzymes in this category (starch hydrolyzing enzymes) accounting for around 30% of the global enzyme market (Paul et al., 2021). During the saccharification process, they hydrolyze the starch’s glycosidic linkages to glucose, maltose, and maltotriose.
The food industry and other sectors have found substantial uses for these products. As pullulanase hydrolyzes pullulan, starch, and other carbohydrates by breaking both the 1,6 and 1,4 glycosidic bonds (Hii et al., 2012), it is more crucial for industrial application than the other hydrolases due to its special characteristic. There are five different types of pullulanase, including pullulanase types I and II and pullulan hydrolase types I, II, and III (Table 1) (Kahar et al., 2022). Various Pullulanases their substrate and products are given in Table 1. For the first time, the pullulanase enzyme was discovered in Klebsiella (formerly known as Aerobacter aerogenes) (Wallenfels et al., 1966). To produce maltotriose (from pullulan) and linear oligosaccharides (from branching oligosaccharides), pullulanase type I is used which hydrolyzes α-1,6 glycosidic bonds (Chen et al., 2022). Nevertheless, this enzyme did not hydrolyze glucans, amylose, glycogen, or panose (Kashiwabara et al., 1999). Maltotriose is produced by Type II Pullulanase (Amylopullulanases) hydrolyzing α-(1,6) links in pullulan, while glucose and maltose are produced by hydrolyzing α-(1,4) linkages in starch and maltotriose, respectively (Roodi et al., 2017; Kahar et al., 2022). Pullulan’s α-(1,4) linkages are hydrolyzed by Type I Pullulan Hydrolases (Neopullulanases), which results in panose (Wang et al., 2022). Aspergillus niger has been found to produce pullulan hydrolase type II (also known as isopullulanases), which forms isopanose by hydrolyzing α-(1, 4)-D glycosidic linkage (Aoki and Sakano, 1997). Pullulan Hydrolases Type III is the final group and hydrolyzes both the α-1,6 and α-1,4 glycosidic linkages in pullulan to produce the main sugars maltotriose, panose, and maltose. To produce maltotriose and maltose, it also breaks down starch, amylopectin, and amylose (Toor et al., 2020; Kahar et al., 2022). Due to the existence of catalytic sites, the pullulan hydrolase type III enzyme’s primary three acidic residues—two aspartic and one glutamic acid—are primarily involved in its catalytic activity. Thermocococcus aggregates have been found to contain these novel pullulan hydrolase types (Niehaus et al., 2000; Hii et al., 2012). The enzymes that consecutively cleave α-1, 4 glucoside linkages from the polymer β-glucans like pullulans to create glucose are exoglucanases (EC. 3.2.1.3) and glucoamylases (CGA) (Sharma et al., 2022). Due to its ability to hydrolyze α-(1,4) and α-(1,6) links in pullulan and starch, pullulan hydrolase type III is of greater interest and significance. Nevertheless, combinations of enzymes must be used for the same process. Pullulan hydrolase type III is thus used to increase the industrial process’ economic viability. However, Due to low yield concerns, there are very few reports on native strains producing pullulanase. Finding innovative, highly productive pullulanase-producing microbes has become crucial due to the rise in pullulanase demand. Moreover, the industrial production of pullulanase enzyme is severely constrained by its high manufacturing cost and low yield. By choosing agro-industrial waste, the production cost of pullulanase (in solid-state fermentation, SSF) can be reduced. Many agro-industrial wastes, including sawdust, maize cobs, rice bran, green gram husk, wheat straw, soy hull, grape wine trimmings dust, sweet sorghum pulp, sugarcane bagasse, banana peel, palm oil mill waste, etc., have been used to produce numerous primary and secondary metabolites in SSF (Ravindran et al., 2018; Naik et al., 2019; Kumar et al., 2022). The utilization of agricultural wastes helps to address environmental issues and lower the cost of enzyme production. Moreover, there are not many reports on pullulanase from fungi.
TABLE 1 | Various Pullulanases their substrate and products.
[image: Table 1]2 SOURCES OF PULLULANASE
Due to the high demand for microbial enzymes in various industrial processes, the quest for new enzyme-producing microorganisms as the primary sources of new biocatalysts has been increased in recent times. The research is driven mainly by the vast diversity of microorganisms, both phylogenetics, and ecogeographic (Soares et al., 2012). The enzymes that degrade pullulan (Pullulanase) has been reported from plants [Solarium tuberosum L. (Potato; Ishizaki et al., 1983), Spinacia oleracea L. (Spinach; Renz et al., 1998), Hordeum vulgare (Barley; Møller et al., 2015), and Manihot esculenta Crantz (Cassava; Wangpaiboon et al., 2023)], yeasts [Clavispora lusitaniae ABS7 (Dakhmouche Djekrif et al., 2021)], fungi [Aureobasidium pullulans (Hamidi, et al., 2019)]and bacteria [mesophilic (Bacillus macerans, and Bacillus acidopullulyticus), thermophilic and hyperthermophilic bacteria (Clostridium thermosulfurogenes, Bacillus stearothermophilus, and B. naganoensis) (Gomes et al., 2003; Gangadharan and Sivaramakrishnan, 2009; Song et al., 2017)]. In the saccharification and brewing process, the pullulanase used has been obtained from Bacillus spp and Klebsiella spp. (Prabhu et al., 2018). Most of the pullulanase reported are from bacterial origin while very little from fungi. Hence further research on fungi producing Pullulanase is needed. Several pullulanase-producing microorganisms are mentioned in Table 2.
TABLE 2 | Source microorganisms and properties of pullulanase.
[image: Table 2]2.1 Structural characteristics of pullulanase
Pullulan is described as a polymer of (1 → 6) linked maltotriose subunits since it converted a yeast (A. pullulans) α-glucan containing α-(1 → 6) bonds into maltotriose. Sometimes, the partial acid hydrolysis of Pullulan generates isopanose, and panose. Therefore, often suggested as a polymer of isopanose or panose (Singh et al., 2008). The metabolic pathways of pullulan generation as well as the fundamental structure of the biopolymer are influenced by the wide range of environmental factors, and the different traits found in various strains (Shingel, 2004). Pullulan’s particular physical characteristics, pressure mouldings, adhesive qualities, oxygen-impermeable films and ability to form fibres, are all corresponding to its peculiar linking pattern. Chemical derivatization can be used to regulate or add reactive groups aiding to pullulan’s solubility (Singh et al., 2008).
