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Chapter 1: Introduction 

 

1.1. Introduction 

The modern trend in bioprocessing focus on the use of advanced technologies such as 

synthetic biology, metabolic engineering, and systems biology to improve the efficiency and 

scalability of bioprocesses for the production of different products such as biofuels, bio-

chemicals and pharmaceuticals. The single-use technologies improve the speed and flexibility of 

bioprocesses while also reducing costs and environmental impact. The concept of bio-refinery is 

getting more attractive because of the growing approach on using renewable energy sources and 

sustainable practices in bioprocessing operations. Lignocellulosic biomass is the most 

abundant renewable feedstock composed of cellulose (35% - 50%), hemicellulose (20% - 35%), 

and lignin (10% - 25%). Value addition of the biomass can be achieved through various 

processes such as converting it into biofuels, chemicals, or other materials. These processes can 

be done through chemical, physical or biological methodologies such as fermentation, pyrolysis, 

and gasification (Osman et al. 2021). But the biological conversion of lignocellulosic biomass 

into biofuels and platform chemicals can provide an alternative to fossil fuels, as well as to 

diversify the use of these resources increasing their economic value (Garba and Garba 2020).  

Biomass holds an inexhaustible, far, wide and low-cost wellspring of sugars that can be 

used as renewable carbon source for the manufacture of synthetic compounds. Different 

horticultural build-ups contain around 20 - 30% hemicellulose (Iqbal et al., 2011). The second 

most prevalent sugar in these hydrolysates is D-xylose (30 - 40%), an important bio-resource for 

diverse chemicals and added value products (Dhiman et al., 2012; Lachke, 2002; Moyses et al., 

2016). Thus, plant biomass has the potential to be utilised as renewable source for a variety of 

fuels and chemicals. The conversion of xylose to ethanol has been the focus of much of these 

investigations (Mohd Azhar et al., 2017). However, several recent studies have demonstrated that 

https://www.sciencedirect.com/topics/engineering/renewable-feedstock
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bacteria can convert this pentose sugar to other valuable chemicals (Kwak et al., 2017). Both 

indigenous or engineered microorganisms were reported in literature capable of producing 

variety of chemicals (1,3-PDO, lactic acid, levulinic acid, 3-hydroxypropionic acid, 3-

hydroxypropionaldehyde etc.) from biomass derived sugars (Isikgor and Remzi Becer 2015; 

Takkellapati et al. 2018).  

Xylose derived sugar acid i.e., xylonic acid (C5H10O6) have gained much attention in the 

last decade and is still a thriving area of research (Kumar et al., 2018). Researchers contribute 

dedicated piece of works related to different pre-treatment strategies, strain improvement, 

advanced fermentation strategies to enhance the titer of xylonic acid (Ghaffar et al., 2017; Sapcı 

et al., 2016; Takata et al., 2014). The gradual switching from C6 sugars to under utilized C5 

sugars of biomass is an important twist in the rapid growth of the alternate carbon source 

utilization in white biotechnology. 

C5 sugar utilization presents several challenges due to the complex nature of the 

metabolic pathways involved. Very few microbes are reported for efficient C5 sugar metabolism. 

The breakdown of C5 sugar requires the action of several enzymes, and the low expression levels 

of these enzymes in microorganisms lead to inefficient metabolism of C5 carbon sources. 

Additionally, the presence of other sugars, such as glucose, can inhibit the uptake and utilization 

of C5 sugars. Therefore, optimizing microbial strains and metabolic pathways is important for 

efficient utilization of C5 sugars. Our group demonstrated the production of amino acids and 

xylitol from C5 sugars (Gopinath et al. 2011; Dhar et al. 2016). Based on this, we introduced 

metabolic pathway in C. glutamicum ATCC 31831 assimilating xylose for xylonic acid 

production.  
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1.2. Objectives of the study 

 Amplification of xylose dehydrogenase (xyl B) and xylonolactonase (xyl C) genes from 

xylose inducible xylXABCD operon of Caulobacter crescentus 

 Cloning and expression of xyl B and xyl C genes of C. crescentus in C. glutamicum 

ATCC 31831 

 Fermentative production of xylonic acid by recombinant C. glutamicum using xylose 

from synthetic medium and from acid pre-treated liquor (APL) generated during biomass 

pre-treatment   

 Downstream processing, purification and characterization of xylonic acid 

 Bioconversion of xylose to xylonic acid by xylose dehydrogenase immobilized on    

ferromagnetic nanoparticles 

1.2.a. Outline of the study 

Given the current situation's increased importance of green energy technologies, it was 

worthwhile to research and expedite the prospect of far-ranging high-value chemicals generated 

from lignocellulosic pentose sugars. Therefore, we attempted to develop a microbial bioprocess 

for the production of xylonic acid which is a sugar acid and a versatile platform chemical with 

added value that could be integrated into a bio-refinery. It has diverse applications in the 

agricultural, medical, and pharmaceutical industries (Jin et al. 2022; Zomara et al. 2000). It is 

considered by the U.S. Department of Energy to be one of the top 30 chemicals of the highest 

value. Xylonic acid may also be used as a precursor for bio-plastic, polymer synthesis and other 

chemicals like 1,2,4-butanetriol (Niu Wei et al. 2003). 

It is targeted to develop a bioprocess for the production of xylonic acid from agro-

industrial residues and we selected the industrial microbe Corynebacterium glutamicum ATCC 
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31831 as the microbial workhorse and engineered towards the utilization of xylose released from 

lignocellulose. Heterologous expression of genes, xylose dehydrogenase (xylB) and 

xylonolactonase (xylC) of Caulobacter crescentus in C. glutamicum ATCC 31831 enabled the 

efficient conversion of xylose into xylonic acid. After the screening of different biomasses like 

rice straw, sawdust and wheat bran, sawdust was selected as the biomass for xylonic acid 

production. The method developed is suitable for knowledge-based bio-process evolution, which 

cuts down on experimental time and costs, and is easily adaptable to different strains and 

cultivation strategies. Fig.1.1. shows the schematic presentation of overall work. 

 

Fig.1.1. Schematic presentation of the overall work 

1.2.b. Thesis layout  

The thesis is framed into eight chapters, covering introduction about the work and 

objectives, a general methodology chapter, experimental chapters, summary and conclusion. The 
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working chapters deals with strain construction, xylonic acid production, process optimization, 

biomass utilization, downstream processing, and biotransformation using immobilized xylose 

dehydrogenase enzyme. Apart from that, a thorough review on the topic to find the gap areas, 

relevance and future prospects and bibliography is included. Separate annexures given for list of 

instruments, vector map and sequence and media composition.  

1.3. Review of Literature 

1.3.1. Biomass as a raw material for value-added chemicals 

As an alternative carbon resource, biomass, a renewable, abundant, and locally accessible 

and carbon–neutral raw material become a natural choice. Lignocellulose is a complex 

carbohydrate polymer composed of cellulose, hemicellulose and an aromatic polymer lignin as 

well as the rich source of C6 and C5 sugars (Ruiz et al., 2013). Better exploitation of these 

sugars can support a diverse application in different industrial sectors like pharmaceuticals, food, 

cosmetics and agriculture. Sugars are primarily used as the source of energy and specifically 

xylose is used for the production of bio-ethanol, bio-butanol, bio-polymer, bio-hydrogen, 1,3-

butanediol, 2,3-propanediol, organic acids, furfural, xylitol, single cell protein, amino acids and 

furans (furfural and 5-hydroxymethylfurufral: precursors for polyester, nylon, fuel, plastic, resin, 

fine chemicals) (de Sa´ et al., 2020; Kim et al., 2017; Kudahettige-Nilsson et al., 2015; Wu et al., 

2018).  

1.3.2. Composition analysis of biomass 

Lignocellulosic biomass is a complex abundant material that serves as an essential source 

of renewable energy and various bio-based products. It consists of three primary components: 

cellulose, hemicellulose, and lignin. Cellulose is a linear polymer of glucose and is the most 
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abundant component, accounting for up to 40 - 60% of the total weight of lignocellulosic 

biomass. Hemicellulose, on the other hand, is a branched polymer of different sugars, such as 

xylose, arabinose, and mannose, and accounts for about 20-35% of the total weight. Finally, 

lignin is a complex polymer composed of phenylpropanoid units and accounts for approximately 

15-30% of the total weight (Zoghlami and Paës 2019). Fig.1.2. shows the schematic structure of 

lignocellulose (Baruah et al. 2018). 

 

Fig.1.2. Schematic structure of lignocellulose 

1.3.3. Pre-treatment of biomass  

1.3.3.1. Methods of pre-treatment 

The process of pre-treating lignocellulosic feedstocks is crucial in altering their structure 

and exposing the lignocellulosic fractions for efficient enzyme access during enzymatic 

hydrolysis, resulting in higher reducing sugar yields and rates (Alvira et al., 2010). The choice of 
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pre-treatment method and conditions depends on the type and composition of the biomass being 

used (Phwan et al. 2019). Fig.1.3. lists some of the most commonly used pre-treatment methods 

(Kumar and Sharma 2017).  

 

Fig.1.3. Overview of different pre-treatment process 

Saccharification is the prime and most important step in the processing of agricultural 

biomass. Chemical and enzymatic hydrolysis is the most prevalent saccharification techniques 

for the release and hydrolysis of polysaccharides in lignocellulosics. Chemical hydrolysis is of 
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two types, acid and alkali pre-treatment, where these methods used to break down the complex 

structure of biomass, making it more accessible for further processing, such as fermentation or 

enzymatic hydrolysis, to produce biofuels or other value-added products. Acid pre-treatment 

uses an acidic solution, such as hydrochloric acid, acetic acid and sulfuric acid to break down the 

lignocellulosic material, while alkali pre-treatment uses an alkaline solution, such as 

NaOH/KOH at high temperatures and pressures, to do the same. Both methods aim to remove 

lignin and open up hemicellulose and cellulose structure to make it more accessible to enzymes.  

Lignocellulosic biomass pre-treatment methods can be broadly classified into two groups 

based on the type of treatment process employed: non-biological and biological. Non-biological 

methods do not involve any microbial treatments and can be divided into physical, chemical, and 

physico-chemical methods. 

1.3.3.1.a. Dilute acid 

Although acid treatment is the most frequently used traditional pre-treatment method for 

lignocellulosic feedstocks, it is not preferred due to the production of a significant amount of 

inhibitory substances such as furfurals, phenolic acids, aldehydes, and 5- hydroxymethylfurfural. 

Despite this, it is still the most widely used pre-treatment method on an industrial scale. Two 

types of acid pre-treatments are developed based on the end application. High-temperature 

(above 180°C) for a short duration (1–5 min) and low temperature (<120°C) for a long duration 

(30 - 90 min). In some cases, the acid itself hydrolyses the biomass into fermentable sugars, and 

the enzymatic hydrolysis step could be avoided. However, extensive washing is necessary to 

remove acid before fermentation of sugars (Sassner et al. 2008). Various acids have been used 

for the pre-treatment of different biomass, and the most commonly used acid is discussed here. 
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Dilute sulphuric acid H2SO4 is widely used in commercial acid pre-treatment, especially 

for switch grass, corn stover, spruce, and poplar (Kumar and Wyman 2009; Shuai et al. 2010; 

Digman et al. 2010; Xu et al. 2009). Pre-treating bermuda grass and rye straw with 1.5% 

sulphuric acid followed by diluted H2SO4 resulted in the generation of low levels of inhibitors 

and maximum sugar yield (Sun and Cheng 2005). The use of sulphuric acid for pre-treating 

lignocellulosic biomass is a conventional technique, primarily due to its affordability. However, 

acid treatment has some disadvantages, such as the production of inhibitory compounds and 

corrosion of the reaction vessel.  

1.3.3.1.b. Mild-alkali 

In contrast to acid treatment, alkali pre-treatment methods are generally performed at 

room temperature and pressure. Sodium hydroxide is the most commonly used alkali reagent and 

is the most effective (Kumar and Wyman 2009). Alkali reagents modify the structure of lignin, 

cause cellulose to swell and de-crystallize, and solvate hemicellulose (McIntosh and Vancov 

2010; Cheng et al. 2010; Ibrahim et al. 2011). Optimization studies have been performed using 

sodium hydroxide, and mild alkali pre-treatment can be carried out at ambient conditions, but 

higher temperatures are required for longer durations (Sun et al. 1995). The only drawback of 

alkali treatment is its high downstream processing cost due to the large amount of water needed 

to remove salts from the biomass. A neutralizing step is also required to remove inhibitors and 

lignin. 

The amount of glucose and xylose released during acid and alkali pre-treatment of 

lignocellulosic biomass can vary depending on various factors, such as the type of biomass, the 

pre-treatment conditions, and the analytical methods used to measure the released sugars. 
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1.3.4. Sugar acid 

Sugar acids are a class of organic compounds that are derived from sugars. They are 

characterized by the presence of a carboxyl group (-COOH) attached to a sugar molecule.  Sugar 

acids can be used as food additives, flavouring agents, and pH regulators. They can also be used 

in the production of various chemicals, such as biodegradable plastics and pharmaceuticals. 

Sugar acids are mainly synthesised via oxidation of corresponding mono or oligosaccharides. 

Both chemical and biological methods are used for sugar acid production. Aldonic, aldaric, and 

uronic acids are the three major class of sugar acids. The bio-refinery concept of producing 

biofuels and commodity chemicals from natural resource is gaining high interest due to its 

replacement with those produced from petroleum basis along with which sugar acids are also 

generating a lot of attention due to their potential as high value chemicals, and specifically as 

precursors of bio-plastics. Sugar acids are used as latent acid in food industry, and other 

application as pH regulator, sequestering agent and in pharmaceuticals (Mehtio et al., 2016). 

Xylose derived, sugar acid, xylonic acid generate interest as of the use of this molecule in the 

manufacture of synthetic polymers, including polyamides, polyesters and hydrogels. Further 

advancement of this xylonic acid would result in higher production volumes and thus help 

sustain the next generation bio refineries. 

1.3.4.1. Xylonic acid 

Xylonic acid, an oxidised five carbon derivative of xylose, is an excellent chemical 

platform with multifarious applications in the food, medicinal and agricultural fields. It is 

regarded as one of the top 30 highest-value chemicals by the U.S. National Renewable Energy 

Laboratory (NREL) and finds a number of applications in different fields as precursor for 

synthesis of polyamides, chelator, and as a dispersant, antibiotic, clarifying agent and health 
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enhancer (Byong-Wa et al. 2006; Toivari et al., 2012). The two potential routes for the synthesis 

of xylonic acid are chemical and biological oxidation. In chemical process xylonic acid oxidation 

is through a chemical catalyst (Pt/Au). In biological process biocatalysts dehydrogenase and 

lactonase oxidise xylose into xylonic acid. Biological oxidation is more sustainable, eco-friendly 

and cost-effective for industrial need compared to chemical process due to the lack of selectivity 

of the process (Mathews et al., 2015). Fig.1.4. shows the chemical structure of xylonic acid. 

 

Fig.1.4. Chemical structure of xylonic acid 

 

1.3.4.2. Xylonic acid importance  

One of the three primary components of plant biomass is hemicellulose, which can be 

utilized to produce high value chemicals and fuels.  The hemicellulose found in xylan is the 

source of xylose, which is the second most prevalent carbohydrate in nature as mentioned earlier. 

 The prime requirement and crucial factor for accomplishing the high-value application of 

lignocellulose is the effective utilisation of xylose (Toivari et al. 2013). Through redox reaction, 

xylose can be transformed into a number of other compounds, such as xylonic acid (xylonate), 

lactic acid, formic acid, acetic acid, and xylitol (Kwak, S. and Jin, Y.S. 2017; Fehér et al. 2018). 

