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Xylitol, a natural compound classified as a sugar alcohol, is found diversely in fruits and vegetables in small quantities. Commercial production of xylitol has expanded due to its health benefits and wide applications as an alternative sweetener in food and pharmaceutical products. Production of xylitol on large scale is industrially being achieved by the chemical method. However, the biotechnological method offers the possibilities of lowered cost and energy compared to the chemical methods. It involves the conversion of xylose to xylitol by microbes or enzymes which is environmentally safe. This review highlights the prospects of the biotechnological method of xylitol production. Various microorganisms that have been used to produce xylitol, the bioprocess parameters, and genetic modifications to increase xylitol yield have been reviewed. In addition, the applications, benefits, and safety concerns to health have been discussed.
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INTRODUCTION

Xylitol is one of the naturally occurring pentitols (five-carbon sugar alcohol) with a molecular formula of C5H12O5. It is a white crystalline sugar, commercially used as an artificial sweetener in the food and pharmaceutical industries. Xylitol has a lesser calorific value (2.4 cal/g) compared to sucrose (4.0 cal/g) but has a relative sweetness almost equal to sucrose (Chen et al., 2010; Tiefenbacher, 2017). The xylitol metabolism is independent of insulin; hence it has been used as a safe sucrose substitute for patients with diabetes. In the human gastrointestinal tract, 50–75% ingested xylitol is not absorbed (Rehman et al., 2013). Owing to its anti-cariogenic properties, it has been used in the production of chewing gums and toothpaste. Many studies show the role of xylitol to reduce the incidence of respiratory and middle ear infections. Xylitol increases the absorption of calcium thereby helps in combating osteoporosis (Mussatto, 2012).

In 1891, a German and French chemist concurrently discovered xylitol (Rehman et al., 2016). Several years later, xylitol crystals were purified successfully, and it was used widely as an alternative to sugar during World War II, to meet the severe shortage faced during the war (Rehman et al., 2013). Xylitol was recognized as a potent sweetener after the discovery of its property of not elevating blood sugar levels. Countries like Germany, Japan, and Italy started to use xylitol as a part of the diabetic diet. Later in the 1970s, the dental benefits of xylitol came into light after the “Turku Sugar Studies” (Janakiram et al., 2017). Since 1975, various xylitol substituted products were introduced globally.

Xylitol is naturally present in little quantity in diverse vegetables and fruits. Some of the fruits containing xylitol are strawberry, raspberry, banana, yellow plums, and vegetables containing xylitol include cauliflower, spinach, carrot, onion, white mushroom, eggplant, lettuce, and pumpkin. It is also found in hardwood trees like birch and beechwood and in husks and stalks of the plants (Chen et al., 2010). Humans and animals produce small quantities of xylitol as well, during the metabolism of glucose. On average, an adult human produces 5 to 15 g of xylitol per day (Rehman et al., 2016). Since the amount of xylitol present in these natural sources is low, its extraction from these sources is inefficient. Currently, the chemical method of xylitol production is being used commercially to meet the xylitol demand. In this chemical process, xylose extracted from the lignocellulosic biomass undergoes catalytic hydrogenation to produce xylitol. Alternatively, to reduce the high production costs, biotechnological methods of xylitol production from lignocellulosic biomass can be employed (Mathew et al., 2018). There is an increasing interest in commercializing biotechnological methods for the sustainable production of xylitol.

In this review, the production of xylitol has been discussed, with the main focus on the biotechnological process. Although different microorganisms and enzymes have been studied for xylitol production, there is an utmost need for exploring engineered strains for enhanced xylitol production. Hence this review focuses on the microbial and enzymatic production of xylitol and highlights the metabolic engineering of microorganisms as well. Furthermore, the applications of xylitol in the food and pharmaceutical industries, its health benefits, and safety concerns have been summarized.



CHEMICAL AND BIOLOGICAL METHODS FOR XYLITOL PRODUCTION

Industrial production of xylitol is carried out by a chemical hydrogenation process where Raney nickel is used as a catalyst to convert xylose from hemicellulosic hydrolysate to xylitol. It involves five steps as follows: (1) Hydrolysis of the lignocellulosic biomass by acid to get monomeric sugars; (2) Treatment of hydrolysate to purify xylose; (3) Catalytic hydrogenation (usually carried out at a temperature of 353–413 K); (4) Xylitol purification; (5) Xylitol crystallization (Arcaño et al., 2020). By employing the catalytic hydrogenation method, about 50–60% of xylan from the hydrolysate can be converted to xylitol (Naidu et al., 2018). Other catalytic systems with Ruthenium, a noble metal, have also been proven to be effective in the hydrogenation of xylose to xylitol (Baudel et al., 2005; Yadav et al., 2012; Mishra et al., 2013). Recently, a catalytic formulation where noble metals have been replaced by non-noble metals like cobalt supported on silica is a better alternative catalyst (Audemar et al., 2020). However, the dependence of the chemical mode of synthesis seems to be non-sustainable and costly which prompted for biological routes of conversion of sugars to xylitol.