The structural framework of pullulanases includes a carbohydrate-binding module (CBM- CBM41, CBM48, and CBM68), a C-terminal domain and a catalytic domain. According to Janeek et al. (2017), the CBM domain at the N-terminal, is crucial for the binding of enzymes to polysaccharide substrates and for facilitating the hydrolysis process. In order to keep the enzyme in their active shape, certain CBMs also serve as a catalytic unit (Armenta et al., 2017). Additionally, several unidentified domains (X domains, such as X25 and X45) are found at the N-terminal of pullulanases that may attach to the d-glucan substrate connected via 1,4 and 1,6 glucosidic linkages, supporting their binding functions as CBMs (Turkenburg et al., 2009). The conserved N-terminal CBMs and unconserved C-termini with unknown functions allows such areas as attractive for engineering to modulate the catalyses of pullulanases (Xu et al., 2021).
According to Nisha and Satyanarayana (2016), the catalytic domain can be stabilised via interactions between the hydrophobic area of the N-terminal domain and the usual beta-sheet structure of the C-terminal domain of GH13. Pullulanase obtained from Anoxybacillus sp., LM18-11 (PulA) possess two oligosaccharide molecules in the catalytic domain when arranged in parallel binding mode. Moreover, two more oligosaccharide molecules were discovered in the catalytic domain’s loop between the third beta-strand and third alpha-helix and the carbohydrate-binding motif. This structural arrangement has been reported to provide thermostability (Xu et al., 2014).
Almost all pullulan degrading enzymes consist of highly preserved I-IV fields that are active centers and prevent substrate sites for amylases (Liebl et al., 1997). Additionally, Asp and Glu are found in the catalytic site which plays a significant role in catalytic activity (Xu et al., 2021). Asp-206, His-210, and His-296 are the substrate-binding sites that display a significant role in the catalysis of enzymes (Kuriki et al., 1988). The cleavage site by the different groups of pullulanase is demonstrated in Figure 1. Several techniques such as Infra-red spectroscopy, proton and carbon-13 NMR spectroscopy, Fourier transform infrared spectroscopy and Raman spectroscopy are employed to study the structure of various pullulanase.
[image: Figure 1]FIGURE 1 | Catalytic pattern of different Pullulanase. Pul I and II hydrolyzes α (1,6) glycosidic bond to produce maltotriose; Pullulan hydrolase I hydrolyzes α-(1,4) glycosidic bond yielding panose; pullulan hydrolase II catalyzes α- (1, 4)-D glycosidic bond to produce isopanose; pullulan hydrolase III hydrolyzes α-1,4- as well and α-1,6-glucosidic bonds to produce panose, maltotriose, and maltose.
Pullulanases are recently studied for their debranching character along with the high temperature–pressure, autoclaving-cooling cycles, and storage temperature on resistant formation in cassava, potato, corn and rice starches (Babu and Satyanrayana, 1995; Miao et al., 2009; Bodjrenou et al., 2022) and are frequently employed in the industrial starch conversion process to saccharify starch, which lowers the need for glucoamylase and shortens the overall reaction time (Nisha and Satyanarayana, 2016).
2.2 Substrates of pullulanase
Pullulan (α-1, 4-glucan or α -1,6-glucan): Aureobasidium pullulans produce a polysaccharide known as Pullulan (Kim et al., 2000). The structure of pullulan is given in Supplementary Figure S1A. The maltotriose units are joined together by α-1, 6-glycosidic bonds (Pandey et al., 2021) while isopanose is linked by 1, 4-glycosidic bonds to form Pullulan (Leathers, 2003). The α-1, 4- to α-1, 6-glycosidic bond ratio are 2:1. It has broad applications in pharmaceutical industries and the food-processing industries and is also used to study substrate specificity of amylase (Singh et al., 2008; Taniguchi and Honnda, 2009).
2.2.1 Starch
Starch is a major storage biomolecule found in plants. It is one of the important raw materials for various industries like sugar syrup, confectionary, fuel industry, detergent industries, etc (Jòzef, 2007). Starch is the second most abundant heterogeneous plant-produced polysaccharide after cellulose. It is a water-insoluble polysaccharide that contains two polymers, amylose (linear polymer of glucose, Supplementary Figure S1B) and amylopectin (branched structure, Supplementary Figure S1C) (Swinkels, 1985), exhibiting different solubility in water. Amylopectin gives a crystalline structure due to regular branching and in this, both α-1, 4- and 1, 6 glycosidic bonds are found. In amylose, glucose molecules are linearly attached by α-1, 4 glycosidic bonds (Park et al., 2018). Starch hydrolysis by amylases results in dextrans and a reduced yield of glucose. This limitation can be overcome using pullulanase (Poliakoff and Licence, 2007).
2.2.2 Glycogen
It is a water-soluble complex polysaccharide mainly reported from both animals and microorganisms. It is a more complex polysaccharide than starch and pullulan. It also contains both α-1, 4- and 1, 6 glycosidic bonds like amylopectin (Supplementary Figure S1D).
3 APPROACHES USED TO INCREASE PULLULANASE YIELD
3.1 Solid states fermentation (SSF) versus submerged fermentation (SmF)
In fermentation, process microbes convert solid or liquid substrates into a variety of products. Based on the physical state of the substrates, the major fermentation processes used for the industrial production of enzymes include SmF and SSF (Figure 2). SmF is carried out in a nutrient media with soluble or insoluble substrates in excess of water via batch, fed-batch or continuous operational modes. Higher working volume in SmF is mainly achieved by water, thus creating homogenous conditions and facilitating the proper mixing, modeling, and design of bioreactors as well completes control of the process for better performance (López-Gómez and Venus, 2021). Heat mass transfer constraints are not an issue with SmF operations, which can be easily scaled up and automated (Sharma et al., 2016). The low productivity, high production cost, and complexity of the medium are, nevertheless, the key downsides of SmF methods (Babbar and Oberoi, 2014).