Among them, xylan hemicellulose is selectively oxidised to produce xylonic acid, which has 

superior biocompatibility, biodegradability, and thermal stability (Yim et al. 2017). By 

combining xylonic acid and viscose fibre, a fabric with a cooling effect can be produced based 
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on the properties of the heat absorption of xylonic acid and water. The outfits prepared are 

cooling and refreshing. In addition, xylonic acid functions well as both a green solvent and 

catalyst for the Biginelli reaction (Ma et al. 2016). Xylonic acid or its salts are being used in 

construction to great economic advantage, and are anticipated to take the place of the gluconic 

acid cement water reducer. The successful use of xylonic acid has enormous social and economic 

benefits and has contributed to protect the environment, which has increased desire in producing 

xylonic acid.  

1.3.4.3. Native producers of xylonic acid  

The biological conversion of pentoses to pentanoic acid is mainly attained by aerobic 

bacterial fermentation. At the end of the nineteenth century, microbial production of xylonic acid 

was recognised from pure xylose and several species like Gluconobacter, Paraburkholderia, 

Pseudomonas, Pseudoduganella, Erwinia and other microorganisms were reported to produce 

xylonic acid (Bondar et al., 2021; Sundar Lekshmi et al., 2019; Toivari et al., 2012). Burkholderi 

sacchari is a well-known industrial producer strain with a high capacity for incorporation into 

bio-refinery that uses biomass residues. The wild-type B. sacchari produced both xylitol and 

xylonic acid comparable with other high production hosts. The genetic level rewiring of its 

metabolic route, along with improvements in molecular modification methods and a better 

knowledge of metabolic fluxes through upcoming studies, will integrate its potential as a micro-

production platform (Oliveira-Filho et al., 2021). Native xylonic acid producers, yield and titre 

reported are compiled in Table 1.1. For the production of xylonic acid with a titer near to the 

theoretical yield, metabolic engineering approaches based on genetic modulation were 

introduced recently. 
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Table. 1.1. Native strains reported for xylonic acid production 

Species Process 
Yield  

(gg-1) 

Titer  

(gL-1) 

Volumetric 

productivity  

(gL-1h-1) 

Reference 

Gluconobacter oxydans 

ATCC 621 
Batch 1.10 109 2.50 

Toivari et al., 

2012 

Gluconobacter oxydans 

ATCC 621 
Batch 1.10 107 2.20 

VTT Technical 

research centre of 

Finland 

Gluconobacter oxydans 

ATCC 621 
Batch 1.00 41 1.00 

VTT Technical 

research centre of 

Finland 

Gluconobacter oxydans 

ATCC 621 
Batch - 66.42 - 

Zhang 

et al., 2017 

Gluconobacter 

oxydans DSM 2003 
Batch - 38.86 0.90 

Zhang 

et al., 2016 

Gluconobacter 

oxydans NL71 
Batch - 143.6 4.48 

Dai et al., 

2020 

Gluconobacter 

oxydans 
Batch - 102.3 - 

Zhou et al., 

2016 

Gluconobacter 

oxydans NL71 
Batch 0.90 54.97 - 

Zhu et al., 

2015 

Gluconobacter oxydans 

ATCC 621 
Batch 1.10 51.00 1.80 

VTT Technical 

research centre of 

Finland 

Gluconobacter oxydans 

NL71 
Batch 0.98 586.30 4.69 Zhou et al., 2015 

Gluconobacter oxydans Batch - 329 6.70 Zhou et al., 2019 

Enterobacter cloacae Batch ~ 1.00 190 ~ 1.00 Ishizaki et al., 1973 

Pseudomonas fragi 

ATCC 4973 
Batch 1.10 162 1.40 

Buchert and Viikari 

1988 
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1.3.4.4. Xylonic acid biosynthetic pathway 

The oxidative pathway for xylonic biosynthesis is divided into two routes: The Weimberg 

pathway and the Dahms pathway (Fig.1.5.). Native bacteria such as Gluconobacter oxydans, 

Paraburkholderia sacchari, Caulobacter crescentus, and Pseudomonas taiwanensis utilise this 

pathway to assimilate xylose into D-xylonolactone via enzyme xylose dehydrogenase (XDH) 

(Kohler et al., 2015; McClintock et al., 2017; Stephens et al., 2007). D-xylonolactone is then 

converted to D-xylonic acid by xylonolactonase (XL), which is further converted to the common 

intermediate, 2-keto-3-deoxy-xylonate, between the two pathways. 2-keto-3-deoxy-xylonate is 

converted to ά-ketoglutarate via the Weimberg pathway, alternatively 2-keto-3-deoxy-xylonate is 

hydrolysed to pyruvate and glucoaldehyde via the Dahms pathway (Brüsseler et al., 2019).  

The non-phosphorylative metabolic route has significant advantages over the 

oxidoredutase and isomerase pathways as it directly transforms xylose to pyruvate and ά-

ketoglutarate without entering PPP, reducing enzymatic conversions and ATP consumption. The 

incorporation of oxidative pathway enzymes aided the evolution of new recombinant strains 

producing a variety of useful chemicals (Banares et al., 2021; Domingues et al., 2021). 

 

Pichia kudriavzevii Fed-Batch 1.00 171 1.40 Toivari et al., 2013 

Klebsiella pneumoniae Fed-Batch 1.11 103 1.30 Wang et al., 2016 

Paraburkholderia 

sacchari 
Fed-Batch 1.11 390 6.41 Bondar et al., 2021 

Pseudoduganella 

danionis 
Batch 0.65 6.5 0.54 

Sundar Lekshmi 

et al., 2019 
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Fig.1.5. Xylose oxidative pathway for xylonic acid biosynthesis. Xylose is converted to D-

xylonolactone by xylose dehydrogenase (XDH) and then to xylonic acid by 

xylonolactonase (XL) enzyme. Xylonic acid again converted to 2-keto 3-deoxy D-xylonate by 
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xylonate dehydratase (XD). 2-keto 3-deoxy D-xylonate is the common intermediate in both the 

Dahm’s pathway and Weimberg pathway. In Dahm’s pathway 2-keto 3-deoxy D-xylonate splits 

into pyruvate and glycoaldehyde via enzyme aldolase (AD). Pyruvate enters into TCA cycle as 

acetyl CoA, glycoaldehyde again converted to ethylene glycol via aldehyde dehydrogenase 

(ALR) and/or converted to glycolic acid via aldehyde dehydrogenase (AlDH), whereas in 

Weimberg pathway 2-keto 3-deoxy D-xylonate is oxidised to ά-keto-glutarate semi-aldehyde by 

Ketodeoxy-Xylonate dehydratase (KdxD) and then enters TCA cycle as ά-keto-glutarate by the 

enzymatic action of a-keto glutarate semi-aldehyde dehydrogenase (KGSADH). 

1.3.4.5. Genetically modified strains for xylonic acid production 

E. coli is an interesting model organism for producing biotechnologically valuable 

chemicals, because its metabolic routes and physiology are well understood, and there are 

several genetic and bioinformatic tools accessible. However, its prime genetic pathway for 

xylose metabolism is the XI pathway, E. coli does not natively produce xylonic acid from xylose. 

Nevertheless, metabolic engineering can be used to get around this limitation. In fact, the 

genetically modified strain accumulated xylonic acid after co-expression of two genes encoding 

xylose dehydrogenase (xdh) and xylonolactonase (xylC) from xylose operon of a heterologous 

Gram negative bacteria Caulobacter crescentus, as well as deletion of the genes encoding xylose 

isomerase and xylose kinase to block xylose utilisation via its native xylose isomerase pathway 

(Cao et al., 2013; Liu et al., 2012).  

After E. coli, very recently Corynebacterium glutamicum has been reported for its 

potential in xylonic acid production from agro-residue. C. glutamicum is a Gram-positive, rod-

shaped bacterium that has been considered as Generally Recognized as Safe (GRAS) by the 

United States Food and Drug Administration (FDA) for use as a food ingredient. C. glutamicum 

is most commonly used in industrial biotechnology for the production of amino acids, such as 

lysine, glutamate, and glutamine. It is also used in the production of enzymes, metabolites, and 
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other proteins. C. glutamicum is a well-known model organism for metabolic engineering.  Its 

unique metabolic pathways make it an attractive organism for metabolic engineering projects. 

This is done by introducing genetic modifications to the organism to improve the efficiency of 

the metabolic pathways involved in the production of the desired product. It is widely used in 

industrial fermentation for the production of amino acids, peptides, polysaccharides, and 

enzymes. It is also employed in the manufacture of pharmaceuticals, vitamins, food additives, 

flavorings, and other products. It has been widely used in metabolic engineering studies, in order 

to improve L-glutamate production, to produce other amino acids, and other compounds, like 

vitamins and antibiotics, and also to study the basic biology of the organism. The genome of C. 

glutamicum has been sequenced, providing researchers with a wealth of information about the 

organism's genetic makeup and metabolic pathways. This information can be used to identify 

genes and pathways that can be manipulated to improve the organism's ability to produce a 

desired product.  

Previous reports from our lab was also focused on the adaptability of Corynebacterium 

glutamicum in biomass hydrolysate and also its ability to grow in harsh conditions and to resist 

inhibitors were explored. Corynebacterium glutamicum was modified for C5 utilization and 

production of amino acids and xylitol from rice straw (Gopinath et al. 2011; Dhar et al. 2016). 

In 2017 Yim et al (2017) explored Corynebacterium glutamicum for its potential in 

bioconversion of hemicellulosic biomass into speciality chemicals i.e xylan into xylonic acid. 

Heterologous expression of xylose specific transporter gene, xylE, of Escherichia coli along with 

xylose dehydrogenase and xylonolactonase genes, involved in xylonic acid metabolism, from 

Caulobacter crescentus were cloned for xylonic acid production. The metabolically engineered 

C. glutamicum successfully produced xylonic acid from biomass (Yim et al., 2017). D-xylose 
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dehydrogenase gene from Caulobacter crescentus was also expressed in yeast Pichia 

kudriavzevii VTT C-79090 T for xylonic acid production and the modified strain showed 100% 

conversion (Toivari et al., 2013). Herrera et al., (2021) engineered Zymomonas mobilis for 

conversion of sugarcane bagasse derived xylose to xylonic acid. The recombinant strain 

expressing xylose dehydrogenase gene (of Paraburkholderia xenovorans) allowed effective 

production of xylonic acid in shake flasks. The yeasts Saccharomyces cerevisiae and 

Kluyveromyces lactis were also modified in such a way showing the potential of prokaryotic 

systems for xylonic acid production (Nygard et al., 2011; Toivari et al., 2012). The studies on 

this sugar acid took a deviation to the practical application of xylonic acid as a concrete add-

mixture in 2018.  

Zhou et al., (2018) exploited G. oxydans for xylonic acid production from wheat straw 

hydrolysate as an economical source for industrial application. High titer of upto 210 g xylonic 

acid was produced by G. oxydans within one-day catalysis (Han et al., 2021). Calcium xylonate 

from lignocellulosic prehydrolysate (CXL) demonstrated to be a promising commercial 

precursor for concrete add-mixture with improved characteristics as a potential water reducer 

with high retardation capacity and compressive strength reinforcement and as a cost-competitive 

approach it has boosted the comprehensive utilization of lignocellulosic for xylonic acid 

production. 

Klebsiella pneumonia a mutant strain (Δ gad) reported for producing both gluconic acid 

and xylonic acid from bamboo hydrolysate, where 14 gL-1 xylonic acid and 33 gL-1 gluconic acid 

were produced (Wang et al., 2016). G. oxydans the natural xylonic acid producer that has 

undergone extensive studies for this metabolite’s synthesis reported with maximum yield of 

586.30 gL-1 (Zhou et al., 2015). Miao et al., (2015), sequenced the complete genome of G. 
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oxydans NL71 to understand the overall metabolism of xylose as well as the genome sequence 

elucidation paved the basis for both evolutionary studies and in the enhancement of the 

organism’s biotechnological applications. This whole genome data is influential in understanding 

the metabolic mechanism occurring in the bacterial cells for the biotransformation of xylose into 

xylonic acid and the cellular resistance towards highly concentrated xylonic acid, xylose and 

inhibitors in the crude lignocellulosic hydrolysate. Table.1.2. compiles the metabolically 

engineered strains reported for xylonic acid production.  

CRISPR-Cas9 technology is a dynamic genome editing tool, the vast scope of this 

technology will change the near future of biotechnology. A transitory CRISPR-Cas9 gene editing 

in Candida glycerinogenes enabled the co-production of xylonic acid and ethanol from 

lignocellulosic hydrolysate. For decades, Candida glycerinogenes, a potent industrial yeast with 

strong inhibitor resistance, has been used to produce glycerol. The absence of reduction division, 

whole genome, and the dearth of molecular tools, however, limited its genetic manipulation. The 

CRISPR-Cas9 system altered the genetic make-up of C. glycerinogenes. Single and multiple 

gene knock-outs were produced by targeting counter selectable marker genes (TRP1, URA3), 

and the auxotroph created employed as a background for targeting other genes (HOG1) with an 

80% mutation efficiency. Furthermore, by knocking in the xylose dehydrogenase gene, a 

recombinant C. glycerinogenes strain was created, co-producing both ethanol (28 gL-1) and 

xylonic acid (9 gL-1) from xylose rich biomass hydrolysate. This strategy could countersign to 

unlock the application of CRISPR-cas9 genome editing in more organisms paving pathways 

producing diverse biochemicals (Zhu et al., 2019). 
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Table. 1.2. Genetically modified strains reported for xylonic acid production 

 

 

Species Process Yield  

(gg-1) 

Titer 

 (gL-1) 

Volumetric 

productivity  

(gL-1 h-1) 

Reference 

Saccharomyces cerevisiae 

Xyd1 

Batch 0.40 4 0.03 Toivari et al., 2010 

Saccharomyces cerevisiae 

SUS2DD 

Batch 0.40 3 0.02 Toivari et al., 2012  

Saccharomyces cerevisiae 

xylB 

Batch 0.80 17 0.23 Toivari et al., 2012  

Saccharomyces cerevisiae 

B67002 xylB 

Batch 0.80 43 0.44 Toivari et al., 2012  

Kluyveromyces lactis Xyd1 Batch 0.60 19 0.16 Nygard et al., 2011 

Kluyveromyces lactis Xyd1 

ΔXYL1 

Batch 0.40 8 0.13 Nygard et al., 2011 

Aspergillus niger ATCC 

1015 

Batch 0.80 10 0.12 VTT 

E. coli W3110 EWX4 Batch 0.98 39.20 1.09 Liu et al., 2012 

 

E. coli BL21 ΔxylAB/pA-

xdhxylC 

Batch 0.91 27.30 1.8 Cao et al., 2013 

E. coli W3110 XGL4 Fed-Batch 1.09 108.2 1.8 Zhang et al., 2019 

 

Corynebacterium 

glutamicum (ATCC 13032) 

Batch 1.04 20.71 1.02 Yim et al., 2017 

Corynebacterium 

glutamicum (ATCC 31831) 

Batch 1.00 56.32 0.93 Sundar et al., 2020 

Zymomonas mobilis Batch 1.04 26.17 1.85 Herrera et al., 2021 
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1.3.4.6. Improvised bioprocesses for xylonic acid 

Hou et al., (2018) illustrated the cascade hydrolysis and fermentation (CHF) strategy for 

the co-production of both gluconic acid and xylonic acid from highly viscous corn stover 

hydrolysate slurry. The high fermentation product yields of gluconic acid and xylonic acid 

(118.9 gL-1 and 59.3 gL-1 respectively) were reported exploiting Gluconobacter oxydans DSM 

2003. This study signifies the economy and efficacy of CHF over traditional distinct hydrolysis 

and fermentation (SHF) as a practical fermentation strategy to be broadly extended to other 

value-added chemicals. Powdered activated carbon treatment improves xylonic acid synthesis 

from hemicellulose pre-hydrolysate. The use of powdered activated carbon lowered the viscosity 

of concentrated pre-hydrolysate and other non-sugar molecules, allowing lignocellulosic xylonic 

acid synthesis to be scaled up in an air-aerated and agitated bioreactor (Dai et al., 2020). Using 

straw pulping solid residue, a unique bio-refinery sequence was created, providing a variety of 

co-products such as xylonic acid, nitrogen fertiliser and ethanol. This method employs neutral 

sulphite pre-treatment, which resulted in 64.3 % delignification and also preserving cellulose and 

xylan (90 and 67.3%) under optimal conditions. Semi-simultaneous saccharification and 

fermentation (SSSF) and bio-catalysis methods were investigated after pre-treatment. With 

various solid loading, nearly 100 % xylonic acid got yielded from bio-catalysis of xylose 

remained in fermentation broth (Huang et al., 2018).  