The biotechnological conversion of xylose to xylitol is carried out by microorganisms that produce enzymes for xylose metabolism. The substrate, xylose, is obtained from the hemicellulose-rich fraction of lignocellulosic biomass such as wood, agricultural wastes, or aquatic weeds (Sindhu et al., 2017; Espinoza-Acosta, 2020). Yeast is the predominant microorganism that can utilize xylose and ferment it to xylitol. Certain bacteria and filamentous fungi are also known to ferment xylose. In addition to microbial fermentation, enzymes have been used to produce xylitol as well. Furthermore, genetically engineered strains are being developed to improve xylitol yield to meet the industrial requirements (Xu et al., 2019).

The chemical method of xylitol production involves high pressure and temperature. It requires high energy and it is labor-intensive as well (Chen, 2015). Though the raw material for xylitol production is available throughout the world, the industrial expansion is limited to a few countries in Europe, Asia, and the United States due to the expensive production process (Arcaño et al., 2020). In the quest for an alternative method for producing xylitol, biotechnological methods have attracted the interest of researchers, which could address the above-mentioned limitations of the chemical method. Xylose bioconversion requires a simple fermentative approach and the overall energy consumption is relatively less (Chen, 2015). Microbial fermentation can be carried out under milder pressure and temperature compared to chemical methods. In the bioconversion process, organic waste can be extensively utilized and their environmental burden is reduced. Xylitol obtained through bioconversion can be used safely in food products as it does not have the risk of the presence of metal catalyst debris. The biotechnological process is safer and environmentally less polluting. Some inhibitors or impurities formed during hydrolysis of the biomass are either utilized or degraded partially by the microorganisms thus facilitating easier purification of the produced xylitol (Hernández-Pérez et al., 2019).

Consequently, the biotechnological method of producing xylitol has an added advantage in reducing production and purification costs and has the potential to replace chemical methods in terms of efficiency and sustainability. This is one of the main reasons behind the implementation of bioconversion methods of xylitol production by the leading manufacturers such as Thomson Biotech (China) and ZuChem (US) (Ravella et al., 2012). Figure 1 gives an overview of xylitol production strategy and its applications.
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FIGURE 1. Overview of Xylitol production and its applications.




BIOPRODUCTION OF XYLITOL


Xylitol Production From Lignocellulosic Biomass

Unlike the chemical method of xylitol production, the biotechnological production of xylitol does not solely depend on purified xylose as a substrate. Bioconversion of xylitol can be done effectively by using various lignocellulosic biomass rich in hemicellulosic fraction as a carbon source (Chandel et al., 2018). The major portion of lignocellulosic biomass comprises cellulose, hemicellulose, and lignin while a small amount of pectin, ash, protein, and extractives are also present (Kumar et al., 2009). The cellulose bound to hemicellulose forms a matrix with lignin. Thus, formed lignocellulosic material functions as a protective complex for plants. Based on the species and age, different plant materials have a difference in the compositions of these constituents. Hemicellulose, which commonly makes up 25–35% is the second most abundant polymer of the lignocellulosic biomass, after cellulose. In some plants like water hyacinth, around 38–43% is made up of hemicellulose (Patel et al., 1993; Varanasi et al., 2018). Hemicellulose is a branched-chain heteropolymer made up of different sugars based on which it is classified as xylans (xylose and arabinose), mannans (mannose, galactose, glucose), and xyloglucans (xylose and glucose) (Naidu et al., 2018). Among these, xylan, which is comprised of β-D-xylopyranosyl units, makes up most of the hemicellulose fraction.

Lignocellulosic biomass that are rich in xylan content are widely used for xylitol production. Hemicellulose of hardwood (such as birch and oak) is found to have more xylose than softwood (Winkelhausen and Kuzmanova, 1998). In recent decades, wastes generated from agriculture or forestry are being employed to get value-added products such as xylitol. Sugarcane bagasse, corn stover, fruit pomaces, rice, and wheat straw, and sawdust are commonly investigated for xylitol bioproduction (de Albuquerque et al., 2014). The lignocellulosic biomass selection for industrial usage should be based on the presence of high xylan content, availability, and proximity to the industry.


Pretreatment and Hydrolysis

The hemicellulosic fraction of the lignocellulosic biomass must be hydrolyzed to recover the pentose sugar, xylose, which is the main substrate for xylitol production. Compared to cellulose, it is easier to hydrolyze hemicellulose owing to its branched structure (Rafiqul and Sakinah, 2013). The yield of xylitol is influenced by the presence of by-products of hydrolysis and by the contamination of other fractions of the lignocellulose (Mussatto and Teixeira, 2010; Nair and Zhao, 2010). Pretreatment processes are included for efficient hydrolysis so that more xylose is accessible to the fermenting microorganisms and enzymes to produce a high xylitol yield. Pretreatment methods can be classified as (1) Physical methods—Microwave and Ultrasound methods; (2) Chemical methods—Dilute acid, ionic solvents, deep eutectic solvents, etc; (3) Physicochemical methods—Steam explosion, ammonia-based pretreatment; (4) Biological methods involving microorganisms like fungi (Kumar and Sharma, 2017). Table 1 compares different pretreatment methods with the respective xylitol yield.