[image: Figure 2]FIGURE 2 | Approaches used to increase yield of pullulanase. (A)- Pullunanse production by bacteria in Smf (costly); (B)-Fungi producing pullulanase using agro-waste as a substrate (cost effective); (C)-high production of pullulanase by CRISPR engineering.; (D)-Heterologous expression of pullulanase genes for high yield (genetic engineering).
On the other side, SSF is carried out in the presence of low moisture which supports the growth of molds, and water activity of less than nine does not support the growth of bacteria (Gowthaman et al., 2001). A very small particle of substrate minimizes the availability of void space, reduces aeration, and affects the downstream processing of the products (Pandey et al., 2000).
The pH of the substrate is a critical factor in fermentation. In SSF, the substrate pH is maintained initially or the buffering action of the substrate mainly the protein-rich substrate avoids the major changes in pH of the substrate during fermentation (Lonsane et al., 1992). Aeration is important in proper heat transfer of the medium for maintaining the temperature and moisture of the medium. Proper aeration removes CO2 resulted due to respiration and product formation. The removal of CO2 and improved oxygen availability increase the yield. However, the excess agitation may damage the hypha structure of the fungi (Lonsane et al., 1992). Proper agitation avoids the attachment of the microbe to the substrate and gives an improved yield.
During SSF heat is generated due to respiration and the metabolic process of microbes. The removal of heat by aeration and frequent spraying of sterile cold water reduces the temperature of the medium (Krishna, 2005). For better productivity, it is important to maintain moisture and aeration. SSF has various advantages over SmF, including reduced catabolite repression and substrate inhibition, superior enzyme harvests and volumetric outputs, low energy consumption, prolonged product stability, no discharge of organic wastewater, and low production costs (Kumar et al., 2020; Salgado-Bautista et al., 2020). SSF has gained more importance due to the use of low-cost Agro-waste substrates (Figure 2) (Kumar et al., 2020).
Molds have been significantly exploited for their extracellular enzymes in SSF as compared to other groups of microbes because of their ability to grow in solid substrates (Archana and Satyanarayana, 1997). SSF has several advantages such as a cost-effective medium (simple composition), fewer effluents released, releases a negligible quantity of effluent, and pollution problems are reduced. Moreover, concentrated products are obtained in SSF as compared to SmF (Gajdhane et al., 2016; Lopez-Gomez and Venus, 2021).
3.2 Agro-waste-based substrates used for the production of the enzyme in SSF
The agro-wastes are a rich source of carbon that can be used to produce both microbial biomass and metabolites. It can act as cheaper fermentation media for lowering the costs of enzyme production (Martins et al., 2011). Industrial biotechnology advances give potential possibilities to use agro-industrial residues economically. Rice bran and wheat bran are important by-products of the rice and wheat processing industries. These two by-products can be successfully utilized to produce various value-added products (Ahmad et al., 2013). Phaseolus vulgaris (Local red kidney beans), Pistia stratiotes (water cabbage), Eichhornia crassipes (water hyacinth), and Ipomoea batatas (sweet potato) were recently as novel substrates to produce pullulanase (Velhal et al., 2014; Šelo et al., 2021). The various agro-wastes used to produce glucose hydrolase 13 families are given in Table 3.
TABLE 3 | Agro-waste used for the production of GH13 family in SSF.
[image: Table 3]The production of pullulanase in SSF by bacterial systems is also being researched. SSF is chosen over Smf for the synthesis of pullulanase because of its many benefits. SSF uses straightforward and affordable media, making it an efficient and acceptable solution. Moreover, SSF has fewer chances of contamination because most contaminants cannot survive in the absence of low water activity. After process optimization in SSF, bacterial species such as Bacillus licheniformis (Khalaf and Aldeen., 2013) and Clostridium thermosulforegenes (Mrudula et al., 2011) produced pullulanase effectively. The feasibility of using SSF to produce the enzyme on a large scale, however, was not investigated (Akassou and Groleau, 2019). From the above table, it was evident that the enzymes such as amylases and glucoamylases have been produced from fungi in SSF by utilizing different agro-based waste, but little information is available on pullulanase production from fungi in SSF. Hence, the need of the hour is to find fungi producing pullulanase.
3.3 Genetic engineering
In industry, pullulanase is widely used, yet the yield of this enzyme produced by bacteria is small. To enhance the amount of pullulanase production by bacteria, researchers used transcriptome data to locate strong promoters (Figure 2). In general, systematic biology can be used to create metabolic models, predict gene function and protein structure, and direct metabolic engineering (Lam et al., 2012; Juhas et al., 2014). Genetically engineered bacterial systems have a higher yield than wild strains.
For a higher yield of proteins, a strong promoter is required because it is well-known that protein yield and promoter strength are closely related (Blazeck et al., 2012). The cytidine deaminase (ccd) promoter P43 of B. subtilis is the most well-known promoter and has been utilized to express GFP (Kong et al., 2009), -galactosidase, staphylokinase (Kim et al., 2008), and alkaline protease (Kim et al., 2008). Using a promoter trapping technique, Yang et al. identified a potent B. subtilis promoter (Plaps) that is 13 times stronger than the P43 promoter. Promoters can be joined together to create multiple-promoter complexes, which have been found to increase enzyme production by up to 1.6 times and 12 times (Kang et al., 2010). Zhang et al. (2017) reported a PhpaII-PamyQ, dual-promoter expression system, which increased the yield from 18.7 times to 571.2 U/mL in a 3 L fermenter.
Meng et al. (2018) analyzed dual- (PsodA + fusA) and triple- (PsodA + fusA + amyE) promoter-constructed strains in a shake flask and found the highest yield of 163 U/mL and 336 U/mL respectively which was 2.29 and 4.73 times higher than that of the strain having PamyE. The strain including PsodA + fusA + amyE also displayed a maximum activity of 1,555 U/mL, 21.9 times more than that of the PamyE strain produced in flasks in a 50L fermenter.