1.3.4.7. Bioconversion using immobilized biocatalyst 

Immobilized biocatalyst technology has shown a great potential for xylonic acid 

production from xylose. Zdarta et al, (2019) reported the co-immobilization of glucose 

dehydrogenase and xylose dehydrogenase on mesoporous Santa Barbara Amorphous silica for 

simultaneous production of xylonic acid and gluconic acid. The reaction yield reached over 80% 
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even after 5 consecutive reaction steps (Zdarta et al. 2019). Similarly, the immobilization of 

xylose dehydrogenase (XDH) and alcohol dehydrogenase (ADH) on magnetite-silica core-shell 

particles was carried out to enable the simultaneous conversion of xylose into xylonic acid (XA) 

and the regeneration of cofactors in situ. The experiment showed that even after five cycles of 

reaction, the immobilized XDH and ADH retained more than 65% of their original properties, 

and the overall biocatalytic productivity was found to be 1.65 mM of xylonic acid per 1U of co-

immobilized XDH (Bachosz et al. 2019). These findings indicate that the immobilized 

biocatalysts have several benefits over a free enzyme system, such as increased stability and 

activity. 

1.3.4.8. Xylonic acid recovery and purification 

For industrial applications, purity is a key criterion. Activated charcoal treatment and 

solvent extraction are the major downstream processes employed for xylonic acid recovery. 

Charcoal clarified broth is concentrated by rotary evaporator (usually at 70°C) and xylonic acid 

precipitate is recovered by ethanol precipitation (3:1 ratio). Another recovery process is the use 

of ion-exchange resin and crystallization, where anion exchange resin (D311) is employed for 

xylonic acid purification. The resin extracted eluate is concentrated into pure xylonic acid 

crystals (Liu et al., 2012; Wang et al., 2016; Zhang et al., 2020). 

1.3.4.9. Non biological processes for xylonic acid synthesis  

 

In the chemical process for the synthesis of chemicals from biomass, heterogeneous 

catalysis is important. In the realm of bio-refining, photocatalytic synthesis has steadily gained 

attention in addition to thermal catalytic synthesis.  

Thermal catalysis is widely used to convert biomass into valuable compounds. Several 

works for the synthesis of xylonic acid were reported. The development of an efficient catalyst is 
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essential to achieve this process.  Earlier reports of thermal catalytic synthesis used alkaline or 

organic systems, and noble metal catalysts were essential for the production of xylonic acid 

during the process. For example, Rafaideen et al. (2019) demonstrated that using a Pd/C catalyst, 

xylonic acid could be synthesized from an alkaline system with a pH of 10 (Rafaïdeen et al. 

2019). The device could also successfully achieve the selective oxidation of glucose to gluconic 

acid (Chun et al. 2006). In addition, Tathod et al. (2014) claimed that Pt/hydrotalcite (HT) was 

essential for producing xylonic acid from xylose and that it could catalyse the conversion of 

xylose to xylonic acid at 50°C and atmospheric pressure with a 57% yield and 90% conversions 

(Tathod et al. 2014). It is because ultraviolet (UV) analysis was used to determine that in alkaline 

conditions, sugars remain in open-chain form in solution, exposing their CHO groups, which 

then get through oxidation and hydrogenation reactions to generate acids and alcohols. After 

that, it was discovered that adding Au-based catalyst significantly enhanced the catalytic 

efficiency. After few years, there has been a significant increase in the yield of the chemical 

synthesis of xylonic acid. Ma et al. (2018) developed a catalyst made of Au nanoparticles 

embedded in the inner wall of mesoporous alumina hollow nanospheres (Au@h-Al2O3). The 

results showed that the Au@h- Al2O3 catalyst performs effectively in non-alkaline environments. 

In the presence of Au@h- Al2O3 (20.00 mg) and oxygen pressure (3.00 MPa) at 130°C for 60 

min, the yield of xylonic acid was 83.30% (Ma et al. 2018). Despite an increase in xylonic acid 

yield, the system exhibited high reaction temperature and the use of metal catalyst, which are not 

ideal for xylonic acid synthesis at an industrial level. A metal-free catalyst was designed for the 

production of xylonic acid from xylose to reduce the production costs. The doped graphitic N is 

the active site, according to the results. However, this work also had a number of flaws, 

including a low yield, a high reaction temperature, and an alkaline reaction media, which is 
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incompatible with needs for developing green chemistry. Therefore, it is essential to develop a 

safe, effective, and environmentally friendly xylonic acid production process. 

Photocatalysis is a process in which a photocatalyst (such as titanium dioxide (TiO2)) is 

used to facilitate a chemical reaction under the influence of light. In the case of xylonic acid 

production, photocatalysis is used to convert xylose into xylonic acid through a series of 

chemical reactions. The process typically involves the use of a photocatalyst, a source of light, 

and an oxidizing agent such as oxygen or hydrogen peroxide (H2O2). In a Na2CO3 solution, Zhou 

et al. (2017) used a catalyst composed of AuNPs/TiO2 (3.00 wt % Au) to oxidise xylose into 

xylonic acid. The production of xylonic acid was 96% when the light source was UV light (= 

350-400 nm, 0.30 W cm 2); however, the yield was 98% when the light source was visible light 

irradiation (= 420-780 nm, 0.30 W cm 2). The results also showed that the band-gap 

photoexcitation of TiO2 is favourable to the UV light, hence increasing the photocatalytic 

activity, whereas the surface plasmon resonance of AuNPs is favourable to the excitation of 

visible light (Zhou et al. 2017). Biomass was used as the raw material by Chen et al., (2021) who 

then used a hydrothermal process to synthesise TiO2/Ti3C2 and in-situ developed TiO2 

nanoparticles on Ti3C2 nanosheets. TiO2/Ti3C2 shown exceptional photocatalytic activity in the 

oxidation of xylose to xylonic acid when compared to raw TiO2. With a catalyst dosage of 30 mg 

and a KOH concentration of 0.08 molL-1, the best yield of 64.20% was achieved (Chen et al. 

2021). Li et al. (2021) have published a novel hydrothermal technique for the controllable one-

step production of ZnS@Bi2S3 nanosheets. ZnS@Bi2S3 nanosheets showed a good band gap and 

outstanding stability when compared to pure Bi2S3. In the presence of ZnS@Bi2S3 nanosheets (40 

mg) with 0.08 molL-1 of KOH at 50°C during the reaction, the production of xylonic acid 

reached 74.20% (Li et al. 2021). 
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The chemical synthesis of xylonic acid has several drawbacks and disadvantages 

compared to biological production. Chemical process requires harsh reaction conditions, 

including high temperatures and strong acids, which can lead to the production of undesirable 

side products and can be energy-intensive. The chemical synthesis route is expensive, and the 

cost of the starting materials and reagents is high. Additionally, the chemical synthesis of xylonic 

acid often requires the use of hydrothermal process, toxic or hazardous chemicals, which can 

pose risks to workers and the environment. Furthermore, the process may produce large amounts 

of waste and requires specialized equipment for the purification of the product.  

In contrast, biological production of xylonic acid using microbial fermentation can be 

performed under mild conditions, uses renewable resources, and has a lower environmental 

impact. Additionally, microbial production can produce high yields of pure product with fewer 

by-products and can be performed at lower costs than chemical synthesis. Therefore, while 

chemical synthesis of xylonic acid can be a useful tool in laboratory settings, it is not a feasible 

or sustainable method for large-scale production. 

1.3.4.10. Technology players for xylonic acid 

Recent scientific and applied research on xylonic acid has shown a significant amount of 

patent activity in the recent past, from 2008 to 2021, with a slight shift towards more scientific 

publications in recent years due to an increase in research on the acid's synthesis and application. 

Data from the last decade (2012-2021) shows that there were 214 scientific publications and 210 

patent families related to xylonic acid, the data retrieved from Clarivate Analytics databases, 

Derwent Innovations Index, and the Web of Science. This indicates that scientific research has 

overtaken patent filing during this period. Of these publications, 68 were related to acid 
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production in scientific publications, while 36 were related to acid production in patent 

publications. 

The leading players in the production of xylonic acid are biotech companies such as 

Novozymes (India) and Danisco (USA), as well as universities and research centers such as 

Julich (Germany), East China University of Science and Technology (China), and Shanghai 

Advanced Research Institute (China). These entities use various strategies, including genetically 

modified and non-modified microorganisms, bacteria, yeast, enzyme cocktails, and process 

improvements like enzyme immobilization, aeration, and downstream separation and 

purification. While hydrolysates from corncob have been evaluated, they are not commonly used 

as a substrate. The primary substrate for microbial production is pure pentoses, specifically 

xylose. 

1.4. Summary  

In recent years, bacteria and yeast strains have been developed to produce xylonic acid 

efficiently in defined media containing xylose. However, using agro-industrial by-products and 

residues, such as lignocellulosic hydrolysates, as raw materials for xylonic acid production is st ill 

a challenging process. The proportion of different sugars present in the hydrolysate and their 

impact on the microorganism's metabolism have not been fully considered. Moreover, 

lignocellulose-derived inhibitors pose a challenge to be overcome, and detoxification of 

hydrolysates has been pursued for bacterial cultivation. Therefore, the primary technical 

challenges for the industrial-scale production of xylonic acid include efficient conversion of 

biomass xylose in undetoxified lignocellulosic hydrolysates, also microorganisms which can 

uptake good level of xylose and which have efficient enzyme systems for its conversion to 

xylonic acid is preferred and it has to survive in harsh conditions where growth inhibitors are 
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present, also capable of performing for extended periods with high production efficiency, and 

scaling up the process beyond the few liters evaluated so far. In this thesis we tried to address all 

these lacunae related to the bioprocess. 
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2.1. Introduction 

This chapter provides a detailed description of the materials and experimental 

procedures used to conduct the study. Standard protocols and details, information of instruments 

and equipments are provided. Individual chapters concerned with only very specific 

methodologies pertained to that chapter and all other standard microbiology, molecular biology 

and routine analytical experiments are described here. 

2.2. General materials 

2.2.1. Microbial strains and plasmids 

Corynebacterium glutamicum ATCC 31831 procured from American Type Culture 

Collection (ATCC) was used mainly in this work for xylonic acid production. The details of all 

microbial cultures and vectors used in the study are presented in Table 2.1. 

Table 2.1 Microbial strains and plasmids used in the study 

Strains & Vector Descriptions Reference 

Microbial strains 

Corynebacterium 

glutamicum 
ATCC13032, Wild type (WT) (Abe et al. 1967) 

Corynebacterium 

glutamicum 
ATCC 31831 (Kinoshita et al. 2004) 

E. coli DH5α 
Fthi-1 endA1 hsdr17(r-, m-) supE44 _lacU 

169 f80lacZ_M15) recA1 gyrA96 relA1 

(Hanahan & Harbor 

1983) 

E..coli BL21(DE3) 
 

F- ompT gal dcm lon hsdSB(rB- mB-) λ (DE3) 
 

Novagen, USA 

Plasmid vector 

pET 28a Bacterial expression vector 
Novagen, USA 

 

pVWEx1 Kanr ; E. coli-C. glutamicum shuttle vector 
(Peters-Wendisch et al. 

2001) 

Xylose operon Xylose inducible xylXABCD operon 

Gifted by  Prof. Dr. 

Volker F Wendisch, 

Bielefeld University, 

Germany 
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2.2.2. Chemicals, reagents and kits 

All chemicals used in this study were of analytical grade, procured from Merck (India), 

Sigma-Aldrich (USA) and Sisco Research Laboratories (SRL) (India). Culture medias (Luria 

Bertani (LB) and Brain Heart Infusion (BHI), media components comprise D-glucose, D-xylose, 

Tryptone, Yeast extract, FeSO4.7H2O, MnSO4. H2O, ZnSO4.7H2O, CuSO4.5H2O, NiCl2.6H2O, 

biotin, protocatechuate, (NH4)2SO4, urea, KH2PO4, K2HPO4, MgSO4.7H2O and MOPS), staining 

reagents (crystal violet and safranin) were obtained from Himedia (India). Solvents (NaOH, HCl, 

H2SO4, methanol, acetonitrile, formic acid, acetic acid, furfurals and syringaldehyde), Co-factors 

(NAD+ & NADH) and antibiotic (kanamycin), solvents (ethanol, isopropanol and acetone for the 

recovery and purification of xylonic acid) were procured from Sisco Research Laboratories 

(SRL) (India). Xylonic acid standard (HPLC grade) procured from Sigma- Aldrich (USA). 

Details of the oligonucleotides (from New England Biolabs (NEB) Ipswich, (USA)) used for 

various experiments are mentioned in respective chapters.   

Various molecular biology kits such as genomic DNA isolation kits, Plasmid isolation 

kits, PCR clean-up kits, and Gel extraction kits were obtained from Thermo scientific (Lithuania) 

and Qiagen, GmbH, Hilden (Germany). Restriction enzymes (BamHI, EcoRI, PstI), 2X Taq 

Master mix, Q5 High Fidelity Master mix, T4 DNA ligase, protein and DNA markers were 

purchased from New England Biolabs, NEB, Ipswich, (USA). Lysozyme and Bovine Serum 

Albumin (BSA) were procured from Himedia (India). Molecular biology grade chemicals like 

Agarose, Polyethylene glycol (PEG) MW 4000, Tris-base, Glycine, Ethylenediaminetetraacetic 

acid (EDTA), Glycerol were obtained from Sigma-Aldrich, (USA). Analytical grade solvents 

like Dimethyl sulfoxide (DMSO) and glacial acetic acid were purchased from Merck (India).  
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2.3. General microbiology methods 

2.3.1. Microorganisms and maintenance 

The wild type strain and all the recombinant strains of Corynebacterium glutamicum 

were maintained aerobically in Brain Heart Infusion (BHI) agar or broth (composition of media 

given in Annexure II) at 30°C. Antibiotic, kanamycin (25 µgmL-1), supplementation was used 

for recombinant C. glutamicum strains carrying pVWEx1 plasmid. E. coli strains DH5α and 

BL21(DE3) were maintained aerobically in Luria Bertani (LB) agar or broth (composition of 

media given in Annexure II) at 37°C.  All the cultures were grown in broth and stored at 4°C in 

respective agar plates and for long term preservation glycerol (20 %) stocks were made and 

stored at -80 ºC.  