Table 1. Comparison of different pretreatment methods with the xylitol yield.
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Industrially, acid hydrolysis, particularly dilute-acid hydrolysis, is the most commonly employed method owing to its efficiency in hydrolyzing hemicellulose at a fast rate at less cost (Martin et al., 2013). Moraes et al. (2020) have obtained 99% extraction of xylose by pretreating the biomass with 1% sulphuric acid at 120°C. The use of nitric acid hydrolysis has been found to improve xylose extraction (Dalli et al., 2017b; Manaf et al., 2018; Shah et al., 2020). Acid pretreatment releases monomeric sugars from the hemicellulose thereby eliminating the need for a further hydrolysis step. Nevertheless, acid hydrolysis has the drawback of producing inhibitory by-products and it is corrosive to the reactor vessels as well. Furthermore, it hydrolyzes cellulose along with hemicellulose. Enzymatic hydrolysis, on the other hand, can produce xylose specifically and minimize the formation of by-products. In a study by Mardawati et al. (2018) comparing acid and enzymatic hydrolysis methods, it was observed that the specific growth rate of microbes and the xylitol yield were higher in the hydrolysate obtained by enzymes.

The hemicellulosic fraction can be solubilized by an eco-friendly method called auto-hydrolysis. This method, also known as the hydrothermal pretreatment method, uses just water to convert hemicellulose into oligomers from which monomeric sugars can be recovered using further enzymatic hydrolysis (Mardawati et al., 2020). Here, the biomass is treated at high pressure and temperature of around 200°C due to which the acetyl groups in the hemicellulose get hydrolyzed to release acids that break bonds between the carbohydrates and lignin. Baptista et al. (2018, 2020) have used the auto-hydrolysis method to pretreat corncob and have reported the highest titer of xylitol production using recombinant Saccharomyces cerevisiae.

Solvents such as ionic liquids and deep eutectic solvents (DES) are grabbing researchers' attention in recent years to pretreat hydrolysates (Behera et al., 2014; Liu et al., 2019). Although the physiochemical properties of these two solvents are alike, it has been observed that DESs are more advantageous owing to the cost and biocompatible nature. Ai et al. (2020) have obtained xylose and glucose yield of around 85%, employing DES-mediated extrusion for pretreating sorghum bagasse. The choice of the pretreatment method is purely based on the application. Combining two pretreatment methods can also be advantageous in obtaining a better yield of monomeric sugars (Kumar and Sharma, 2017).



Inhibitors and Detoxification

Upon pretreatment and hydrolysis of biomass, apart from releasing monomeric sugars, many inhibitory compounds are produced. These compounds are derived from lignin or generated from the degradation of sugars, and they inhibit the fermentative microorganisms and enzymes. Furan compounds like furfural and hydroxymethylfurfural, phenolic compounds like vanillin and syringaldehyde, and acids such as formic acid, acetic acid, and levulinic acid are some of the common inhibitors formed in the hydrolysate of lignocellulosic biomass (Valdes et al., 2020; Bianchini et al., 2021). In the case of acid hydrolysis, inhibitors in the form of heavy metals can be produced due to corrosion of the equipment (Rehman et al., 2015). The type of inhibitors produced, and their concentration depends on the source of biomass and the treatment conditions used. The presence of phenolic compounds can alter the membrane integrity of the microorganisms. Damage to the DNA structure and enzyme activity can occur due to furans (Rao et al., 2016). The acids formed, affect the metabolism of xylose in yeast (Rafiqul et al., 2015a). The effect of inhibition depends on the concentration of the compounds, the fermentation conditions, and the ability of microorganisms to tolerate the inhibitory compound (Hernández-Pérez et al., 2019).

To obtain a better yield of xylitol from the xylose present in the hydrolysate, it is necessary to detoxify the hydrolysate and remove or inactivate the inhibitory compounds before fermentation. Neutralization, activated charcoal treatment, overliming, solvent extraction, ion-exchange resin treatment, and microbial detoxification are some of the commonly used detoxification methods. (Soares et al., 2016; Gupta et al., 2017; Kumar et al., 2018; Agarwal and Singh, 2019; Llano et al., 2021). Kumar et al. (2019) have reported the efficient removal of acetic acid and salts in the hydrolysate by employing a detoxification method involving activated charcoal followed by membrane filtration. However, the loss of sugar is a limitation of these methods. To minimize sugar loss while removing inhibitors, Dalli et al. (2017a) combined vacuum evaporation with solvent extraction and achieved 97 and 87.5% of furfural and acetic acid removal respectively.

Besides the research on the efficient and cost-effective detoxification methods, some researchers use adapted strains or recombinant strains of yeast to avoid a detoxification step (Santana et al., 2018). It has been reported in a study that a genetically engineered strain of Candida tropicalis has produced 0.98 gg−1 of xylitol from non-detoxified hydrolysate (Hong et al., 2016). The tolerance capacity of the microbial species used, the composition of the hydrolysate, the concentration, and the type of inhibitors present to decide the necessity for a detoxification step before fermentation. Also, a techno-economic analysis considering the cost of the detoxification method and the yield of xylitol should be taken into account.