Several researchers have constructed recombinant strains to improve the yield of pullulanase. Coleman. (1993) constructed a recombinant strain of E. coli for the expression of Thermoanaerobium brockii amylopullulanase gene and recorded a higher yield (0.80–1.0U/mL) than the wild strain (0.23U/mL). Kim et al. (2008) reported a higher yield from the recombinant Lactobacillus plantarum (3.5U/mL) strain. Similarly, the pullulanase gene from Paenibacillus, Geobacillus, Bacillus subtilis, Bacillus naganoensis, and Bacillus acidopullulyticus has been expressed in recombinants for higher yields (6.48 U/mL, 17.35 U/mL, 269.1 U/mL, 684 U/mL respectively). The greatest pullulanase activity produced by recombinant Bacillus subtilis strain WS9PUL was much higher than that of wild strains and recombinants of E. coli (1567.9 U/mL), B. choshinensis (1005.8 U/mL), or P. pastoris (350.8 U/mL) (Zou et al., 2014; Zou et al., 2016a; Zou et al., 2016b). Pullulanase activity of 5951.8 U/mL was attained by recombinant strain WS9PUL, which is the highest activity ever recorded (Zhang et al., 2020a). Although, other bacterial species have also been engineered to produce pullulanase Bacillus subtilis system is always a choice for heterologous production of proteins because it lacks an outer membrane and absence of significant bias codon usage which is important for secretion, transcription, and translation process (Beaulieu et al., 2005; Su et al., 2010).
In this context, various authors reported the enhanced production of pullulanase from recombinant Bacillus subtilis (Zhang et al., 2020b; Pang et al., 2020). Efficient enzyme and metabolite-producing strains produced by CRISPR engineering exist today, highlighting the technology’s enormous potential. Recently by using CRISPR technology, Zhang et al. (2021) replaced the native signal peptide of pullulanase with that encoded by ywtF which increased the yield of pullulanase by 12%. The highest extracellular pullulanase production was 8037.91 UmL-1. This study emphasizes the value of signal peptide optimization and dltB deletion in boosting extracellular protein synthesis. But these strains used high-cost ingredients in the production; hence the cost of this enzyme is high. However, if agro-waste-based substrates with high-yielding strains are used this problem can be solved. This is only possible by using fungi-producing pullulanase in SSF. The strategies used to increase the yield of pullulanase have been given in Figure 2.
4 PROTEIN ENGINEERING OF PULLULANASE
Researchers have worked extensively in the area of protein engineering in recent years to develop several key techniques including site-directed mutagenesis, physical/chemical mutagenesis, N-terminal domain truncation, C- terminal domain truncation, and N/C- terminal domain truncation in order to boost catalytic efficiency (Xu et al., 2021). It should be noted that to analyse complete structural effect of the conserved and unconserved N- and C-terminal respectively before the initiation of N/C-terminus truncation in order to enhance the catalytic performance (Xu et al., 2021). For instance, eliminating the N1 domain from G. thermoleovorans NP33 pullulanase increased its specific activity and thermostability while maintaining the same physiological growth conditions as wild gt-apu (Nisha and Satyanarayana, 2015). A few reports including pullulanases from Alkalilimnicola sp. NM-DCM-1 (Mesbah and Wiegel, 2018) and Lactobacillus plantarum L137 (Kim et al., 2009) showed a comparable increase in enzymatic activity after the deletion of the non-conserved C-terminus. Zhang et al. (2020b) also studied the susceptiblility to turn inactive at 50°C with a 50% reduction in its specific activity observed due to N-terminal truncation in case of pullulanase PulPB1. Another strategy of Structure/sequence-guided consensus has been proven, logically easier to create variations and mutant libraries that will promote enzyme-directed evolution and save time on experiments. The phenomenon was supported by Chang et al. (2016) and Duan et al. (2013) in B. naganoensis and B. deramificans respectively.
Various scientific reports suggested the modification of certain micro-organisms such as Bacillus acidopiillnlyticus, Bacillus deramificans, Bacillus acidopullulyticus, Bacillus naganoensis, Bacillus cereus FDTA 13/NTG04-B4, Geobacillus thermoleovorans NP33, Alkalilimnicola sp. NM-DCM-1, Lactobacillus plantarum L137, etc., revealed promising outcomes including increase in catalytic activity, substrate specificity, thermostability, tolerance to temperature, pH, and salt concentration using the mentioned techniques (Mesbah and Weigel, 2018; Chen et al., 2019; Xu et al., 2021). The procedure is quite challenging since it generates a large set of experiments and data which is difficult to process. Therefore, high-throughput screening methods, and in silico approaches seems reliable and can be a great alternative.
5 IMMOBILIZATION OF PULLULANASE
The immobilization of enzymes is an excellent method for resolving issues such as manufacturing costs and enzyme stability (Hanefeld et al., 2009; Torres-Salas et al., 2011; Tufvesson et al., 2011). The immobilized enzymes have several benefits such as it can be reused several times, being easy to separate, and highly stable. It permits improvements in the industrial environment (Mateo et al., 2007); improves reaction control, and enhances reaction rate since the concentration of enzyme is significantly higher than in common enzyme reactions with the free enzyme. On the contrary, reusing the enzyme increases the risk of contamination and growth of contaminants on simple sugars generated by pullulanase hydrolysis (Iyer and Ananthanarayan, 2008; Garcia-Galan et al., 2011; Rodrigues et al., 2013). Immobilization is achieved by encapsulation, or by cross-linking of enzymes which can be done by covalent attachment or physical adsorption to a carrier (Garcia-Galan et al., 2011; Torres-Salas et al., 2011).