2.3.2. Biomass determination 

The microbial biomass was determined based on dry cell weight (dcw). The broth 

containing cells were separated by centrifugation at 6,000 g for 5 min. The supernatant was 

discarded and the pellet was dissolved in deionized water. The suspension was filtered through 

pre weighed 0.2 µm filters. The filter containing biomass was dried in hot air oven at 50°C for 12 

h. The filter paper containing dried biomass was weighed and calculated the dry weight of 

biomass (dcw) in gL-1. 

                              g cdwL-1 = (w – w0) x 100 

                                                       v                                    

Whereas, 

              ‘w’ is the weight of the filter paper with dried biomass in grams 

              ‘w0’ is the weight of the filter paper alone in grams. 

              ‘v’ is the volume of broth taken (mL) for analysis 



Chapter 2: Materials and Methods 

 

33 

 

2.3.3. Cell density  

The bacterial cell concentration was measured spectrophotometrically by suspending in 

sterile deionized water or fermentation media. 3 mL sample was taken in a quartz cuvette having 

a path length of 1 cm and optical density was measured at 600 nm using a spectrophotometer 

(UV-160A, Shimadzu, Japan). 

2.3.4. Inoculum preparation 

Single colony of C. glutamicum from BHI agar plate was inoculated into 15.0 mL test 

tube containing 5.0 mL sterile BHI medium. The medium was incubated aerobically at 30°C in a 

rotary shaker at 200 rpm for 16 h. 1 % (vv-1) of the grown culture with OD600 nm of 0.8 was used 

as the pre-inoculum for batch fermentation studies. The recombinant C. glutamicum containing 

plasmid pVWEx1 and their derivatives were inoculated in BHI medium supplemented with 

kanamycin (25 µgmL-1). 

2.3.5. Fermentation 

Batch fermentation was carried out in both 250 mL shake flasks with 100 mL 

production medium and 2.5L fermenter with 1L production medium at 30°C and 200 rpm for 

120 h with an initial xylose concentration of 60 gL-1. Downstream process for the purification 

and characterization of xylonic acid is described in detail in chapter 6. The production medium 

(CGXII medium) composition used in this study are listed in Annexure II. 

2.3.6. Preparation of Acid Pre-treated Liquor (APL)  

After the initial screening, the sawdust biomass was selected for the preparation of Acid 

Pre-treated Liquor. The biomass was dried, milled and sieved though 2.0 mm sieve to obtain fine 
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particles of similar size. The sawdust was hydrolysed by dilute acid hydrolysis.  1 % sulphuric 

acid (wv-1) was used to soak the biomass with solid biomass loading of 15 % (wv-1). The mixture 

was pre-treated at 121°C in an autoclave for 60 min. After the treatment, the biomass was 

washed with deionized water to wash out all the residual soluble sugar present in the biomass. 

The resultant wash out liquid i.e., Acid Pre-treated Liquor (APL) was neutralized with calcium 

carbonate followed by fine adjustment with 10 N NaOH (pH 6.5). The APL was concentrated in 

a rotary vacuum evaporator (Buchi, India) to increase the sugar concentration according to the 

requirement. The APL concentrate was refined by centrifugation at 8000 rpm for 15 min 

followed by sterilization by filtration though 0.2 µm filters.  

2.4. Analytical methods 

2.4.1. Estimation of Protein 

2.4.1.1. Bradford Assay 

The assay is based on the observation that the absorbance maximum for an acidic 

solution of Coomassie Brilliant Blue G-250 shifts from 465 nm to 595 nm when protein binds to 

it (Bradford 1976). The anionic form of the dye is stabilized by both hydrophobic and ionic 

interactions, which results in a discernible colour change. The experiment is effective because a 

dye-albumin complex solution's extinction coefficient is constant over a concentration range of 

10 fold. 

2.4.1.1.a. Reagents 

 Bradford’s Reagent (contains Coomassie Brilliant Blue G-250, phosphoric acid and 

methanol) 

 Protein samples dissolved in appropriate buffer 
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2.4.1.1.b. Procedure 

Protein samples were quantified spectrophotometrically using Infinite 200 PRO 

microplate reader at 595 nm along with Bradford reagent. Bovine serum albumin (BSA) was 

used as the standard. 10 µL of the sample was mixed with 300 µL of Bradford reagent and 

incubated for 5 min at RT. A standard curve was plotted against BSA concentration within a 

range of 0.5-3 mgmL-1 (Fig. 2.1). All the readings were taken in triplicates in a 96-well 

microtiter plate. 

 

Fig. 2.1 Standard graph for Bradford assay 

2.4.2. Nucleic acids 

 Qualitative and quantitative analysis of nucleic acids, DNA and RNA, 

were performed spectrophotometrically (ND-1000 UV-Vis Spectrophotometer (Nanodrop, 

USA)). 1-2 µL of the sample was analyzed by keeping it between two optical surfaces which 

define the path in vertical orientation. Each measurement has been carried out at both 1 mm and 

0.2 mm path by the instrument automatically provided dynamic range of detection levels without 

sample dilutions (2 to 3700 ngµL-1 dsDNA, 2 to 3000 ngµL-1 RNA, 2 to 2400 ngµL-1 ssDNA). 
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Nucleic acids and proteins share absorbance maxima at 260 and 280 nm respectively. The purity 

was determined based on the ratios of this absorbance. Pure DNA generally has a ratio ~ 1.8, and 

~ 2.0 for RNA. An absorbance at 230 nm considered as contamination, therefore ratio of 

A260/A230 also calculated. So the pure DNA and RNA will have higher A260/A230 ratio at a 

range of 2.0 and 2.2 respectively. The instrument was controlled with Nano Drop™ software 

which measures the A280/A260 and A260/A230 automatically to provide the purity and 

concentration of the samples. 

2.4.3. HPLC analysis of sugars 

The qualitative and quantitative analysis of sugars were performed with automated 

High Performance Liquid Chromatography (HPLC) system (Prominence UFLC, Shimadzu, 

Japan) equipped with auto sampler (SIL20AC-HT) and column oven (CTO-20AC). The sugars 

(D-glucose and D-xylose) were resolved with Phenomenex Razex RPM Pb2+ cation exchange 

monosaccharide column (300 x 7.5 mm) operated at 80°C using milliQ water (0.6 mLmin-1) as 

mobile phase and detected using RI detector (RID, Refractive Index Detector-10A Shimadzu, 

Japan).  

2.4.4. HPLC analysis of xylonic acid  

The sugar acid (xylonic acid) was resolved with Phenomenex organic acid column (250 

mm×4.6 mm×5 µm) operated at 55°C using 0.01N H2SO4 as mobile phase at a flow rate of 0.6 

mLmin-1 and detected using PDA detector (SPDM-20A, Shimadzu, Japan). The samples were 

centrifuged (13,000 rpm for 10 min at 4°C) and filtered using 0.2 µm filters (Pall Corporation, 

Port Washington, New York) for analysis. 
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For standard graph preparation, different concentration of xylonic acid standard in the 

range 2, 4, 6, 8, 10 mgmL-1 was prepared and were analysed in HPLC. Standard graph was 

plotted with different concentrations against the peak area generated in the chromatogram. 

Xylonic acid production titer from batch fermentation was calculated from the standard curve. 

Fig.2.2. shows the standard graph of xylonic acid. 

  

Fig.2.2. Standard graph of xylonic acid 

2.4.5. HPLC analysis of Inhibitors  

The quantitative analysis of inhibitors such as formic acid, acetic acid, HMF and 

furfural in APL was carried out with Phenomenex organic acid column (250 mm×4.6 mm×5 µm) 

operated at 55°C using 0.01N H2SO4 as mobile phase at a flow rate of 0.6 mLmin-1 and detected 

using PDA detector (SPDM-20A, Shimadzu, Japan). The samples were centrifuged (13,000 rpm 

for 10 min at 4°C) and filtered using 0.2 µm filters (Pall Corporation, Port Washington, New 

York) for analysis. 
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2.5. Molecular biology Methods 

Unless specified, all the molecular biology techniques used for the experiments were 

adopted from the classical molecular biology methods provided in Sambrook and Russell (2001) 

unless otherwise specified. The buffers and reagents used in these methods were of sterile 

molecular biology grade. 

2.5.1. Isolation of Genomic DNA 

The genomic DNA isolation was performed by (cetyltrimethylammonium bromide) 

CTAB method (William et al., 2012). The bacterial cells from exponential stage were used for 

the genomic DNA isolation. 1.5 mL culture broth was centrifuged at 6,000 g for 5 min. After 

discarding the supernatant, the pellet was dissolved in TE buffer (10 mM Tris; 1 mM EDTA, pH 

8.0) to get an OD of 1.0 at 600 nm. Around 740 µL cell suspension was transferred to a clean 

micro centrifuge tube. 20 µL lysozyme (10 mgmL-1) was added to the cell suspension and mixed 

well. The mixture was incubated at 37°C for 10 to 60 min depending on the rigidity of the 

bacterial cell wall. Most of the gram positive bacterial cells need more time (30-60 min) for the 

lysis of cell wall. 40 µL SDS (10 %) was added to the lysate followed by 8 µL Proteinase K (20 

mgmL-1) and incubated at 55°C for 1 – 2 h. The complete lysis of cells can be confirmed on the 

basis of lucidity of the suspension. 100 µL NaCl (5 M) solution was added to the clear lysate and 

mixed well. This was followed by the addition of 100 µL, CTAB-NaCl (10: 4) solution. The 

thoroughly mixed solution was incubated at 65°C for 10 min. 500 µL Chloroform: Isoamyl 

alcohol (24:1) was added to the suspension and mixed well. The mixed solution was centrifuged 

at 14,000 g for 10 min at RT. The aqueous phase was transferred and added 500 µL of phenol: 

chloroform: isoamyl alcohol (25:24:1). The mixture was then centrifuged at 14,000 g for 15 min 

at RT. The aqueous phase was transferred to a new microfuge tube and 500 µL of Chloroform: 
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Isoamyl alcohol (24:1) was added once again. The contents were centrifuged again at 14,000 g 

for 10 min at RT. 400 µL of aqueous phase was transferred to a new microfuge tube and 240 µL 

of ice cold isopropanol (99 %) was added. After gentle mixing by inversion, the tubes were 

incubated at -20°C overnight. After the incubation the DNA precipitates formed was separated 

by centrifugation at 14,000 g for 15min at 4°C. The supernatant was discarded and the pellet was 

washed by suspending it in 500 µL ice cold ethanol (70 %, vv-1). The pellet was recollected by 

centrifugation at 14,000 g for 5 min at 4°C. The washed pellet was air dried in a vacuum 

concentrator at room temperature (RT) for 10 min. The dried pellet was dissolved in 170 µL 

nuclease free water and mixed well by gentle pipetting with cut tip. 20 µL RNase I buffer (10 X) 

along with 10 µL RNase I (100 mgmL-1) was added to the DNA solution and incubated at 37°C 

for 1 h to digest the residual RNA. The enzyme was inactivated by incubating the solution at 

70°C for 15 min. After heat inactivation, the content was placed in ice to cool, and 20 µL of 

Sodium Acetate solution (3M) was added. 550 µL ice cold ethanol (99%) was added to the 

content and gently mixed by inverting the tubes. The mixed content was placed in -80°C for 2 h 

for the precipitation of DNA.  

The precipitated DNA was separated by centrifugation at 14,000 g for 20 min in a 

cooling centrifuge. Supernatant was discarded and the pellet was washed with ice cold ethanol 

(70 %) as described earlier in the protocol. The washed pellet was air dried and dispensed in 100 

µL TE buffer for storage at -80°C. The DNA was visualized in 1% pre-stained (EtBr) agarose gel 

(1 %) and quantified by UV-Vis spectrophotometer (Nanodrop, USA). 

2.5.2. Isolation of Plasmid DNA 

Plasmid DNA isolation was done using the QIAprep Spin Miniprep kit (Qiagen, Hilden, 

Germany) following the manufacturer’s instructions. Briefly, prepared the culture by 
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inoculating it in 100 mL LB broth with 10 µgmL-1 of the desired antibiotics as per the plasmid 

used (kanamycin for pVWEx1) and incubated overnight at 37ºC. Transferred 100 mL of the 

overnight grown culture into the centrifuge tubes and centrifuged at 6000 g for 15min at 4ºC. 

Discarded the supernatant and re-suspended the pellet in 4 mL of P1 buffer (resuspension 

buffer). Added 4 mL of P2 buffer (lysis buffer) mix thoroughly by vigorously inverting 4-6 

times and incubated at RT for 5 min. Added 4 mL of pre-chilled P3 buffer (wash buffer), mix 

thoroughly by vigorously inverting 4-6 times and incubated in ice for 15 min. After this step 

the mixture turns into a turbid form. After incubation, centrifuged at 14,000-18,000 g for 10 

min at 4ºC. Re-centrifuged if the supernatant is not clear. Again centrifuged at 20,000 g for 30 

min at 4ºC. Re-centrifuged at the same rpm for 15 min at 4ºC. Equilibrated the Qiagen tip 

(column) with 4 mL of QBT buffer (equilibrium buffer) and empty it by gravity flow. Added 

the supernatant after centrifugation to the column and allowed it for gravity flow. Washed the 

column (twice) 2X 10mL with QC buffer (wash buffer). Allowed it to drain it by gravity flow. 

Eluted the DNA with 5 mL of QF buffer (elution buffer) into a clean 15 mL centrifuge tube. 

(For constructs larger than 45kb pre-warming the elution buffer to 65ºC may help to increase 

the yield). Precipitated the DNA by adding 3.5 mL (0.7 volumes) isopropanol to elute the DNA 

mix. Washed the DNA pellet with 2 mL 70% ethanol and centrifuged at 15,000 g for 10 min. 

Carefully discarded the supernatant. Air dried the pellet for 5-10 min and re-dissolved the DNA 

in a suitable volume of nuclease free water. The presence and quality of the isolated plasmid 

was confirmed by performing an agarose gel electrophoresis (AGE). The purity of the DNA 

was visualized in 1% pre-stained (EtBr) agarose gel (1 %) and quantified by NanoDrop1000 

spectrophotometer (NanoDrop Technologies, Inc. USA).  
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2.5.3. Polymerase Chain Reaction (PCR)  

 A typical polymerization reaction contains template DNA, thermotolerant DNA 

dependant DNA polymerase (Taq polymerase isolated from Thermus aquaticus) primers (single 

stranded fragments of DNA (20-50 nucleotides) initiates polymerization reaction), dNTPS 

(Deoxy Ribo Nucleotides (monomeric units of DNA), dATP, dGTP, dCTP and dTTP) and buffer 

containing salts for enzyme activity. For the amplification of DNA segment, the template double 

-stranded DNA (dsDNA) has to be denatured at high temperature (92 to 95°C) to get two pieces 

of single - stranded DNA (ssDNA). The two primers that are designed to match to the segment of 

template DNA gets attached to the targeted complementary ends of template DNA when the 

temperature was reduced to annealing Temperature (Ta). Generally, Ta was calculated from 

melting temperature (Tm) of the primers used, by subtracting 5 °C from the Tm of the primers. 