Xylitol Production From Glucose

Naturally, xylose is found in abundance in the hemicellulosic fraction of lignocellulosic biomass. Yet, there is a drawback in the industrial production of xylitol from xylose due to the lack of an economically viable availability of pure xylose (Cheng et al., 2014). Addressing this limitation, glucose might be used as a better and cheaper alternative for large-scale xylitol production. Early studies on the production of xylitol from glucose involved three steps. In the first step, D-glucose is converted to D-arabitol by Debaryomyces hansenii. Then D-arabitol is oxidized to D-xylulose by Acetobacter suboxydans. Finally, D-xylulose is converted to xylitol by C. guilliermondii var. soya. (Onishi and Suzuki, 1969). However, the yield of xylitol obtained is low, which limits the application of this method in large-scale production.

To convert glucose directly to xylitol, studies on the construction of genetically engineered microorganisms are being done. Povelainen and Miasnikov (2007) have expressed the xylitol-phosphate dehydrogenase gene in a strain of Bacillus subtilis that resulted in the production of xylitol from D-glucose with a yield of 23%. Cheng et al. (2014) have genetically engineered a Pichia pastoris strain with the xylose dehydrogenase gene and D-arabitol dehydrogenase gene from different microorganisms. This engineered strain converted glucose into xylitol in a single fermentation with a yield of 0.078 g xylitol/g glucose. Further, the authors concluded that the yield of D-arabitol could be improved if glucose is made to enter the pentose phosphate pathway and the cell NADPH demand is altered. The major issues to be addressed in the single fermentation process of xylitol production from D-glucose are (1) the yield and productivity of D-arabitol by genetically engineered strains is low and (2) the production of by-products such as other polyols have to be reduced as it may increase the osmotic stress of the cells (Qi et al., 2014). Thus, more studies on the screening of strains producing a better yield of D- arabitol and optimization of the conditions of fermentation are required to make the production of xylitol from D-glucose industrially feasible.



Xylitol Production by Microorganisms

The biotechnological process of xylitol production is centered on the metabolism of xylose by microorganisms that can naturally utilize pentose sugars as a carbon source. Xylitol is produced by these microorganisms as an intermediate in the metabolic pathway of xylose (Narisetty et al., 2022). The first step in the metabolism of D-xylose occurring in yeast and fungi involves xylose reductase which reduces D-xylose to xylitol (Verduyn et al., 1985). The xylitol thus produced is secreted out of the cell or otherwise, it is oxidized by xylitol dehydrogenase to produce D-xylulose (Rizzi et al., 1989; Yablochkova et al., 2003). The secretion or oxidation of xylitol depends on the availability of cofactors. Xylose reductase requires NADPH or NADH and xylose dehydrogenase requires NADP or NAD for their activities. D-xylulose further gets phosphorylated by the action of xylulokinase and gets integrated with the non-oxidative route of the pentose phosphate pathway (Ravella et al., 2012) (Figure 2). In the process of xylitol bioconversion, continuous availability of NADPH is required so that there is limited oxidation of xylitol to xylulose. Numerous research works have been done to screen microbial strains that can efficiently produce xylitol (Hernández-Pérez et al., 2019; Narisetty et al., 2022).
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FIGURE 2. Metabolic pathways involved in the assimilation of xylose, arabinose and glucose from the hemicellulosic hydrolysate by yeast.


In contrast, bacteria contain the enzyme xylose isomerase that can directly convert D-xylose into D-xylulose which further enters the pentose phosphate pathway after phosphorylation. However, there are some exceptions. Some of the earlier studies done in the 1970s have shown that a few bacterial strains belonging to Corynebacterium and Enterobacter species contain the enzyme xylose reductase and have the ability to accumulate xylitol (Yoshitake et al., 1973a,b). In a study by Izumori and Tuzaki (1988), Mycobacterium smegmatis was found to produce xylitol. Several bacterial cultures belonging to the species Cellulomonas, Corynebacterium, and Serratia were screened for xylitol production by Rangaswamy and Agblevor (2002) and it was observed that among those, Corynebacterium produced maximum xylitol yield. Recently it has been found that Pseudomonas putida can produce xylitol with a volumetric productivity of 0.98 g L−1 h−1 which is higher than other bacterial strains (Lugani and Sooch, 2020). Filamentous fungi such as Penicillium chrysogenum and Petromyces albertensis were first studied for xylitol production (Dahiya, 1991). In 2003, Sampaio et al. screened Aspergillus niger and 10 different strains of Penicillium and it was seen that Penicillium crustosum had the highest yield. However, bacteria and filamentous fungi do not favor xylitol production as much as yeast does. Table 2 shows xylitol bioproduction by different microorganisms.


Table 2. Xylitol bioproduction by different strains of microorganisms.