5.1 Hydrophobic synthetic macro-porous resin
Various enzymes have been immobilized to increase enzyme stability and to improve industrial processes. Pullulanase from Bacillus acidopullulyticus was immobilized (covalently) into Duolite XAD761 (hydrophobic synthetic macroporous resin) by forming a Shiff base (aldimine), a link between activated carbonyl to promote free protein amino acids. It shifted the optimum pH and temperature from pH 5.0 to 5.5 to neutral and temperature between 50°C and 60°C. In comparison with the free enzyme, the immobilized biocatalyst showed increased thermal stability and improved Km values for substrate (pullulan, dextran, and soluble starch) which is approached by the steric hindrance or modifications in the native structure of the immobilized enzyme. The immobilized enzyme has been reused for 35 successive cycles (Singh et al., 2010).
5.2 Calcium alginate
Calcium alginate has been used to entrap various enzymes. They are water-soluble and have been used in several pharma and food industries. Using calcium alginate to entrap enzymes for the industrial process is an inexpensive, rapid, non-toxic, and versatile method (Zhang et al., 2009). Roy and Gupta (2004) entrapped Pullulanase produced from Bacillus acidopullulyticus in alginate beads to hydrolyze starch.
5.3 Magnetic chitosan beads
Pullulanase from Klebsiella pneumoniae was immobilized by Covalent binding using Magnetic chitosan beads as support. This approach increases its stability over a wider pH range, heat stability, and relative activity (Zhang et al., 2009).
5.4 PMIA membrane
By adding an immobilized enzyme (PULL@CPB) to the PMIA membrane, a novel pulluanase@chitosan porous beads/Poly (m-phthaloyl-m-phenylenediamine) (PULL@CPB/PMIA) membrane with good separation and biocatalysts properties was developed Zhang et al. (2022). After 10 continuous usages, the immobilized pullulanase activity on the membrane remained at 70.8%. As a result of the PMIA membrane’s superior ability to transport pullulanase, a variety of applications for its bioactive membrane exist in the sectors of food, medicine, and other industries.
5.5 Streptavidin-functionalized magnetic nanoparticles
Based on the recognition between biotin and streptavidin Long et al. (2021) developed support for pullulanase immobilization. As compared to the free enzyme, the immobilized pullulanase showed significantly better pH and heat stability while maintaining high levels of activity (85.3%). At pH 5.5, the immobilized enzyme’s relative activity (75.2%) was noticeably higher than the free enzyme’s (15.8%; p 0.01). The residual activity of the free enzyme was only 21.5% after 360 min at 60°C, but the immobilized enzyme kept more than 70.6% of its residual activity. Their findings demonstrated the significant potential for using streptavidin-coated magnetic nanoparticles as a support for the immobilization of the numerous enzymes needed for ongoing biotechnological applications.
5.6 Epichlorohydrin-activated agarose
Pullulanase has covalently immobilized onto epichlorohydrin-activated agarose along with trichlorotriazine and casein. The enzyme immobilized by a cross-linking technique using glutaric dialdehyde showed poor stability with a sharply decreased relative activity. Immobilization of the enzyme broadens the optimum temperature range from 30°C–45°C and pH between 3 and 7. In the case of pullulanase immobilized onto activated agarose and casein-epichlorohydrin, the maximum retained activity was obtained at pH 5. In the context of retaining the relative activity, the author concluded that agarose is a better carrier than casein (Dessouki et al., 2001).
5.7 Miscellaneous
Pullulanase from Klebsiella pneumoniae was immobilized by grafting. In this case, the shorter oligosaccharides formed from the hydrolysis of pullulan are not equivalent to that formed by the free enzymes. After 24 h and 14 days of incubation at 60○C, the entangled enzyme maintained 75 and 30 percent of its activity. The immobilization gives a yield of 60% with an elevated Km value (Ali et al., 2015).
6 GLOBAL STATUS OF ENZYME
In the present day, the enzyme has broadened its era of application from feed to food and become directly or indirectly a part of everyday life via the accessories used by people to live a comfortable, healthy, and quality-based life. Microbial enzymes are popular globally for their wide industrial applications (Li et al., 2012; Choi et al., 2015). The development of the food and beverage sector and the increased need to enhance the aroma, texture, and quality of food drive the enzymes market. Increased food demand combined with favourable legislation by the government will fuel the development of this segment.
There are more than 3000 enzymes out of which 150–170 are commercially in use. The projected global market for the year 2014 was $4.2 billion. By the year 2015–2021, it may reach higher than $6.2 billion. In 2016 the enzyme market was USD 5 billion which will surpass 400 kilotons by 2024. By 2024 the global market will reach USD 17.50 billion (Verma, 2019). Out of the whole enzyme market, about 75% contribution is shared by hydrolytic enzymes.
In the post-genomic era, new enzyme technology developments are very crucial for market expansion (Wackett, 2011; Arbige et al., 2019). Megaliter fermenters are acting as microbial cell factories, engineered, and produced by rDNA technology and gene editing, that transform renewable carbon feedstocks into industrial products at a commodity scale. Programs that once took years to commercialize can now, in many circumstances, be finished in less than a year due to these new strain development methods.
The rising use of powerful enzymes is intended to improve human health, food, materials, animals, and agriculture (Jullesson et al., 2015; Arbige et al., 2019). These developments made pullulanase commercially available in the market but still it is limited. Among them the recombinant type I pullulanase Promozyme® D2 (Novozyme) and Optimax® L-1000 (DuPont Genencor® Science), were derived from Bacillus acidopullulyticus and Bacillus deramificans, respectively. Other enzymes on the market include PU-799 from Bacillus licheniformis (Boli Bioproducts) and PUL2 from Bacillus subtilis (Sunsonzymes), both of which are produced in China (Kahar et al., 2022). In the patent search by using https://www.lens.org/we found 15,659 patents on pullulanase but still, it lacks its wide industrial application and market availability due to its higher production costs.
7 INDUSTRIAL APPLICATIONS OF PULLULANASE
Pullulanase has wide applications in various sectors such as Pharmaceuticals, baking, cyclodextrin production, etc. (Ray and Rosell, 2017). This enzyme has gained high importance in the production of sugar syrups and the preparation of resistant starch dental plaque control agents (Machida et al., 1986; Zhang and Jin, 2011).