After the attachment of primers in the template the temperature was increased to 72°C for the 

polymerization reaction for the synthesis of two strands of DNA, which completes one cycle. As 

the process repeats over again 30 or 40 times the DNA segments increases to more than one 

billion copies. For polymerase chain reaction, oligonucleotides were designed using the software 

CloneManager 9. The PCR mixture was made with Nuclease free water, 10 X PCR Master mix 

(10 mM Tris-HCl, pH 8.3, 50 mM KCl, 200 µM of each dNTPs), 1-5 mM MgCl2, 0.5µM of 

forward and reverse primers, 1-10 ng template DNA and 1.25 U DNA polymerases. The PCR 

was carried out using automated PCR machines from BioRad, USA (MyCycler) and Eppendorff, 

Germany (Ep gradient). Depending up on the size of the template used the PCR starts with a 

single cycle of the initial denaturation reaction at 94°C for 2- 4 min. This was followed by a 

repeated (25 to 35) cycles of denaturation (94°C for 30sec), annealing (Tm-5°C for 30sec) and 

extension (72°C for 2 minkb-1). The final stage of the reaction was extension reaction at 72°C for 
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5 to 15min. The reaction was maintained at 4°C by the machine to stop the enzyme activity. 

Colony PCR was performed with heat denatured bacterial biomass pricked from single colony 

contains crude DNA as template. 

 In this work two genes namely, xyl B and xyl C were PCR amplified from xylose 

inducible xylXABCD operon of C. crescentus. The specific PCR conditions and the PCR primers 

designed for them are all explained in detail in chapter 3, section 3.2.3. 

2.5.4. Sequencing of DNA 

Sequencing was performed with Sanger’s (dideoxy termination) method using Gene 

analyzer 3500 (Thermo Fisher Scientific, USA). The instrument uses a fluorescence-based DNA 

analysis system that uses high resolution capillary electrophoresis technology. Gene specific 

primers are used for xylB and xylC gene amplification. PCR amplified gene was purified by gel 

extraction method and analyzed UV - Spectophotometrically (Nanodrop, Technologies, Inc.  

USA). 20 ng of high purity DNA (A260/A280 ratio between 1.7 and 1.9) was used for 

sequencing.  

2.5.5. Restriction Digestion 

A typical 50 µL restriction digestion reaction contains DNA (10 µg), buffer (1X), 

restriction enzyme (10 U) and nuclease free water. The components were gently mixed by 

flicking the tube, and spin down for few seconds. The contents were incubated at 37°C for 1 to 6 

h based on the efficiency of the enzymes. Similarly, for double digestion (restriction digestion 

with combination of enzymes), the compatible buffer used for the reaction was specified by 

manufacturers for better activity. One unit (1U) is the amount of enzyme required to digest 1 µg 

of DNA in 50 µL reaction volume with recommended buffer at 37°C for 1 h. 
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2.5.6. Ligation 

Ligation reaction was performed in 20 µL set-up. A typical reaction contains water, 1x 

T4 DNA ligase buffer ((40 mM Tris-HCl (pH 7.8), 10 mM MgCl2, 10 mM DTT, 1 mM ATP), 

DNA fragments and finally T4 DNA ligase (1 Weiss U* = One Weiss unit is defined as the 

amount of enzyme required to convert 1 nmol of 32P-labeled inorganic pyrophosphate into Norit 

adsorbable material in 20 min at 37°C, using specified reaction conditions). The contents were 

added and mixed by keeping the tube in ice, and incubated at 22°C for 10 to 30 min or 16°C for 

12 h. The success rate of ligation was dependant on molar ratio of the fragments, enzyme units 

and incubation time. For a sticky end ligation of linear fragment 1:1 molar ratio of the fragment 

was maintained, whereas for linear vector – insert ligation, the molar ratio of the fragment was 

1:3. For blunt end ligation of linear vector and insert was incubated for 1h at 22°C with 5 Weiss 

U of ligase and 1:5 molar ratio of fragments. *One Weiss unit is equivalent to approximately 200 

cohesive end ligation units (CEU). One CEU is defined as the amount of enzyme required to 

give 50 % ligation of HindIII fragments of lambda DNA in 30 min at 16°C. The number of 

pmols of each fragment was calculated based on fragment length and weight.  

pmols = (weight in ng) x 1,000 / (base pairs x 650 daltons) 

2.5.7. Preparation of competent cells and transformation 

2.5.7.1. Competent cell preparation of E. coli (DH5α and BL21(DE3) 

Competent cells of E. coli were prepared by TSS (Transformation and Storage 

Solution) method. Inoculated 2 mL of LB broth with single colony of E. coli in micro centrifuge 

tube and incubated at 37ºC for overnight with shaking (200 rpm). Aseptically added 1 mL of 

overnight grown culture to sterile 100 mL LB broth and again incubated at 37ºC with shaking for 

2-4 h or until OD600 = 0.4. Centrifuged the culture to obtain the pellet and to the pellet, added 



Chapter 2: Materials and Methods 

 

44 

 

pre-chilled TSS buffer, vortexed slightly to suspend the pellet and incubated in ice for 15 min. 

After the incubation, aliquoted 200 µL of cells to fresh sterile micro centrifuge tubes and stored 

at -80ºC until use. 

2.5.7.2. Transformation into competent cells of E. coli 

After ligation, 20 µL of ligated product was mixed with 100 µL of freshly thawed E. coli 

competent cells and incubated on ice for 30 min. A heat shock at 42°C for 45 sec (water-bath) 

was given after the incubation. 900 µL of LB broth/SOC medium was added immediately after 

the heat shock and incubated at 37°C at 200 rpm for 1-1.5 h. After incubation, pelleted the cells 

by centrifugation at 6000 rpm for 10 min and resuspended the pellet in 100 µL of SOC medium. 

This 100 µL of the E. coli cells were spread plated on LB agar plate supplemented with 

kanamycin (25 µgmL-1) and incubated at 37°C for 24 h. 

2.5.7.3. Preparation of electrocompetent cells of C. glutamicum (van der Rest et al. 1999) 

A single colony of Corynebacterium glutamicum was inoculated from a fresh plate 

(almost 2 days old) in 10 mL LB medium containing 2% (wv-1) filter sterilized glucose and 

incubated at 30℃ overnight (16 h) in a rotary shaker at 200 rpm. The overnight grown culture 

with an OD of 0.3 at 600 nm was inoculated into Epo medium (AnnexureII). Cells were allowed 

to grow in 500 mL conical flask at 18℃ for 28 h with shaking at 120 rpm. When the OD at 600 

nm reached 0.8 to 1.0. The culture was chilled on ice for 10 min and harvested by centrifugation 

for 10 min at 4000g. The cells were washed 4 times with 50 mL ice cold 10 % (vv-1) glycerol 

and resuspended in 0.5 mL 10 % (vv-1) glycerol. 100 µL aliquots were stored at -80℃. 

 

 



Chapter 2: Materials and Methods 

 

45 

 

2.5.7.4. Electroporation and transformation into C. glutamicum 

The C. glutamicum cells were electroporated to achieve the transformation (Van et al., 

1999). Transformation of C. glutamicum is comparatively complex procedure. For 

electroporation, the competent C. glutamicum cells were thawed in ice. 1- 2 µL plasmid DNA 

along with 100 µL of C. glutamicum competent cells were added to pre-cooled electroporation 

cuvette (interelectrode distance 0.2 cm). Electroporation was performed with parameters set at 25 

µF, 600 Ω and 2.5 kv (2500 V) yielding a pulse duration of 10-12 min. Immediately after 

electroporation 1mL BHIS (Brain Heart Infusion and 0.5 M sorbitol) at room temperature was 

added to the cuvette and the suspension was transferred to eppendorf tube. For heat shock the 

cells in eppendorf tube was incubated for 6 min at 46℃ in dry incubator. After heat shock cells 

were then incubated for 1 h at 30℃ to allow for recovery and expression of antibiotic marker 

(kanamycin). 100 µL of the cell suspension were then plated on selective LBHIS medium 

containing 25 µg kanamycin per mL and incubated at 30℃ for 16 to 24 h. The transformants 

appeared on the plate after 24 h incubation. The positive transformant colonies were confirmed 

by colony PCR and were sub cultured and used for further study. The transformation efficiency 

was calculated using the following equation: 

2.5.8. Agarose Gel Electrophoresis  

DNA (genomic, plasmid, PCR products) and RNA were resolved by Agarose Gel 

Electrophoresis (0.8 – 1.2 %). The gels were prepared in 1X TAE buffer (40 mM Tris acetate 

and 1 mM EDTA) and DNA and RNA were visualized in pre-stained (Ethidium bromide) gel 

under far UV (320 nm) illumination using Chemi, Biorad, USA. 
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2.5.9. Purification of xylose dehydrogenase enzyme 

Single colony of recombinant E. coli BL21 (DE3) carrying the recombinant vector 

pET28a-xylB) from LB agar plate was inoculated in LB broth and incubated overnight at 37°C. 1 

mL of pre-inoculum (OD600 nm 0.8) was added to 100 mL of LB broth. The culture was incubated 

at 37°C until an OD of 0.4 – 0.6, IPTG (1mM) induction was done and again incubated at 37°C 

for 3 h. The cells were harvested by centrifugation, frozen, thawed, and resuspended in 0.5 M 

phosphate buffer. The cell resuspension was sonicated (Time: 6 min, Pulse: 10 s on and 10 s off, 

Amplitude: 40 %) and centrifuged on an orbital shaker for 30 min at 13,000 g. The cell free 

supernatant was filtered (0.2 mm filter) and allowed to pass through His-Trap HP column, and an 

imidazole gradient (50 – 500 mM) in buffer (50 mM Na3PO4 buffer pH 7.2, and 300 mM NaCl) 

was used to elute the recombinant protein bound to the column. The purified protein was 

collected and stored at -80°C.  

2.5.10. Poly Acrylamide Gel Electrophoresis (PAGE) 

The molecular weight of proteins was determined by 12 % Sodium Dodecyl Sulphate 

(SDS) - Poly Acrylamide Gel Electrophoresis (PAGE) (Laemmli et al., 1970). The separating gel 

was prepared in separating buffer (325 mM Tris-HCl, pH- 8.8) comprised of 12 % Acrylamide-

Bis acrylamide (29:1), 0.1 % SDS, and 0.1 % APS and 0.01 % TEMED. The stacking gel 

prepared in Stacking buffer (75 mM, Tris-HCl, pH- 6.8) with 5 % Acrylamide-Bis acrylamide 

(29:1), 0.1 % SDS, 0.1 % APS and 0.01 % TEMED. The protein samples were loaded with 

loading dye (0.25M Tris-HCl pH 6.8), 4% SDS, 20% glycerol, 0.002 % bromophenol blue) and 

Tris-Glycine buffer was used as running buffer. The separated proteins were stained with 

Coomassie Brilliant Blue-R 250.  
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2.6. Online tools and Softwares 

Different online tools and softwares were used for data analysis and validation. Table 

2.2 comprises a list of the genome analytic tools and softwares used in the study.  

Table.2.2. Softwares used and its applications  

  Software   Applications   Source 

BioRender Create and draw scientific diagrams, and 

illustrations 

https://www.biorender.com 

BLAST Sequence homology search and potential  

functional relationships 

https://blast.ncbi.nlm.nih.gov/Blast. 

cgi 

ChemDraw Draw and edit chemical structures and reactions 

 as well as biological objects and pathways 

https://chemdrawdirect.perkinelme

r.cloud/js/sample/index.html 

Clone Manager 9 Primer designing, simulate restriction digests 

and PCR reactions, and performs sequence 

analysis and annotations 

https://scied.com/dl_cm9.htm 

ClustalW Multiple sequence alignment to compare DNA  

or protein sequences to identify similarities and 

differences and infer evolutionary relationships 

https://www.genome.jp/tool

s- bin/clustalw 

Expasy 

ProtParm tool 

Provides information about protein 

sequence, including its molecular 

weight, theoretical pI,  amino acid 

composition, and other physicochemical 

properties which helps to understand the 

behavior and function of protein 

https://web.expasy.org/protparam/ 

Image Lab Gel documentation (Nucleic acid and protein) www.biorad.com 

LC solution HPLC chromatograms – allows data analysis 

and management 

www.shimadzu.com 

OriginPro 8.5 Scientific graphing, statistical analysis and 

modeling 

https://www.originlab.com/origin 

SnapGene Enables DNA sequence visualization, sequence                    

annotation, sequence editing, cloning, protein            

visualization, and simulating common cloning  

methods 

https://www.snapgene.com/ 

https://www.biorender.com/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://chemdrawdirect.perkinelmer.cloud/js/sample/index.html
https://chemdrawdirect.perkinelmer.cloud/js/sample/index.html
https://scied.com/dl_cm9.htm
https://www.genome.jp/tools-bin/clustalw
https://www.genome.jp/tools-bin/clustalw
https://www.genome.jp/tools-bin/clustalw
https://web.expasy.org/protparam/
http://www.biorad.com/
http://www.shimadzu.com/
https://www.originlab.com/origin
https://www.snapgene.com/
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Minitab 17 Process optimization, data analysis and quality 

control. Also enables to make informed  

decisions based on findings 

 

https://www.minitab.com/ 

 

2.7. Summary 

The chapter describes the procurement details of the major materials and general standard 

methods adopted throughout this work and this includes basic microbiology methods, analytical 

methods, molecular biology methods and online tools and softwares. The analytical methods for 

detecting proteins, sugars, nucleic acids etc. briefed here. The detection and quantitative analysis 

of xylonic acid, which is the focus of this thesis is elaborated in this chapter. Unless specified, 

the general fermentation conditions are also described. However, very specific experiments and 

working details are represented in respective chapters. 
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3.1. Introduction 

Xylose is one of the lignocellulosic pentoses found in nature (Zhao et al. 2020). The use 

of xylose as a feedstock in industrial fermentation processes has become increasingly important 

due to its abundance in lignocellulosic biomass, which is a sustainable and renewable source of 

energy (Brat D et.al 2009).  Most microorganisms typically used in fermentation, such as yeasts 

and bacteria, can readily ferment glucose, but they cannot efficiently metabolize xylose. The 

fermentation of xylose requires specific enzymes and metabolic pathways that are not present in 

all microorganisms. For example, the yeast Saccharomyces cerevisiae, which is commonly used 

in industrial fermentation processes, cannot efficiently ferment xylose (Moysés et al. 2016). 

However, some other microorganisms, such as certain strains of bacteria and fungi, such as 

Candida and Pichia have the ability to convert xylose to useful products through a metabolic 

pathway known as the xylose fermentation pathway or pentose phosphate pathway (PPP). 

Xylose fermentation can be used to produce a variety of products, including biofuels like ethanol 

and butanol, as well as other valuable chemicals like amino acid, diamines, sugar alcohol etc 

(Gopinath et al. 2011;  Meiswinkel et al. 2012; Wendisch et al. 2022). Also researchers precisely 

introduce specific genes to metabolise xylose into desired product. For example, the bacterium 

Escherichia coli has been engineered to express xylose isomerase (xylA), an enzyme that 

converts xylose into xylulose, which can then be used by the cells for energy and biosynthesis 

(Zhao et al. 2020).  

This chapter describes about the construction and evaluation of recombinant 

Corynebacterium glutamicum for xylonic acid synthesis from xylose. Distinctly, 

Corynebacterium glutamicum ATCC 31831 is selected as the host, as it harbours an inbuilt AraE 

pentose transporter which facilitates the easy uptake of pentose sugars (xylose and arabinose) 
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(Kawaguchi et al. 2009). Bio-production of xylonic acid from xylose is an enzymatic reaction 

catalyzed by NAD(P)+ dependant xylose dehydrogenase (xylB) and xylonolactonase (XylC) 

enzymes. Both the genes xylose dehydrogenase (xylB) and xylonolactonase (xylC) were 

amplified from Caulobacter crescentus xylose-inducible xylXABCD operon (CC0823–CC0819) 

(Stephens et al. 2007) and cloned into pVWEx1 E. coli – C. glutamicum shuttle vector. 