[image: Table 2]

Yeast is widely studied due to the high xylitol productivity and assimilation of xylose. The most common yeast that produces high xylitol yield includes Candida and Debaryomyces (Guo et al., 2006; Sampaio et al., 2008). In a recent study by Carneiro and Almeida (2019) involving 44 isolates, it was found that Meyerozyma species were the best utilizers of xylose and Wickerhamomyces anomalus produced high xylitol yield. Candida strains such as C. tropicalis and C. silvanorum are the most promising xylitol producers as they have been found to have the highest xylose reductase activity (Yablochkova et al., 2003). López-Linares et al. (2018) compared the production of xylitol by Debaryomyces hansenii and Candida guilliermondii and observed that C. guilliermondii showed high tolerance to inhibitors like furans and acids thus possessing the advantage of not requiring additional detoxification steps. Similarly, a strain of C.tropicalis was found to produce xylitol with high tolerance to acetic acid in the hydrolysate (Junior et al., 2019). Generally, the yield of xylitol is less if the hydrolysate is not detoxified. However, Prabhu et al. (2020a) obtained a high yield of xylitol using Pichia fermentans without detoxifying the hydrolysate. Oleaginous yeast such as Yarrowia lipolytica has also studied in the xylitol bioproduction (Prabhu et al., 2020b). Furthermore, xylitol production has been done by genetic manipulation of microorganisms such as Saccharomyces cerevisae and Escherichia coli which has been discussed in section Metabolic engineering for enhanced xylitol production .



Xylitol Production by the Enzymatic Method

Until now microorganisms are commonly used for most studies on xylitol production. However, limitations in product purity and stability and lower enzyme to substrate ratio have paved the way for research on xylose bioconversion through enzymatic method instead of using whole cells, to meet the demands on a large scale. In the microbial production of xylitol, xylose is required for cell growth and cell maintenance. Since the enzymatic method does not require such tedious process, 100% of xylose can be converted to xylitol (de Freitas Branco et al., 2011). The key enzyme acquiring industrial importance in converting xylose to xylitol is xylose reductase (XR) (Lugani et al., 2021). Kitpreechavanich et al. (1984) reported that 90% of xylose was enzymatically converted into xylitol by xylose reductase from Candida pelliculosa coupled with a methanogen oxidoreductase system for NADPH recycling. Other NADPH recycling systems including formate dehydrogenase and glucose dehydrogenase have also been studied (Xu et al., 2019). Yeast like Candida guilliermondii, Candida tenuis, Candida tropicalis which are the best xylitol producers are used to obtain XR enzyme (Häcker et al., 1999; Tomotani et al., 2009; Kim et al., 2019). Recently, hemicellulosic hydrolysates have been used for the enzymatic bioconversion process and high xylitol yield has been obtained (Rafiqul and Sakinah, 2015; Rafiqul et al., 2015a, 2021).

In addition to the advantage of the high yield of xylitol, the energy, water requirement, and time of incubation are comparatively lesser in the enzymatic bioconversion method (Rafiqul and Sakinah, 2013). However, the enzymatic bioconversion faces two main constraints which are (1) the high cost involved in the preparation of xylose reductase enzyme; (2) the requirement of a constant supply of NADPH. The development of stable XR and an effective system for cofactor regeneration are needed for improving enzymatic xylitol production (de Freitas Branco et al., 2012).




FERMENTATION STRATEGIES IN XYLITOL PRODUCTION


Fermentative Parameters in Xylitol Production

The pH suitable for yeast growth is generally acidic. Characterization of xylose reductase from a Candida tropicalis strain showed that the enzyme was active at a pH of 5 to 7 (Rafiqul et al., 2015b). The optimum pH for the production of xylitol by Candida strains has been reported to be 5 and 5.5 (Rudrangi and West, 2020; West, 2021). The production of xylitol by yeast generally employs a temperature of 30°C. However, depending on the species used, the optimum temperature range of xylitol producing yeast varies between 30 and 37°C. In a study employing Candida tropicalis for the production of xylitol, it was observed that there was a consumption of about 90% xylose at a temperature range of 29 and 34°C and there was a decrease in xylose consumption below 28°C and above 35°C (Tamburini et al., 2015). Sampaio et al. (2006a) investigated the effect of temperature and pH on xylitol production by a Debaryomyces hansenii strain and concluded that the optimum temperature and pH range was 30–35°C and 4–8 respectively. Nevertheless, some research employs microorganisms tolerant to higher temperatures. Zhang et al. (2014) have used a recombinant strain of Kluyveromyces marxianus that produced high productivity of 1.49 g L−1 h −1 xylitol from 100 g L−1 xylose at a temperature of 42°C. Temperature influences the microbial growth rate and the production of xylitol as the regulation of transport proteins involved in xylose sequestration and the enzyme activity depend on the temperature (Tamburini et al., 2015).