7.1 Starch processing industry
Pullulanase has high demand in the starch processing industry for the manufacturing of maltotriose, maltotetraose, fructose, panose, isopanose, and glucose syrups. The production cost of glucose and maltose has been reduced because of an increase in their yield (Jensen and Norman, 1984). These groups of enzymes completely hydrolyze starch. Pullulanase along with amylase enhances the saccharification process and increases the quality of syrups produced by the enzymes. It is also used as an anti-staling agent in the food processing industry (Modderman and Foley, 1995). Biofuel-based industries using pullulanase to produce ethanol (Ramdas Malakar and Malviya, 2010).
7.2 Saccharification
The conversion of polysaccharides into simple sugars is called saccharification. Traditionally this process was achieved by the acid method but in recent days it is achieved by enzymatic hydrolysis. Pullulanase is preferably use as starch debranching enzyme in the saccharification process as compared to other enzymes to produce high-glucose or high maltose (Prongjit et al., 2022). It is mostly used in combination with β-amylase or glucoamylase (Yang et al., 2015; Li et al., 2021). HL12Pul collaborated with RSD -amylase HL11Amy to promote raw cassava starch saccharification, resulting in a 2.9-fold rise in reducing sugar results compared to HL11Amy alone (Prongjit et al., 2022).
7.3 High-maltose corn syrup
Pullulanase is used in the corn starch processing industry to obtain mild sweetness-based High fructose maltose syrup (HFMS) (Hii et al., 2012). They were also observed to tolerate a wider temperature and pH ranges, for instance, PulA-N3 (Niu et al., 2022) further enhancing the overall efficiency of the process.
HFMS is used in the manufacturing of high-quality candy and ice cream. The pharmaceutical industry is more focused on pure maltose which may be used as an alternative for D-glucose for intravenous feeding. Crystalline maltitol is produced from pure maltose (Varzakas et al., 2012).
7.4 High-fructose corn syrup (HFCS)
HFCS is a high-quality clean-tasting sweetener. The glucose isomerase is used to convert high glucose syrup (DE95-96) to HFCS. Here, pullulanase is commonly used for corn refining and debranching of high dextrose level into desirable levels (Helstad, 2019). A very high value of DE is essentially required for the manufacturing of crystalline glucose. HFCS is 1.2–1.8 times sweeter than sucrose but gives less energy than sucrose. It is mainly used in diabetic food formulation, as it is metabolized in absence of insulin (Henrissat and Davies, 1997; Cantarel et al., 2009).
7.5 Detergent
Enzymes have gained application in the detergent industry to remove starch under alkaline conditions (Upadek and Kttwitz, 1997). Because of the alkaline atmosphere of laundry detergents, only pullulanases (such as, pullulanase type II) with detergent-resistant, alkali-stable, and alkali-active capabilities are suitable for the detergent companies (Huang, et al., 2020). They are highly effective when used in combination with alkaline amylases (Ito et al., 1998). Another study that supported the application is the demonstration of the highest detergency value (R) and rate of detergency value (P) of pullulanase type I from B. megaterium Y103 when mixed with BlueMoon the commercial laundry detergent (Wu et al., 2022; Al-Mamoori et al., 2023).
7.6 Bioethanol
The agro-waste biomass can be used to convert into biofuel by using enzymes like pullulanase and amyloglucosidase (Nair et al., 2017). These enzymes convert the polysaccharides of these agro-wastes into reducing sugars which are further converted into alcohol by yeast. Due to the high conversion efficiency of pullulanase, they have high economic value in the biofuel industry. The most common example in this category is the conversion of duckweed into ethanol by using pullulanase (Xu et al., 2011; Yu et al., 2014).
7.7 Anti-staling agent in the baking industry
Globally starch modifying industries are used in several baking industries. Staling is a major problem faced by baking industries which changes both the chemical and physical attributes of the bread hence decreasing the quality of bakery products.
Retrogradation of starch is the major factor responsible for the staling of bakery products. The starch becomes insoluble from its soluble form thereby losing flexibility and becoming hard. When an appreciable amount of moisture is lost it becomes stale. To stop this process previously chemicals like potassium bromate and iodate were used for the treatment of flour.
Later, it was found that bromate is responsible for cancer hence it was banned globally. Similarly, iodate may be responsible for thyroid-associated disorders and sometimes cancer of the thyroid (EFSA NDA panel, 2014). The enzymes that have been extensively used as antistaling agents are amylase and glucoamylase (Else et al., 2013). Nowadays these enzymes have been replaced by pullulanase as an antistaling agent in the bakery industry. A thermostable pullulanase and α-amylase mixture (PersiPul1 and PersiAmy2) has been developed for usage in bread supplemented with quinoa protein that reduces the bread’s chewiness and hardness while increasing its specific volume, browning index and porosity. The presence of enzymes results in higher sensory scores for the functional bread. According to the findings, the new starch-degrading enzyme mixture is a potential option for increasing the physical and sensory properties of the antioxidant bread (Sadeghian Motahar et al., 2022). Pullulanase acts on maltodextrins to eliminate gumminess (Carroll et al., 1987).
7.8 Production of cyclodextrins (CDs)
Cyclodextrins (CDs) are generally used as stabilizers and solvents for poorly soluble drugs. They are potential industrial substrates for pharmaceuticals, cosmetics, agriculture, and in analytical chemistry. They are used in the manufacturing of cholesterol-free products (Kim et al., 2000).
During the conversion of starch into CDs, starch is liquefied by amylase and then cyclized by cyclodextrin glycosyltransferase (Van Der Maarel et al., 2002). But the major problem associated with this conversion is the blockage of the action of CGTase by amylopectin which was recently reported to be dealt with the use of pullulanase mutants (Li et al., 2021b). Moreover, Maltosyl-CDs and glucosyl–CDs are also produced by using Pullulanase (Rendleman, 1997).
7.9 Brewing low-calorie beer
The low content of carbohydrates or low calories in beer is obtained by adding pullulanase, amyloglucosidase or glucoamylase to the wort before or during fermentation (Mathews et al., 2001; Pati and Samantaray, 2022). These enzymes hydrolyze non fermentable carbohydrates due to the hydrolysis of branched α -1,6 glycosidic bonds of starch into fermentable sugar and reduce the calorie and alcohol content in beer (Blanco et al., 2014). Thereby, improving the yield and quality of the beer (Kłosowski et al., 2010; Prakash et al., 2012).