Subsequently the recombinant plasmid was transferred to Corynebacterium glutamicum ATCC 

31831 competent cells and the kanamycin resistant positive colonies were selected and 

confirmed for further studies. 

3.2. Materials and Methods 

3.2.1. Microbial strains and culture conditions  

Microbial strains and plasmids used in this study are listed in Table 3.1. For genetic 

manipulations, E. coli strains were grown at 37°C in Luria–Bertani (LB) medium. C. glutamicum 

strains were grown at 30°C in Brain Heart Infusion (BHI) medium and in case of recombinants 

appropriate antibiotics (kanamycin 25 μgmL-1) were supplemented. Culture growth was 

measured spectrophotometrically at OD600 nm using a UV–VIS spectrophotometer (UVA-6150, 

Shimadzu, Japan).  

Table 3.1. Microbial strains and plasmid used in the study 

Strains & Vector Descriptions Reference 

Microbial strains 

Corynebacterium glutamicum ATCC13032, Wild type (WT) Abe et al. 1967 

Corynebacterium glutamicum ATCC 31831 Kinoshita et al. 2004 

Escherichia coli DH5α 

Fthi-1 endA1 hsdr17(r-, m-) 

supE44_lacU169 f80lacZ_M15) 

recA1gyrA96 relA1 

Hanahan and Harbor 

1983 

Escherichia coli BL21 

(DE3) 

F- ompT gal dcm lon hsdSB(rB- mB-)  

λ(DE3) 
Novagen, USA 
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*Kanr – Kanamycin resistance 

 

3.2.2. Isolation and identification of pentose transporter (araE) gene from C. glutamicum 

ATCC 31831 

In this study the main focus is the value addition of pentose sugar derived from 

lignocellulosic biomass into platform chemical xylonic acid. Pentose sugar uptake by the host 

organism is inevitable. C. glutamicum ATCC 31831 harbouring AraE pentose transporter protein 

which facilitates the easy uptake of pentose sugar was selected as the host organism for the 

study. For the confirmation of the presence of transporter the araE gene encoding the pentose 

transporter was amplified and isolated from C. glutamicum ATCC 31831 genomic DNA. For 

that, single colony of C. glutamicum ATCC 31831 was inoculated into 15.0 mL test tube 

containing 5.0 mL sterile BHI medium. The medium was incubated aerobically at 200 rpm in a 

rotary shaker for 16 h at 30°C. The cells from 2 mL broth were harvested by centrifugation at 

6,000 g in a cooling centrifuge. Genomic DNA was isolated from the cells using the protocol 

(William et al., 2012) mentioned in Chapter 2 (2.5.2). The DNA was resolved in separated (EtBr) 

agarose gel (0.8 %) electrophoresis and visualized under gel documentation unit (Chemi Doc, 

BioRad, USA). The isolation of araE gene from the genomic DNA was performed by PCR 

amplification (My Cycler, Eppendorff, Germany). The oligonucleotides forward and reverse 

primers (Table 3.2) used for the reaction were custom made using the software clone manager 

Plasmid vector 

pVWEx1 Kanr ; E. coli-C. glutamicum shuttle vector 
Peters-Wendisch et 

al. 2001 

Xylose 

operon 
Xylose inducible xylXABCD operon 

Gifted by  Prof. Dr. 

Volker F Wendisch, 

Bielefeld University, 

Germany 
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based on the sequence (NC_011916.1) available in NCBI- database using Primer BLAST 

(NCBI) and were procured from NEB Inc. The PCR condition for the reaction is mentioned in 

Table.3.3 

3.2.3. Isolation of xylose dehydrogenase (xylB) and xylonolactonase (xylC) genes from xylose 

inducible xylXABCD operon 

Xylose dehydrogenase (xylB), xylonolactonase (xylC) and xylBC genes together of 

Caulobacter crescentus were amplified from the xylose-inducible xylXABCD operon (CC0823–

CC0819) by polymerase chain reaction (PCR) (My Cycler, Eppendorff, Germany) (Stephens et 

al. 2007) with appropriate primers as shown in Table 3.2. The oligonucleotides forward and 

reverse primers used for the reaction were custom made using the software clone manager based 

on the sequence available in NCBI- database using Primer BLAST (NCBI) and were procured 

from NEB Inc. The PCR condition for the reaction is mentioned in Table 3.3. 

Table 3.2. Oligonucleotides for the amplification of araE, xylB, xylC and xylBC genes 

Gene                                Primer Restriction 

enzyme 

araE 

 

FP:TAGGGATCCATGGCAGGGCACATCATCCGCTCAGAC 

RP:GATGAATTCTCAGACCCTGGCCTTGGTGCCGTGAGCCTC

AATC 

BamHI 

 

EcoRI 

xyl B FP:CGCCAAGCTTGCATGCCTGCAGTAAAGGAGATATACATA

TGTCCTCAGCCATCTATCC 

RP:CGAGCTCGGTACCCGGGGATCCCTTCACGCTGGGCCGGG

ATG 

Pst I 

 

BamHI 

 xyl C FP:CGCCAAGCTTGCATGCCTGCAGTAAAGGAGATATACATA

TGACCGCTCAAGTCACTTG 

RP:CGAGCTCGGTACCCGGGGATCCGGGCGTGCGGTTAGAC

AAGG 

Pst I 

  

Bam HI 
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  xyl BC FP1:CGCCAAGCTTGCATGCCTGCAGTAAAGGAGATATACAT

ATGTCCTCAGCCATCTATCC 

RP 2 with linker: 
CCCATCCACTAAACTTAAACATCAACGCCAGCCGGCGTCGAT

CC 

FP 3 with linker: 
TGTTTAAGTTTAGTGGATGGGATGACCGCTCAAGTCACTTGC

GTATGGG 

RP4:CGAGCTCGGTACCCGGGGATCCGGGCGTGCGGTTAGAC

AAGG 

Pst I 

  

  - 

  

  - 

  

Bam HI 

 

Table 3.3. PCR conditions for the amplification of araE, xylB, xylC and xylBC genes 

araE 

Denaturation 35 Cycles 
Final 

Extension 
Hold 

 Denaturation Annealing Extension   

95°C- 5 min 95°C- 30 sec 57°C- 1 min 72°C- 30 sec 72°C- 5 min 4°C- ∞ 

xylB 

Denaturation 35 Cycles 
Final 

Extension 
Hold 

 Denaturation Annealing Extension   

95°C- 5 min 95°C- 30 sec 60°C- 1 min 72°C- 30 sec 72°C- 5 min 4°C- ∞ 

xylC 

Denaturation 35 Cycles 
Final 

Extension 
Hold 

 Denaturation Annealing Extension   

95°C- 5 min 95°C- 30 sec 55°C- 1 min 72°C- 30 sec 72°C- 5 min 4°C- ∞ 

xylBC 

Denaturation 35 Cycles 
Final 

Extension 
Hold 

 Denaturation Annealing Extension   

95°C- 5 min 95°C- 30 sec 65°C- 1 min 72°C- 30 sec 72°C- 5 min 4°C- ∞ 
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3.2.4. Cloning of xylB, xylC and xylBC genes into E. coli – C. glutamicum shuttle vector, 

pVWEx1, and transformation into C. glutamicum competent cells 

The isolated xylB and xylC genes of size (747 bp - xylB, 870 bp - xylC) were purified by 

gel elution, verified by sequencing and cloned separately into the restriction digestion site (Bam 

HI/Pst I) of pVWEx1 shuttle vector. The recombinant plasmids so-called pVWEx1-xylB and 

pVWEx1-xylC. 

Also genes xylB and xylC were tailored together for the construction of recombinant 

pVWEx1- xylBC plasmid. The gene amplification for the tailoring reaction was performed with 

specially designed primer with linker sequence xylBC FP and xylBC RP (Table 3.2) under PCR 

conditions mentioned in Table 3.3. The gene size of xylBC is 1811 bp. 

The recombinant plasmids pVWEx1- xylB, pVWEx1- xylC and pVWEx1- xylBC were 

transformed independently into E. coli DH5α cells and the transformants bearing pVWEx1 

derivatives were screened in LB medium supplemented with kanamycin (25 µg mL-1). 

Competent cells of C. glutamicum ATCC 13032 and ATCC 31831 were prepared (Chapter 2 

section 2.5.9) and the recombinant plasmids were electroporated (Biorad, USA) (Chapter 2 

section 2.5.10) into both the C. glutamicum strains with parameters set at 25 μF, 600 Ω and 2.5 

kV, yielding a pulse duration of 10 ms and the positive clones were selected in LBHIS 

kanamycin (25 µg mL-1) plates (van der Rest et al. 1999). The transformants containing gene 

insert were analysed by colony PCR (Chapter 2 section 2.5.4) using gene specific primers i.e 

xylB FP and xylB RP for xylB gene, xylC FP and xylC RP for xylC gene and xylBC FP and xylBC 

RP for xylBC genes (Table 3.2). The PCR samples were analyzed by pre-stained (EtBr) agarose 

gel (1.0 %) electrophoresis and visualized under gel documentation unit (Chemi Doc, BioRad, 



Chapter 3: Metabolic Engineering 

 

56 

 

USA). The amplicons were gel purified, sequenced (Sanger’s method) and the sequences 

obtained were analysed and confirmed by NCBI- BLAST.  

3.3. Results 

3.3.1. E. coli – C. glutamicum shuttle vector  

The pVWEx1 shuttle vector is a plasmid vector used for recombinant protein expression 

in both bacterial and eukaryotic host cells. pVWEx1 vector can replicate in both Gram-positive 

and Gram-negative bacteria. It contains an origin of replication (ori) from Escherichia coli and a 

replication origin (oriV) from the Streptomyces species. This vector has a multiple cloning site 

(MCS) for the insertion of foreign DNA, and a lacZ alpha-complementation system for screening 

recombinant clones. It also has a kanamycin resistance gene as a selectable marker for bacteria 

that carry the plasmid and also promoter and termination sequences. Fig.3.1.a. shows the 

pVWEx1 vector map and Fig.3.1.b. shows the single and double digestion profile of the vector. 

 

Fig.3.1.a. pVWEx1 vector map (giving sequence in Annexure III) 
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Fig.3.1.b. Restriction digestion confirmation of pVWEx1 digested with restriction enzymes 

EcoRI and SalI. Lane M: 1 kb DNA molecular weight marker; Lane 1: pVWEx1 native plasmid; 

Lane 2: linearized plasmid on digestion with SalI; Lane 3: double digested fragments with EcoRI 

and SalI.   

3.3.2. Amplification of araE gene from C. glutamicum ATCC 31831 and sequence 

confirmation 

The AraE pentose transporter protein that plays an important role in transporting pentose 

sugars across the cell membrane in bacteria. Specifically, it is responsible for the uptake of 

xylose and arabinose, five carbon sugars that is commonly found in plant cell wall, into the 

bacterial cells (Zhao et al. 2020). The function of AraE pentose transporter is regulated by a 

number of factors, including the presence of other sugars in the extracellular environment. 

Fig.3.2. shows the amplification of araE gene from genomic DNA of C. glutamicum ATCC 

31831. Sequencing analysis also confirms the presence of AraE pentose transporter in C. 

glutamicum ATCC 31831. The 1140 bp sequence of araE gene (Fig.3.3.) was analysed and 

verified by NCBI-BLAST, showed 100% (Fig.3.4.) similarity to the reported sequences available 

in the nucleotide database.  
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Fig.3.2. Gel picture showing the amplification of araE gene from genomic DNA of C. 

glutamicum ATCC 31831. Lane M: 1 kb DNA molecular weight marker; Lane 1: Pentose 

transporter gene (araE) (1440 bp) 

 

Fig 3.3. The nucleotide sequence of araE gene isolated from C. glutamicum ATCC 31831 

ATGGCAGGGCACATCATCCGCTCAGACAGCCGGCCAATCGAAGGAGTAATGATGACAGAGA

CTGTTCAACAAACCAAGAAGATCCCCCGACCGTACATCTACTTCTTCGGTTCATTCGGCGGGA

TTCTCTTCGGCTACGACATCGGCGTGATGACCGGCGCCCTCCCTTTCCTACAGAGTGACTGGA

ACATCCAGCACGAAGCCGCCATCATCGGCTGGATCACCTCTTCGCTCATGCTTGGCGCCGTCT

TCGGCGGTGTACTCGCCGGCCAGCTCTCCGACAAGCTCGGCCGCCGCAAAATGATCCTCTTCT

CTGCGCTGGTATTCATGATCTTCTCACTCGGCTGCGCGGTCGCTCCGGACGGCGGCTGGGTCT

TCCTGGCCATCGTCCGCGTGTTCCTCGGACTCGGCGTCGGCGCAGCCTCCGCCCTCGTCCCCG

CCTACATGTCCGAAATGGCGCCCGCGAAGATCCGCGGCCGGCTCTCCGGCCTCAACCAGACG

ATGATCGTCTCCGGTATGCTCGCCTCCTACATTGTCGCTTATTTCCTGCGAAACCTCCACGAGA

CCACCGCATGGCGGCTCATGCTCGGGCTCGCCGCAATCCCTGCCCTCGTCCTCTTCCTCGGTG

TGCTGCGCCTGCCGGAATCCCCGCGTTTCCTCATCAAGAACGGCCGCATCGAAGAGGCCCGC

ACCGTGCTCAGTTACATCCGCGATAACGACGCCATCGATTCCGAGCTCAAGAACATCCAGGA

GACCGCCGAACTGGAGAACGCCATCCAGGCCAAGACCAGACTCGCGACCCTATTCAGCGGAC

GCTACCGCTACCTCGTCGCAGCCGGTGTCGGTGTCGCTGCCTTCCAGCAGTTCCAGGGCGCGA

ACGCCATCTTCTACTACATCCCGCTCATCGTCGAGAAGGCCTCCGGCACCGAGGCGTCCAATG

CGCTCATGTGGCCGATCATCCAGGGCGTCATCCTAGTTCTCGGTTCCCTGCTGTTCATGGTCAT

CGCCGACAAGTTCAACCGACGCACCCTGCTCACAGTCGGAGGCACGGTCATGGGCCTGTCTTT

CCTCTTCCCGACCTTCATTCACATGACGATCCCGGATGCCAACCCCATGATGATCGTGGTCTT

CCTGTCCATCTACGTGGCCTTCTACTCCTTTACCTGGGCCCCGCTGACCTGGGTCATCGTTGGC

GAGATCTTCCCGTTAGCCATCCGCGGCCGCGCCTCCGGATTGGCGTCCTCCTTCAACTGGATC

GGTTCCTTCTCCGTCGGCTTACTTTTCCCAATTATGACCGCCCAGATGACCCAGGACGCGGTC

TTCGCGATCTTCGGCATCATCTGTATCCTCGGTGTCCTGTTCGTCCGATTCCTCGTCCCAGAGA

CCCGCGGACGCACACTCGAGGAGATTGAGGCTCACGGCACCAAGGCCAGGGTCTGA 
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Fig.3.4. NCBI-BLAST analysis of araE gene sequence from C. glutamicum ATCC 31831 

 

3.3.3. Isolation of genes from xylose operon of Caulobacter crescentus 

The genes for the metabolic pathway were isolated from Caulobacter crescentus xylose 

operon (xylXABCD) (Fig.3.5) by PCR. The amplification of xylB, xylC and xylBC genes are 

shown in Fig.3.6. 