For obtaining a high yield of xylitol, the initial concentration of xylose must be high since xylose is necessary to induce the enzymes involved in xylitol production (Winkelhausen and Kuzmanova, 1998). To increase the initial concentration of xylose, hemicellulosic hydrolysates undergo a concentration step which will also possibly increase the inhibitor concentration present in the hydrolysate (Hernández-Pérez et al., 2019). Moreover, during batch fermentation, there might be substrate inhibition due to high initial substrate concentration. Thus, the initial xylose concentration has to be optimized such that there is a high xylitol yield and the performance of the microorganisms is not affected. It should be noted that the optimum initial xylose concentration depends on the type of hydrolysate and yeast strain used (Mussatto and Roberto, 2008). Apart from using a detoxification step, increasing the inoculum concentration could also help in reducing the effects of the inhibitory compounds in the hydrolysate (Felipe et al., 1997). To enhance the production of xylitol, co-substrates such as glucose and glycerol can be supplemented (Kogje and Ghosalkar, 2017; Ariyan and Uthandi, 2019). One of the key elements in the metabolism of D-xylose in yeast is oxygen. El-Baz et al. (2011) have reported that reduced aeration increases the xylitol production rate. In another study, it was reported that Pichia guilliermondii favored the production of xylitol at a very low volumetric oxygen transfer coefficient (kLa) of 0.075/h (Zou et al., 2010). Low kLa value favors xylitol production as an increase in kLa value will direct the metabolism toward cell growth rather than xylitol production (Martínez et al., 2000).



Operation Modes

Batch fermentation in Erlenmeyer flasks or bioreactors is most commonly used for xylitol production (Mussatto and Roberto, 2003; López-Linares et al., 2018; Silva et al., 2020). A study by Shah et al. (2019) showed that batch fermentation of kenaf hydrolysate by a recombinant Escherichia coli gave a xylitol yield of 0.38 gg−1. Fed-batch fermentations can give better xylitol productivity as the concentration of substrate can be maintained constant. Li et al. (2012) carried out a two-stage fed-batch fermentation using Candida tropicalis and have reported that the xylitol productivity was 65.57% more than batch fermentation. Su et al. (2015) have reported the highest productivity of xylitol using E. coli by employing fed-batch fermentation. Recently, Ramirez and Escoto (2021) have implemented a genetic algorithm study to enhance xylose fermentation by a fed-batch process. A study by Martinez et al. (2003) describing the xylitol production by continuous fermentation of sugarcane hydrolysate by C. guilliermondii resulted in productivity of 0.68 gL−1h−1. Salgado et al. (2012) have employed a technique where two continuous stirred tank reactors were connected for the production of lactic acid and xylitol and this setup gave xylitol productivity of 0.218 gL−1h−1.

To increase the fermentation rate and reuse the cells, immobilization of cells is being preferred. Immobilization can be done by entrapment in beads or gels using carriers like sodium alginate, polyvinyl alcohol polyacrylamide agarose gel, κ-carrageenan, and gelatin (Yewale et al., 2016). Abd Rahman et al. (2020) have implemented immobilization of recombinant E. coli cells on multi-walled carbon nanotubes to enhance xylitol production. Recently, carbon fiber treated with Fenton reagent has been found to improve immobilization efficiency which resulted in improved xylitol production (Wang et al., 2021). Production of xylitol using immobilized cells can be carried out using different modes of operations such as batch, continuous, and fed-batch fermentation (Pérez-Bibbins et al., 2015).



Recovery of Xylitol

The viability of the bioproduction of xylitol depends on the downstream processing and recovery of xylitol from the fermentation broth. The nature of the product such as its size, the fermentation broth's concentration, and the presence of impurities like sugars, other sugar alcohols, media constituents, and inhibitory compounds in the broth decide the type of recovery process to be used (Martínez et al., 2015). The most common method employed for xylitol purification is crystallization. However, the broth must be clarified before the crystallization step to produce pure crystals. Clarification of the fermented media is usually done by using ion exchange resins, activated charcoal, liquid-liquid extraction, and membrane separation (Sampaio et al., 2006b; Canilha et al., 2008a; Misra et al., 2011). Faneer et al. (2017) have enhanced the purity of xylitol to 92% using polyethersulfone nanofiltration membrane which was efficient in removing other impurities like arabinose as well. After concentrating the broth using ion exchange resins, a two-stage crystallization process was performed by Martínez et al., by which up to 94% pure xylitol crystals were obtained (Martínez et al., 2007). In recent years, there is a search for greener methods for downstream processing that will be eco-friendly and cost-efficient as well. Faneer et al. (2018) have employed a pressure filtration membrane to obtain a high concentration of xylitol. Junior and Rocha (2021) have developed a purification process for xylitol using protic ionic liquids which gave a crystal yield of 70% with 85% purity.




METABOLIC ENGINEERING FOR ENHANCED XYLITOL PRODUCTION

Many wild and engineered strains are explored for increased xylitol production. Some of the wild potent microorganisms with inbuilt xylitol producing capacity are Candida sp., Pichia sp., Debaryomyces sp., Mycobacterium sp., Gluconobacter sp., and Corynebacterium sp. (Guo et al., 2006). To enhance xylitol production, genetic engineering techniques such as the introduction of genes coding for the key enzymes, disruption of hindering genes, or overexpression of existing gene is adopted (Johan et al., 1991; Handumrongkul et al., 1998). Table 3 shows some of the important engineered microorganisms with enhanced xylitol production. Key enzymes for xylitol production such as xylose reductase and xylose isomerase are isolated from potent fungi and are incorporated into microorganisms using genetic engineering techniques.