7.10 Food gums
Natural gums are used extensively in various food industries as stabilizing agents, emulsifying agents, thickening agents, and gelling agents. These gums have also found application as clarifying agents in beverage industries. Locust bean gums (cargo gum) are the most common example in this category. Carob seeds are used to extract galactomannan gum. The major problem associated with the extraction of this gum is its cost because the extraction process is very difficult. This problem can be removed by treating gaur galactomannan to remove galactose residue to obtain modified galactomannans with improving rheological properties like elasticity and viscosity (Shobha and Tharanathan, 2009).
7.11 Resistant starch (RS)
It is one of the most significant components of complete food fiber. RS has been used as a replacement in gluten-free wheat-based products. They are also used as prebiotics to promote the growth of probiotic bacteria. Fermentation of RS decreases the pH, ammonia, and phenols in the intestine. Moreover, it also has anti-carcinogenic and anti-inflammatory activities. It is fermented by colon microflora and produces smaller fatty acids and is considered a functional food. RS is produced mainly by using the enzyme pullulanase and amylase (Nibha, 2002; Luis et al., 2018). The debranching effect of pullulanase is responsible for the production of resistant starch from maize, kidney beans, elephant foot yam, and potato (Reddy et al., 2013; Reddy et al., 2014; Reddy et al., 2015).
7.12 Fruit juice clarification
In clarification of fruit juices, all the suspended materials were removed to improve their appearance, quality, flavor, and yield. It is an important processing step during fruit juice production (Barbosa- Canova and Gould, 2000). It can achieve by both physical and chemical methods or by their combined effects (Figure 3).
[image: Figure 3]FIGURE 3 | Different methods of juice clarification.
From the above different processes, the enzymatic process using laccase, xylanase, cellulase, amylase, pectinases, etc., is the most common method including concentration of the enzyme, time and temperature of incubation, and the types of juice affects the efficiency of the fruit juice. An increasing in the concentration of enzyme gives the same results in half of the time and vice versa. On increasing the temperature (10°C) double the enzyme activity between 10°C–50°C. However, the enzyme may be inactivated at a higher temperature for a longer time of incubation. The other factors that affect the efficiency of juice clarification are the presence of enzyme inhibitors; unfavourable pH, high polyphenols, alcohol, and the presence of SO2 inactivating the enzymes.
In the treatment of fruit juice with enzymes, different parameters like TSS, turbidity, viscosity, pH, and phenol content are affected significantly (Sharma et al., 2017). Fruit juices showed a reduced viscosity due to a decrease in the TSS (Jiao et al., 2004). However, according to, Joshi et al. (2019); Joshi et al., 2011), the TSS of juices is increased on its enzymatic treatment due to the degradation of the matrix itself into small and soluble compounds, and on the extraction of more cellular liquids, more soluble compounds are recovered. TSS of the juice is increased by increasing the concentration or doses of the enzyme for the treatment of the juice. TSS and viscosity are inversely proportional, as the TSS increases the viscosity of the juice decreased equally (Tiruneh et al., 2021).
Acidity, total carbohydrates, ascorbic acid, and color intensity are the other factors that are increased in the clarification of fruit juice. However, pH showed a lowered value. Clarification of fruit juice approved as advantageous for the final product quality. It provides better consumer acceptance and nutritional properties to the final products. It also improves the shelf life of the treated juices (Joshi et al., 1991; Rinaldi et al., 2013). With these beneficial effects, it shows some limitations like bitterness in juice due to the accumulation of polyphenols, and low quality as compared to traditionally processed juice (Mieszczakowska-Frąc et al., 2012; Laaksonen et al., 2013).
8 ANALYTICAL TECHNIQUES
8.1 Determination of average chain length
Pullulanase is used for the structural determination of glycogen and starch polysaccharides. Different enzymes are used for the determination of the chain length of polysaccharides like amylose, amylopectin, glycogen, etc. Pullulanase is one among them. Plant-sourced pullulanase (R-enzyme) along with β-amylase is used to determine the chain length of amylopectin, however, it cannot be used for the same in the case of glycogen because it does not attack glycogen. Substituting Aerobacter pullulanase with R-enzyme allows the determination of glycogen chain length (Lee and Wheelan, 1966).
8.2 Structural determination of polysaccharide
The release of maltose and malt triose from β-dextrins by Aerobacter pullulanase, and their measurement, have been used to calculate the proportion of chains. The structures of amylopectin (Lee and Whelan, 1966) and glycogen have subsequently been explored by debranching the polysaccharides with Aerobacter pullulanase and fractionating the unit chains on Sephadex G-50. Amylopectin structure was examined by making the β-amylase limit dextrin and treating it with R-enzyme. The release of maltose and maltotriose from β-dextrins by Aerobacter pullulanase, and their measurement have been used to calculate the proportion of A chains. Yeast isoamylase and Aerobacter pullulanase (Banks et al., 1974) have been used to prove that the anomalous (non-l-4) bonds known to be in amylose are α-1-6-glucosidic bonds.
8.3 Determination of enzyme action pattern
R-Enzyme was used to prove that the A chains in amylopectin, β-extrin are 2 and 3 glucose units in length, and the ϕ-dextrin are 4 units long. Aerobacter pullulanase was used to prove the same point for glycogen ϕ-dextrin. The structures of the oligosaccharide limit dextrin formed from amylopectin and glycogen by various α-amylases were determined in part by hydrolyzing them with R-enzyme (Whelan, 1960). Verhue and Hers (1966) and Brown and Brown (1966) studied liver and muscle branching enzymes by using pullulanase to split off A chains formed by the branching enzyme. Pullulanase was used to determine the unit-chain profiles of Q-enzyme (potato branching enzyme) synthesized amylopectin from amylose or, with phosphorylase, from a-glucose l-phosphate by fractionating the unit chain on Sephadex G-50 followed by comparing the chain profile with the natural amylopectin.