 

 

 

 

 

Fig.3.5. Graphical representation of Caulobacter crescentus xylose inducible xylXABCD operon  

    M          L2 

  3065                           823  822  821 820  819                                   814  

  xylR                           xylX xylA xylB xylC xylD                                  xylE  
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Fig.3.6. Gel picture showing the amplification of xylB, xylC and xylBC genes. Lane M :1 kb 

DNA molecular weight marker; Lane 1 (L1) : xylose dehydrogenase (xylB) gene (747 bp); Lane 

2 (L2) : xylonolactonase (xylC) gene (870 bp) and Lane 3 (L3) : xylBC gene (1811 bp). 

 

The 747 bp gene sequences of xylB (Fig.3.7.) and and 870 bp gene sequence of xylC 

(Fig.3.8.) obtained were analysed and verified by NCBI-BLAST, showed 99% (Fig.3.9.) and 100 

% (Fig.3.10.) similarity to the reported sequences available in the nucleotide database.  

     

Fig 3.7. The nucleotide sequence of xylB gene isolated from xylXABCD operon of Caulobacter 

crescentus 

ATGTCCTCAGCCATCTATCCCAGCCTGAAGGGCAAGCGCGTCGTCATCACCGGCGGCGGC

TCGGGCATCGGGGCCGGCCTCACCGCCGGCTTCGCCCGTCAGGGCGCGGGTGATCTTCCT

CGACATCGCCGACGAGGACTCCAGGGCTCTTGAGGCCGAGCTGGCCGGCTCGCCGATCCC

GCCGGTCTACAAGCGCTGCGACCTGATGAACCTCGAGGCGATCAAGGCGGTCTTCGCCGA

GATCGGCGACGTCGACGTGCTGGTCAACAACGCCGGCAATGACGACCGCCACAAGCTGG

CCGACGTGACCGGCGCCTATTGGGACGAGCGGATCAACGTCAACCTGCGCCACATGCTGT

TCTGCACCCAGGCCGTCGCGCCGGGCATGAAGAAGCGTGGCGGCGGGGCGGTGATCAAC

TTCGGTTCGATCAGCTGGCACCTGGGGCTTGAGGACCTCGTCCTCTACGAAACCGCCAAG

GCCGGCATCGAAGGCATGACCCGCGCGCTGGCCCGGGAGCTGGGTCCCGACGACATCCG

CGTCACCTGCGTGGTGCCGGGCAACGTCAAGACCAAGCGCCAGGAGAAGTGGTACACGC

CCGAAGGCGAGGCCCAGATCGTGGCGGCCCAATGCCTGAAGGGCCGCATCGTCCCGGAG

AACGTCGCCGCGCTGGTGCTGTTCCTGGCCTCGGATGACGCGTCGCTCTGCACCGGCCAC

GAATACTGGATCGACGCCGGCTGGCGTTGA 
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Fig 3.9. NCBI-BLAST analysis of xylB gene sequence from Caulobacter crescentus 

    

Fig 3.8. The nucleotide sequence of xylC gene isolated from xylXABCD operon of Caulobacter 

crescentus 

 

Fig 3.10. NCBI-BLAST analysis of xylC gene sequence from Caulobacter crescentus 

ATGACCGCTCAAGTCACTTGCGTATGGGATCTGAAGGCCACGTTGGGCGAAGGCCCGATCTG

GCATGGCGACACCCTGTGGTTCGTCGACATCAAGCAGCGTAAAATCCACAACTACCACCCCG

CCACCGGCGAGCGCTTCAGCTTCGACGCGCCGGATCAGGTGACCTTCCTCGCGCCGATCGTCG

GCGCGACCGGCTTTGTCGTCGGTCTGAAGACCGGGATTCACCGCTTCCACCCGGCCACGGGCT

TCAGCCTGCTGCTCGAGGTCGAGGACGCGGCGCTGAACAACCGCCCCAACGACGCCACGGTC

GACGCGCAAGGCCGTCTGTGGTTCGGCACCATGCACGACGGGGAAGAGAACAATAGCGGCT

CGCTCTATCGGATGGACCTCACCGGCGTCGCCCGGATGGACCGCGACATCTGCATCACCAAC

GGCCCGTGCGTCTCGCCCGACGGCAAGACCTTCTACCACACCGACACCCTGGAAAAGACGAT

CTACGCCTTCGACCTGGCCGAGGACGGCCTGCTGTCGAACAAGCGCGTCTTCGTGCAGTTCGC

CCTGGGCGACGATGTCTATCCGGACGGTTCGGTCGTCGATTCCGAAGGCTATCTGTGGACCGC

CCTGTGGGGCGGTTTCGGCGCGGTCCGCTTCTCGCCGCAAGGCGACGCCGTGACGCGCATCG

AACTGCCCGCCCCCAACGTCACCAAGCCCTGCTTCGGCGGGCCTGACCTGAAGACCCTCTATT

TCACCACCGCCCGCAAGGGCCTGAGCGACGAGACCCTGGCCCAGTACCCGCTGGCCGGCGGT

GTGTTCGCCGTTCCGGTCGATGTGGCCGGCCAACCCCAGCATGAGGTCCGCCTTGTCTAA 
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3.3.4. Construction of pVWEx1-xylB, pVWEx1-xylC and pVWEx1-xylBC plasmid  

The xylose metabolizing genes xylB and xylC were cloned individually as well as 

together under IPTG inducible Ptac promoter of pVWEx1 shuttle vector to obtain recombinant 

pVWEx1-xylB, pVWEx1-xylC and pVWEx1-xylBC plasmids shown in Fig.3.11. 

 

Fig.3.11. Vector map of pVWEx1 derivatives (A) pVWEx1-xylB; (B) pVWEx1-xylC and (C) 

pVWEx1-xylBC 

A B 

C 
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The recombinant plasmids pVWEX1-xylB, pVWEx1-xylC and pVWEx1-xylBC were 

transformed into competent cells of both C. glutamicum ATCC 31831 (Fig.3.12) and C. 

glutamicum ATCC 13032 (Fig.3.14) under electroporation conditions, resistance: 600 Ω; 

capacitance: 25µF and conductivity: 2.5 kv. The positive colonies were selected in kanamycin 

(25 µgmL-1) supplemented LBHIS plates. 

      

 Fig.3.12. Transformed colonies of C. glutamicum 31831 with (A) pVWEx1(control vector) (B) 

pVWEx1-xylB, (C) pVWEx1-xylC and (D) pVWEx1-xylBC 

Genes in the recombinant plasmid (pVWEx1-xylB, pVWEx1-xylC and pVWEx1-xylBC) 

were confirmed by restriction digestion mapping with restriction enzymes BamHI and PstI in 

both C. glutamicum 31831 (Fig.3.13) and C. glutamicum 13032 (Fig.3.15). 

A 

C D 

B 
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Fig.3.13. Gel picture showing restriction digestion mapping of pVWEx1 recombinant 

plasmids containing xylB, xylC and xylBC genes in C. glutamicum ATCC 31831. Lane L2, L3 

and L5 shows the empty vector pVWEx1. Lane M: 1kb DNA ladder. Lane L1: pVWEx1 with 

xylB; Lane L4: pVWEx1 with xylC and Lane L6: pVWEx1 with xylBC.  Lanes L1, L4 and L6 

shows the recombinant vector digested with combinations of restriction enzymes BamHI and 

PstI, where the gene insert got released xylB (747 bp), xylC (870 bp) and xylBC (1811 bp) 

respectively. 

                                

Fig.3.14. Transformed colonies of C. glutamicum 13032 with (A) pVWEx1 (control vector), (B) 

pVWEx1-xylB, (C) pVWEx1-xylC and (D) pVWEx1-xylBC 

A B 

C D 
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Fig.3.15. Gel picture showing restriction digestion mapping of pVWEx1 recombinant plasmids 

containing xylB, xylC and xylBC genes in C. glutamicum ATCC 13032. Lane L1, L3 and L5 

shows the empty vector pVWEx1. Lane M: 1kb DNA ladder. Lane L2: pVWEx1 with xylB (747 

bp); Lane L4: pVWEx1 with xylC (870 bp) and Lane L6: pVWEx1 with xylBC (1811 bp). Lanes 

L2, L4 and L6 shows the recombinant vector digested with combinations of restriction enzymes 

BamHI and PstI, where the gene insert got released xylB (747 bp), xylC (870 bp) and xylBC 

(1811 bp) respectively. 

3.4. Discussion 

The production of xylonic acid by microorganisms has been known since the late 19th 

century, (Herrera et al. 2021). Many types of bacteria, including Pseudomonas, Acetobacter, 

Aerobacter, Gluconobacter, Erwinia and similar genera, have been found to be capable of 

producing xylonic acid (Buchert J 1988).  Later on xylonic acid production has been achieved by 

modifying different types of yeast strains and the bacterium Escherichia coli. This was 

accomplished through the incorporation of genes that encode for xylose dehydrogenase, as 

demonstrated in studies conducted by (Toivari et al. in (2010), Nygård et al. in (2011), and Liu et 

al. in (2012).  
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The synthetic pathway is more suitable for C. glutamicum compared to E. coli while wild 

type C. glutamicum ATCC 13032 lacks natural xylose catabolism and allosteric sugar 

competition (Kawaguchi et al., 2009). In C. glutamicum ATCC 31831 xylonic acid synthesis 

from xylose is achieved with the catalysis of two enzymes (xylose dehydrogenase and 

xylonolactonase) which was adopted from a Gram negative bacterium Caulobacter crescentus. 

Where xylose dehydrogenase catalyse the conversion of xylose into xylonolactone and 

xylonolactonase converts xylonolactone into xylonic acid.  Similarly, Yim et al in (2017) 

metabolically engineered C. glutamicum for xylonic acid production from xylose. Along with 

xylose metabolizing genes they also introduced xylE transporter gene for easy uptake of C5 sugar 

and its conversion into xylonic acid.  

Despite a few bacterial species having demonstrated xylose dehydrogenase activity such 

as Trichoderma reesei, Pseudomonas fragi, Arthrobacter sp., only one xylose dehydrogenase 

with high specificity, catalytic activity and stability for xylose has been discovered in C. 

crescentus. Caulobacter crescentus xylose dehydrogenase has a high affinity for xylose because 

it has a specific structural arrangement that allows for optimal binding of the xylose substrate 

(Stephens et al. 2007). The evolution of genetically modified production strains unveils 

revolutionary opportunities for the advancement of strong industrial formulas in the manufacture 

of xylonic acid 

3.5. Summary 

Xylose dehydrogenase (xyl B) and xylonolactonase (xyl C) genes involved in xylonic acid 

metabolism were amplified from Caulobacter crescentus xylose inducible xylXABCD operon. 

The purified xyl B (747 bp), xyl C (870 bp) and xyl BC (1811 bp) genes were restriction digested 

with BamHI and PstI enzymes and cloned into pVWEx1 (E. coli/Corynebacterium) shuttle 
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vector. The pVWEx1 derivatives were transformed into two different strains of C. glutamicum. 

One wild type C. glutamicum ATCC 13032 and the other harbouring AraE pentose transporter 

protein i.e, C. glutamicum ATCC 31831. The positive recombinant strains C. glu-xylB, C. glu-

xylC and C. glu-xylBC were selected in kanamycin (25 µgmL-1) plates and were confirmed by 

plasmid double digestion and insert release. The presence of pentose transporter gene in C. 

glutamicum ATCC 31831 was confirmed by araE gene amplification and sequencing from the 

genomic DNA of C. glutamicum ATCC 31831. 
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4.1. Introduction 

Functional recombinant C. glutamicum which can metabolize lignocellulosic xylose to 

xylonic acid was constructed in view of value addition of Acid Pre-treated Liquor (APL) 

generated by the bio-ethanol industries. After constructing xylose utilizing strains they have to be 

validated and for that initially studies were conducted in defined CGXII synthetic medium to see 

whether they can use xylose as sole carbon source, and also to analyse the potential for multiple 

sugar utilization. 

This chapter deals with the functional validation of xylose metabolizing recombinant 

strains of C. glutamicum for xylonic acid production in defined synthetic medium. Initially, the 

Caulobacter crescentus NAD+ dependent xylose dehydrogenase (xylB) and xylonolactonase 

(xylC) genes separately as well as together (xylBC) were expressed in C. glutamicum.  

Fermentation studies for xylose uptake and conversion rate, xylonic acid production were carried 

out by recombinant strains in flask level in synthetic medium. Among which the best strain 

showed relatively higher xylonic acid production titer was screened out for further studies.  After 

screening the best recombinant strain, the process parameters were optimized using statistical 

tool Response Surface Methodology (RSM) for maximal xylonic acid production. With the 

optimized parameters the process was evaluated at bioreactor (2.5 L) level as well.  

4.2. Materials and Methods 

4.2.1. Microbial strains and culture conditions 

C. glutamicum strain ATCC 31831 and ATCC 13032 were grown at 30°C in Brain Heart 

Infusion (BHI) medium. C. glutamicum ATCC 31831 which harbours AraE pentose transporter 

facilitates the uptake of pentose sugars and its metabolism. For comparative analysis, C. 

glutamicum strain ATCC 13032 which lacks AraE pentose transporter was used as control strain. 
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Fermentation studies were carried out using all the recombinant strains of C. glutamicum 

constructed for xylonic acid synthesis such as C. glu-xylB (over expressing xylose 

dehydrogenase), C. glu-xylC (over expressing xylonolactonase) and C. glu-xylBC (over 

expressing both xylose dehydrogenase and xylonolactonase). CGXII basal medium (Keilhauer et 

al., 1993) modified with altering sugar composition was used as fermentation medium. Details of 

the media components are described in Annexure II. 

4.2.2. Comparative growth analysis of C. glutamicum ATCC 31831 and recombinant C. 

glutamicum ATCC 31831 (C. glu-xylB) in CGXII medium with xylose as carbon source 

Initially, the efficacy of C. glutamicum ATCC 31831 and recombinant C. glutamicum 

ATCC 31831 (C. glu-xylB) to utilize xylose for the growth was analysed. Pure culture of both the 

strains were inoculated into CGXII medium with 4% xylose as carbon source and incubated at 

30°C. Samples were collected at regular intervals of 12 h to measure the OD of the culture at 600 

nm.  

4.2.3. Comparative growth analysis of C. glutamicum ATCC 31831 and recombinant C. 

glutamicum ATCC 31831 (C. glu-xylB) strain in CGXII medium containing xylose and 

glucose mixture as carbon source 

Initially C. glutamicum was supplemented with xylose alone as the carbon source as 

mentioned in section 4.2.2. With a very poor growth rate in the presence of xylose alone, a 

minimum level of glucose (1%) was added to the CGXII medium along with xylose (3%).   

4.2.4. Screening of recombinant strains of C. glutamicum under different combinations of 

glucose and xylose for xylonic acid production 

All the recombinant strains of C. glutamicum constructed for xylonic acid synthesis  

were subjected to submerged fermentation in CGXII medium. Different combinations of glucose 
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(G) and xylose (X) (0.1% G and 3.9% X, 0.25% G and 3.75% X and 0.5% G and 3.5% X) were 

supplemented in separate batches. Fermentation was carried out in 100 mL of the medium 

dispensed in 250 mL Erlenmeyer flask supplemented with antibiotic (kanamycin (25 µgmL-1) 

and inoculated with 16 h old recombinant strains (1% (vv-1) inoculum). The flasks were 

incubated at 200 rpm for 120 h at 30°C. The expression of recombinant genes were induced with 

IPTG (1 mM) after inoculation. Samples were collected at regular interval of 12 h and 

centrifuged at 6000 g for 5 min. The culture supernatant was analyzed for sugar utilization and 

xylonic acid production by HPLC (Chapter 2, section 2.4.2). 