Table 3. Engineered microorganisms for enhanced xylitol production.
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Guirimand et al. (2019) showed that engineered Saccharomyces cerevisiae with cell surface display of Aspergillus aculeatus β-glucosidase (bgl1), Trichoderma reesei endoglucanase II (egl2), Aspergillus oryzae β-xylosidase A (xyl A) and cytosolic Scheffersomyces stipitis xylose reductase (Xyl1) results in enhanced xylitol production with 44% conversion rate (xylitol yield-3.7 gL−1) after 96 hours. Su et al. (2015) improved xylitol production in E. coli by blocking xylose catabolism and xylitol phosphorylation. Xylose catabolism is blocked by deleting xylulose kinase (xylB) and xylose isomerase (xylA) genes and phosphorylation of the xylitol produced is blocked by disrupting fructose phosphotransferase system (ptsF) resulting in increased production of xylitol (xylitol yield of 172.4 gL−1 is achieved after 110 h of batch fermentation).

Kim et al. (2015) engineered E. coli for increased xylitol production by introducing the following changes in the gene structure: (1) Deletion of arabinose transcriptional regulator (araC); (2) Intergenic mutation in xylose isomerase (xylA) and Orotate phosphoribosyl transferase (pyrE); (3) Missense mutation in Arabinose-proton symporter (araE) and Putative undecaprenyl-diphosphatase (ybjG). The resulting mutant strain E. coli GX20 showed rapid conversion of xylose to xylitol even in the presence of glucose in the medium. Zha et al. (2013) engineered Saccharomyces cerevisiae with xylose reductase (xyl1) from Scheffersomyces stipitis and β-glucosidase (gh1-1) and cellodextrin transporter (cdt-1) from Neurospora crassa resulting in increased xylitol production by 85.7% when co-fermented with cellobiose and xylose compared to co-fermentation with glucose and xylose. Oh et al. (2013) engineered Saccharomyces cerevisiae with xylose reductase (xyl1) from Scheffersomyces (Pichia) stipitis and β-glucosidase (gh1-1) and cellodextrin transporter (cdt-1) from Neurospora crassa, increased overall xylitol productivity by 40% when co-fermented with cellobiose and xylose.



MARKET TRENDS AND FUTURE PROSPECTS

One of the largest commercially produced sugar alcohols is xylitol. In the 1970s, a Finnish company commercialized xylitol production (Honkala et al., 1999). DuPont, an American-based company is a highly noted world's largest producer of xylitol from renewable resources such as hardwoods and maize as the feedstocks and commercialize xylitol under the trade name xivia (Ravella et al., 2012). Xylitol is considered to be one of the major value-added chemicals that can be produced from biomass (Werpy and Petersen, 2004). By 2020, the market value of xylitol was 921 million USD globally and it is projected to become 1.37 billion USD in 5 years [International Market Analysis Research Consulting Group (IMARC), 2020]. Xylitol has been certified to be safe for consumption by the US Food and Drug Association (Food Drug Administration, 2006). Nearly 70% of xylitol production is used in the production of confectionery items and chewing gums (Ahuja et al., 2020). In the bioproduction of xylitol, techno-economic analysis and assessment of environmental impact must be done at every step of the production process. This will ensure that the biomass is valorized sustainably with minimal waste production. To achieve a circular bio-based economy, every component of biomass has to be utilized to produce a wide range of products like fuels, chemicals, and energy. Integrating xylitol production with other products makes the bioconversion process industrially feasible (Morales-Rodriguez et al., 2016; Medina et al., 2018).

For the success of a biorefinery, it is crucial to understand the environmental impact through a life cycle assessment. Hafyan et al. (2019) have studied the environmental impact, hazard potential, and techno-economic aspects to select the optimum capacity for producing xylitol. Dasgupta et al. (2021) have estimated the material and energy balance and carbon dioxide emission levels in the bioproduction of xylitol using corncob. It has been reported that the energy requirement and greenhouse gas emission can be reduced by employing heat integration between processes.



COMMERCIAL ASPECTS OF XYLITOL IN INDUSTRIAL SCALE

Currently, more than 35 nations have endorsed the utilization of xylitol in food sources, drugs, and oral wellbeing items, chiefly in chewing gums, toothpaste, syrups, and candy preparations (Barathikannan and Agastian, 2016). Routine xylitol utilization might be characterized as everyday utilization of 5–7 g of xylitol no less than three times each day. The suggested portion for dental caries avoidance is 6–10 g/d but it varies from one individual to another. According to many studies, the maximum dosage of xylitol for children is 45 g/d and for adults is 100 g/d and the acceptable dosage is 40 g/d (Nayak et al., 2014).