9 CONCLUSION
Based on the review it can be concluded that very few reports are available on pullulanase production from native strains because of low yield issues. In line with the increasing demands for pullulanase, it has become important to search for novel pullulanase-producing microorganisms with high yields. Moreover, high production costs and low yield are major limitations in the industrial production of pullulanase enzymes. The production cost of pullulanase by using the solid-state fermentation (SSF) process can be minimized by selecting agro-industrial waste. Much agro-industrial waste such as sawdust, corn cobs, rice bran, green Gram husk, wheat straw, rice straw, wheat bran, soy hull, grape wine trimmings dust, sweet sorghum pulp, sugarcane bagasse, banana peel, palm oil mill waste, etc. can be used to produce this enzyme which can be achieved by using fungal strains producing pullulanase. Researchers should focus on fungal strains producing pullulanase for better yield and low production costs by using agro-waste. It will prove a better enzyme in different food processing industries and will surely reduce the cost of products.
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Optimum OptimumpH Molecular
1H{(©) weight (kDa)
Bacillus stearothermophilus 60-65 60 62 Kuriki et al. (1988)
Pullulanase Type I FervidobacteriumpennavoransVens 65-85 60 83,93 Bertoldo et al. (1999)
Paenibacilluspolymyxa 35 60 96 Wei et al. (2015)
Thermusculdophilus GK-24 b 75 55 65 Kim et al. (1999)
Pullulanase type IT Thermoanaerobacterethanolicus 90 55 - Mathupala et al. (1993)
Pyrococcusfuriosus 50 60 90 Zona et al. (2004)
Bacillus cereus 55 60 NA Ling et al. (2009)
Pyrococcuswoesei 100 60 90 Ridige et al. (1995)
Thermotoga maritima 90 75 58 Domaii-Pytka and Bardowski
(2004)
Streptococcus infantarius 30-45 68-80 2463 Rodrigues et al. (2013)
Lactobacillus cripatus 37 35-40 - Woolston et al. (2021)
Pullulan hydrolase type I Alicyclobacillus acidocaldarius 55 55 66 Domari-Pytka and Bardowski
(2004)
Bacillus stearothermophilus 60-70 - 69 Domaii-Pytka and Bardowski
(2004)
Thermoactinomyces vulgaris 40 5-6 65 Domaii-Pytka and Bardowski
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Pullulan hydrolase type Il Aspergillus niger 30-40 34-40 - Sakano et al. (1971)
Pullulan Hydrolase Thermococcus aggregans 100 65 83 Niehaus et al. (2000)
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Thermococcus kodakarensis 95-100 35-42 84 Ahamad et al, 2013; Toor et al,
2020
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Sweet potato/Water hyacinth Pullulanase Auerobasidium pullulans Velhal et al. (2014)

Wheat bran Pullulanase Clostridium thermosulfurogenes SV2 Reddy et al. (1999)

Wheat bran Pullulanase Clostridium thermosulfurogenes SVM17 Mrudula et al. (2011)

Rice bran + corn bran Pullulanase x aerogenes NCIM2239 Prabhu et al. (2018)

Wheat bran Amylase Bacillus coagulans Babu and Satynarayana (1995)

Wheat bran Amylase ‘Thermomyceslanuginosus Kunamneni et al. (2005)
Wheat bran Glucoamylase | Aspergillus sp Fadel et al. (2020)

Sugarbeet pulp Glucoamylase, a-amylase Aspergillus oryzae Fadel et al. (2020)

Sugarcane pulp Amylase Aspergillus and Trichoderma spp. Desgranges and Durand (1990)

Rice bran a-amylase | Rhizopus oryzae Kaur et al. (2015)

Groundnut oil cake Amylase Aspergillus niger Suganthi et al. (2011)

Pomegranate peel Amylase Aspergillus fumigatusNTCC1222 Singh et al. (2013)

Millet, oat, tapioca, and arum Isoamylase | Rhizopus oryzaePR7 Ghosh and Ray (2011)

Garden pea peel Glucoamylase Aspergillus niger Banerjee and Ghosh (2017)

Wheat bran Pullulanase Aspergillus flavus Naik et al,, 2019; Naik et al,, 2021
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1 P 32141 a-dextrin Pullulan 6-a- a-(1,6)- pullulan, a-and p-limit [Lee and
6 glucanohydrolase, glucanohydrolase  D-glucosidic amylopectin, dextrins, Maltose, | Whelan, 1966;
pullulan a-1,6- linkages glycogen, a-and - maltotriose, and | Bender and
glucanohydrolase, limit dextrinsother | linear Wallenfels,
pullulanase, a-dextrin branched oligosaccharides | 1966; Man
endo-1,6-a-glucosidase oligosaccharide
R-enzyme; pullulan 6- Bertoldo and
glucanohydrolase Antranikian,
2002; Guo et al.,
2018
2 Pl 32141 Amylopullulanase a-(16)and a-  Pullulan, Poly and | Maltotriose, Duffner et al.,
(14) oligo saccharides, = glucose, maltose 2000; Roy and
D-glucosidic starch, Gupta, 2004
linkages amylopectin Lévéque et al,
2000
3 PH-1 321135 | Neopullulanase pullulan 4-D- a-(14) Pullulan Panose Ara et al, 1995;
glucanohydrolase  D-glucosidic Imanaka and
linkages Kuriki, 1989;
Sunna et al,,
1997
4 PH-IT 32157 Isopullulanase pullulan 4- a-(14) Pullulan, Panose | Isopanose,
glucanohydrolase | D-glucosidic isomaltose and
(isopanose- linkages glucose
forming)
5 PH-IIT - a-(1,6)and a-  Pullulan, Starch,  Panose, maltose | Niehaus et al.
(1,4) amylose and and maltotriose (2000)
D-glucosidic amylopectin
linkages

Symbols used: P-I, Pullulanase type I, P-II, Pullulanase type 11, PH-I, Pullulan hydrolase type I, PH-II, Pullulan hydrolase type II, PH-II, Pullulan hydrolase type III.
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