Food and Confectionery

Long-term use of conventional white sugar in food and food products leads to many complications such as diabetes, inflammatory diseases, gingivitis, obesity, cardiovascular problems, metabolic syndrome, and dental caries. People suffering from obesity, find it too difficult to lose weight. Weight gain is directly linked to an increase in cholesterol level in the blood and lipid storage and cause many cardiovascular diseases. Replacing white sugar with xylitol helps in stabilizing blood sugar levels and decreasing overall lipid storage (Islam and Indrajit, 2012). It contributes to weight reduction and indirectly prevents the onset of cardiovascular disease. The diet of nursing women and pregnant ladies with gestational diabetes can be replaced by food items containing xylitol to prevent the impact of diabetes (Yamagata et al., 1969). When consumed, xylitol is digested into carbon dioxide and water, requiring no insulin for metabolism and having no effect on blood glucose levels. Compared to glucose only 20–30% of consumed xylitol is absorbed in the upper gastrointestinal tract and then it is non-actively transported through the intestinal tract.

Using xylitol as a sweetness enhancer in food preparation improves certain properties of food such as taste, color, longevity, and texture (Benahmed et al., 2020). Xylitol is extensively used in the manufacturing of chewing gums, chocolate, hard candies, wafer fillings, chocolate, pastilles, pectin jellies, ice cream fillings, and other sweets. Xylitol possesses some of the properties such as remineralization, moisture retention, non-fermentability, microbial stability, high solubility, and prebiotic effect (Mäkinen, 2000). Xylitol provides flexibility, a pleasing and cooling effect to the confectioneries. In the manufacturing of xylitol-based chewing gums, the cooling effect is promoted by the endothermic property (34.8 cal/g) of xylitol. As it does not undergo milliard reaction, xylitol will not char on heating and because of this property, it gives unique taste and color to the food items. It is used to sweeten the flour which is used for making bread, rusks, and cakes. Crystalline xylitol is used as a sanding material in the preparation of sweets and confectioneries. It is also used in the process of protein extraction as a stabilizing agent as it prevents the denaturation of protein. This property of xylitol is used to increase the shelf life of food products and so xylitol is highly recognized as a food preservative. In the food industry, xylitol is used as a stabilizer, moisturizer, antioxidant, and cryoprotectant.



Pharmaceutical Applications

Xylitol is markedly used in the manufacturing of toothpaste and mouth rinses for people with gum problems and sensitive gums due to its anti-cariogenic and tooth rehardening property (Janket et al., 2019). Streptococcus mutans and Helicobacter pylori are the oral pathogenic bacteria causing tooth decay, xerostomia, plaque formation, gingival inflammation, and erosion of teeth. These bacteria metabolize sugar residues present in the mouth and feed on them. Xylitol cannot be metabolized by these bacteria and so brushing teeth with toothpaste containing xylitol prevents dental caries. Due to the endothermic property of xylitol, toothpaste and mouthwashes give a cooling and refreshing effect. Xylitol sweetened night medicines after brushing are highly recommended for children (Feigal et al., 1981). Xylitol shows well-defined anti-bacterial properties and inhibits the growth of microorganisms. It also prevents the attachment of these microorganisms to the teeth surface and reduces their corrosive activity by reducing acid production potential (Nayak et al., 2014).

Streptococcus pneumoniae and Haemophilus influenzae are the common otopathogens causing ear infections such as acute otitis media. Xylitol with its anti-bacterial and anti-inflammatory potential reduces upper respiratory tract and middle ear infections by preventing the growth of the bacteria. Chewing gums and syrup containing xylitol have been displayed to ensure from the middle ear infection in children (Uhari et al., 1996; Vernacchio et al., 2014). Xylitol is used in the manufacturing of capsules and is added in oral drug preparations such as syrups, tonics, and vitamin formulations to increase palatability.

Some reports showed that the consumption of xylitol can reduce constipation, and for some people, it induces some side effects such as irritable bowel syndrome, diarrhea, and nephrolithiasis. Many cases have reported the toxic effect of xylitol on dogs. However, according to the animal poison control center of American society, xylitol is considered safe for other mammals like humans and cats, except for dogs [Peterson, 2013; American Association of Poison Control Centers (AAPCC), 2021].




CONCLUSION

Xylitol is a commercially successful, high market value artificial sweetener, produced by the biological action of microorganisms on the pentose sugar xylose. Low calorific value, insulin-independent metabolism, anti-cariogenic property, remineralization property of xylitol is highly exploited in food and pharmaceutical industries. Commercially many food and candy items, confectionery, pharmaceutical products are produced by replacing sucrose with xylitol. Due to the high demand for xylitol, the global production rate had been increased tremendously. The chemical method of xylitol production is cost-ineffective and not environmentally safe and the enzymatic method of production is time-consuming. The production of xylose-rich hemicellulosic hydrolysate is another snag in the large-scale production of xylitol. These difficulties can be overcome by the microbial method of xylitol production. Various genetic engineering strategies to modulate key enzymes such as xylose reductase, xylose isomerase, xylulokinase for enhanced xylitol yield and optimizing fermentative parameters based on kinetics studies, modeling and simulation need to be employed for large scale production of xylitol. Recent advances in integrated biorefinery approach, biomass conversion innovations, and metabolic engineering techniques would disclose new fortuity for economical and eco-friendly production of xylitol to meet the growing demand.
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