4.2.5. Medium engineering by response surface methodology (RSM) for xylonic acid 

production 

From the growth analysis and xylose uptake studies, C. glu-xylB (ATCC 31831) with 

xylose dehydrogenase gene was selected for xylonic acid production. Response surface 

methodology was applied to identify the operating variables that have a significant effect on 

xylonic acid production. A Box Behnken experimental design (BBD) (Box and Behnken 1960) 

with four independent variables that may affect xylonic acid production, including (NH4)2SO4 

(2.5-12.5 gL-1), urea (4.5-18.5 gL-1), xylose (30-90 gL-1) and inoculum (7.5-15% (vv-1)) were 

studied at three levels -1, 0 and +1 which correspond to low, medium and high values 

respectively (Table 4.1). Responses were measured as titer (gL-1) of xylonic acid. The statistical 

as well as numerical analysis of the model was evaluated by analysis of variance (ANOVA) 

(Table 4.2) which included p-value, regression coefficient, effect values and F-value using 

Minitab 17 software.  
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Table 4.1. Box-Behnken experimental design matrix with experimental values of xylonic acid 

production by Corynebacterium glutamicum ATCC 31831 

 

4.2.6. Batch fermentation for xylonic acid production in 2.5 L fermenter 

 

The fermentation was carried out in 2.5 L Infors HT multifors fermenter with automated 

system for pH, temperature and DO. The working volume was set to 1.0 L with sterile medium 

and inoculated with freshly prepared 16 h old C. glu-xylB cells (11.25 % (vv-1) inoculum). The 

genes were induced with 1mM IPTG immediately after inoculation of the production medium. 

The DO was set at 10% with a variable stirrer speed 50 to 200 rpm under a static aeration rate 

2.0 vvm. Samples were taken at 12 h intervals and analyzed for sugar utilization and xylonic acid 

production. The effect of dissolved oxygen (DO; 0, 10, 20, 30 and 40%) was also analyzed. The 

Run Order 

 

Urea 

(gL-1) 

Xylose 

(gL-1) 

(NH4)2SO4 

(gL-1) 

Inoculum 

(% vv-1) 

Xylonic acid 

(gL-1) 

1 11.5 60 7.5 11.25 56.12 ± 0.3 

2 11.5 90 2.5 11.25 59.79 ± 0.2 

3 11.5 30 12.5 7.5 25.06 ± 0.1 

4 4.5 30 7.5 15 21.36 ± 0.4 

5 18.5 60 2.5 15 52.48 ± 0.3 

6 11.5 30 2.5 7.5 25.06 ± 0.2 

7 11.5 90 12.5 15 58.42 ± 0.1 

8 4.5 60 12.5 11.25 30.34 ± 0.4 

9 18.5 90 7.5 15 58.80 ± 0.3 

10 4.5 90 7.5 11.25 45.75 ± 0.3 

11 18.5 60 12.5 15 48.98 ± 0.1 

12 11.5 60 7.5 15 56.02 ± 0.2 

13 11.5 60 7.5 11.25 56.32 ± 0.3 

14 18.5 30 7.5 11.25 28.35 ± 0.4 

15 4.5 60 2.5 7.5 28.82 ± 0.2 
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DO was maintained with help of cascade action of aeration (0.2 vvm) and agitation (200 rpm) 

during fermentation. The control of fermentation study was carried out at 200 rpm agitation 

without aeration. 

4.3. Results 

4.3.1. Growth analysis of C. glutamicum ATCC 31831 and recombinant C. glu-xylB (ATCC 

31831) in CGXII medium with xylose as carbon source 

It was observed that both the strains could grow in xylose medium but the growth rate 

was very low. After 120 h growth analysis C. glutamicum ATCC 31831 reached an OD600 value 

of 0.4 on the other hand recombinant C. glu-xylB reached an OD600 value of 0.7. On correlation it 

was noticed that recombinant strain is picking up better growth than wild type strain (Fig.4.1).  

 

Fig.4.1. Comparative growth analysis of C. glutamicum and recombinant C. glutamicum (C.glu-

xylB) in CGXII medium containing 4% xylose as carbon source 

4.3.2. Growth analysis of C. glutamicum ATCC 31831 and recombinant C. glu-xylB (ATCC 

31831) in CGXII medium containing xylose and glucose mixture as carbon source 

In bacterial growth, the carbon source is used as the primary energy source for 

metabolism and biosynthesis. On comparative growth analysis of wild type and recombinant C. 
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glu-xylB in CGXII medium containing 1% glucose and 3% xylose as carbon source, it was 

observed that in the presence of glucose both the strains showed more than two-fold increase in 

growth rate i.e, in the case of C. glutamicum 31831 strain growth rate increased to 1.4 from 0.4 

OD value and that of C. glu-xylB 31831 recombinant strain growth rate increased to 1.8 from 0.7 

OD value (Fig.4.2). Also from the graph it was observed that after 48 h both the strains 

completely utilized glucose. Coming to xylose consumption, recombinant strain consumed 25 % 

more xylose compared to wild type strain after 120 h fermentation. 

 

Fig.4.2. Comparative growth analysis and sugar consumption by C. glutamicum ATCC 31831 

and recombinant C. glutamicum ATCC 31831 (C. glu-xylB) in CGXII medium containing 1% 

glucose and 3% xylose as carbon source 

4.3.3. Xylonic acid production by recombinant strains of C. glutamicum under different 

combinations of glucose and xylose 

The production of xylonic acid from glucose and xylose in Corynebacterium involves the 

oxidation of xylose to xylonic acid through the action of two enzymes: xylose dehydrogenase 

and xylonolactonase. These enzymes are highly specific for xylose and allows for the efficient 
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conversion of xylose to xylonic acid. Different combinations of sugars were supplemented to 

screen down the combination were minimum glucose concentration required for good growth 

and production. From the series of sugar combinations (0.1% G and 3.9% X, 0.25% G and 

3.75% X and 0.5% G and 3.5% X), ranging from low to high it was observed that 0.5% glucose 

and 3.5% xylose showed maximum xylonic acid production from all the recombinant strains 

(Fig.4.3 A, B, C, D).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.3. Xylonic acid production by recombinant strains of C. glutamicum ATCC 31831 under 

different combinations of glucose (G) and xylose (X) (0.1% G and 3.9% X, 0.25% G and 3.75% 

C 
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X and 0.5% G and 3.5% X). C. glu-pVWEx1 (control strain) (A), C. glu-xylB (B), C. glu-xylC 

(C) and C. glu-xylBC (D). 

Discussing the production of each strain from 3 different combinations of xylose and 

glucose, C. glu-pVWEx1 (control with empty vector) produced 0.77 gL-1, 3.54 gL-1 and 4.28 gL-1 

XA, C. glu-xylB produced 15.3 gL-1, 32.12 gL-1 and 33.5 gL-1 XA, C. glu-xylC produced 0.9 gL-

1, 3.8 gL-1 and 5.2 gL-1 XA, C. glu-xylBC produced 8.2 gL-1, 12.5 gL-1 and 26.5 gL-1 XA 

respectively. From this data 0.5% glucose and 3.5% xylose was selected as the optimum sugar 

(glucose) concentration for maximal xylonic acid production from synthetic CGXII medium with 

4% sugar formulation.  

Coming into the detailed analysis of XA production and sugar utilization from 0.5% 

glucose and 3.5% xylose it was observed that C. glu-xylB showed higher titer of 33.5 gL-1 XA 

compared to C. glu-xylBC where the production is only 26.5 gL-1. The control strain C. glu 

pVWEx1 and C. glu-xylC showed comparable titers of approximately 4 gL-1 after 120 h 

fermentation (Fig.4.4 A, B, C, D). Therefore, C. glu-xylB showing higher titer was selected as 

the best strain for further investigation. 
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Fig.4.4. Xylonic acid production and sugar (xylose and glucose) utilization by recombinant 

strains of C. glutamicum ATCC 31831 under 0.5% glucose and 3.5% xylose. C. glu-pVWEx1 

(A), C. glu-xylB (B), C. glu-xylC (C) and C. glu-xylBC (D). 

4.3.4. Expression analysis of xylose dehydrogenase (xylB) gene 

On examining all the recombinant strains, it was observed that C. glu-xylB is showing 

better production. That is, xylB gene encoding xylose dehydrogenase enzyme alone is capable of 

converting xylose into xylonic acid. Similar observation was reported by Yim et.al (2017) where 

C. glutamicum metabolically engineered with xylose dehydrogenase gene alone could mediate 

the consolidated conversion of hemicellulosic biomass into xylonic acid. 

For the expression analysis of xylose dehydrogenase gene, the recombinant strain C. glu-

xylB was cultured in LB broth and IPTG (1Mm) induction was done to promote the expression of 

recombinant protein. After incubation for 48 h at 30°C the cells were harvested and sonicated to 

release the recombinant protein. The crude protein obtained was quantified to be 15.8 mgL-1 and 

characterized using SDS-PAGE (Fig.4.5). 
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Fig.4.5. SDS-PAGE showing protein expression of xylose dehydrogenase enzyme of 

recombinant C. glutamicum (C. glu-xylB). Lane M: Protein molecular weight marker; Lane 1: C. 

glu-pVWEx1-induced (control); Lane 2: C. glu-xylB un-induced and; Lane 3: C. glu-xylB 

induced. 

4.3.5. Role of araE pentose transporter for enhanced uptake of xylose and xylonic acid 

production  

Functional analysis of araE pentose transporter gene in C. glutamicum ATCC 31831 was 

evaluated by carrying out a comparative production study with recombinant C. glutamicum 

ATCC 13032. Both the strains grew well in the CGXII production medium and metabolized 

xylose to xylonic acid. After 120 h fermentation, the recombinant strain, ATCC 13032 produced 

27.66 gL-1 of xylonic acid whereas ATCC 31831 produced 33.5 gL-1 xylonic acid (Fig.4.6). It 

was observed that better uptake of the pentose sugar was also exhibited by C. glutamicum ATCC 

31831, i.e., 88% consumption compared to 83% by ATCC 13032 after 120 h fermentation. Thus, 

the presence of araE transporter and its influence in xylose uptake and metabolism in 

recombinant C. glu-xylB ATCC 31831 was confirmed. 
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A   

B   

Fig.4.6. Xylonic acid production by C. glu-xylB ATCC 31831 (A) and C. glu-xylB ATCC 13032 

(B)  

4.3.6. Statistical optimization of operational parameters for xylonic acid production 

The objective of the experimental design was medium engineering for maximum xylonic 

acid production. There were a total of 15 runs for optimizing the four individual parameters in 

0

5

10

15

20

25

30

35

0

5

10

15

20

25

30

35

0 12 24 36 48 60 72 84 96 108 120

X
y
lo

n
ic

 a
c
id

 :
 g

L
-1

S
u

g
a
r
 :

 g
L

-1

Time (h)

0.5 % Glucose 3.5 % Xylose Xylonic acid production

0

5

10

15

20

25

30

35

40

0

5

10

15

20

25

30

35

40

0 12 24 36 48 60 72 84 96 108 120
X

y
lo

n
ic

 a
c
id

 :
 g

L
-1

S
u

g
a

r
 :

 g
L

-1

Time (h)

0.5 % Glucose 3.5 % Xylose Xylonic acid production



Chapter 4: Production 

 

80 

 

the current BBD. Experimental design and xylonic acid yield are presented in Table 4.1. The 

polynomial equation obtained for the model was as given below: 

Xylonic acid (gL-1) = -48.7 – 0.45 X1 + 3.5 X2 + 0.220 X3 + 2.058 X4– 0.019 X1
2 – 

0.2139 X2
2 – 0.0423 X3

2 – 0.01943 X4
2– 0.075 X1X2 + 0.0416 X1X3 – 0.0119 X1 X4 + 0.526 X2 

X3 + 0.0482 X2 X4 – 0.00128 X3 X4  

  where X1, X2, X3 and X4 are xylose, (NH4)2SO4, urea and inoculum concentration 

respectively. Maximum production efficiency (0.47g-1L-1h-1) was observed with Run No.13 

where the concentration of parameters were urea 11.5 gL-1, xylose 60 gL-1, (NH4)2SO4 7.5 gL-1 

and inoculum 11.25% (vv-1) and xylonic acid titer was 56.32 ± 0.3 gL-1 (Fig.4.7). It indicates that 

(NH4)2SO4, inoculum concentration and xylose have a significant positive effect than urea on 

xylonic acid yield.  

 

Fig.4.7. Xylonic acid production by recombinant C. glu-xylB under optimized CGXII medium 

composition, where 56.32 ± 0.3 gL-1 xylonic acid was produced from 60 gL-1 xylose after 120 h 

fermentation. 

                 Response surface curves were plotted to find out the interaction of variables 

and to determine the optimum level of each variable for maximum response. The contour plot 
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showing the interaction between a pair of factors on xylonic acid yield is given in Fig.4.8 (A to 

F). Major interactions studied are of inoculum and xylose concentration (A), xylose and urea 

concentration (B), (NH4)2SO4 and urea concentration (C), effect of inoculum and (NH4)2SO4 

concentration (D), effect of (NH4)2SO4 and xylose concentration (E) and the interaction of 

inoculum and urea concentration (F). 
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Fig.4.8. Contour plots showing the effect of various parameters on xylonic acid production by C. 

glu-xylB (ATCC 31831). A: Effect of inoculum and xylose. B: Effect of xylose and urea. C: 

Effect of (NH4)2SO4 and urea. D: Effect of inoculum and (NH4)2SO4. E: Effect of (NH4)2SO4 and 

xylose F: Effect of inoculum and urea. 

 

 The ANOVA of response for xylonic acid is shown in Table 4.2. The R2 value explains 

the variability in the xylonic acid yield associated with the experimental factors to the extent of 

97.48%.  

Table 4.2. Analysis of variance (ANOVA) for xylonic acid production using C. glu-xylB 

 

Source                           DF      Adj SS            Adj MS           F             P 

 

Regression                     12      3583.09           298.591         6.45          0.142 

Linear                             4       1688.94           422.234         9.11          0.101 

Square                            4       1249.59           312.398         6.74          0.133 

Interaction                      4       284.83             71.208           1.54          0.431 

Residual error                 2       92.66               46.328 

Lack-of-fit                      1       92.66               92.657 

Pure error                       1       0.00                 0.000 

 

Total                              14      3675.75 

S = 6.80649, R-Sq = 97.48%, R-Sq (pred) = 0.00% and R-Sq (adj) = 82.35% 

 

ANOVA shows the statistical difference between the parameters being compared. It 

shows that (NH4)2SO4, inoculum concentration and xylose have a statistically significant positive 

influence on xylonic acid production compared to urea having less effect. ANOVA table draw 

inference that the xylonic acid production increases with increase in concentration of the 

parameters (NH4)2SO4, inoculum and xylose concentration. 
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Fig.4.9 shows the validation plot evaluating the performance of the statistical tool RSM 

for xylonic acid production. It is the plot of the predicted value from the model versus the actual 

value from the experimental data. The validation plot for maximal xylonic acid production, 

where maximum production can be obtained is 67.33 gL-1 from 90 gL-1 xylose. Whereas from 

the experiment the production was 56.32 ± 0.3 gL-1 XA from 60 gL-1 xylose.  

 

                    
 

Fig.4.9. Validation plot for xylonic acid production 

 

4.3.7. Xylonic acid production by batch fermentation in 2.5 L fermenter 

The batch fermentation with optimized conditions was performed in Infors HT multiform 

fermenter with automated controls for pH, temperature and DO. The optimized CGXII medium 

containing sugar mixtures (glucose (5 gL-1), xylose (60 gL-1) found to have better production of 

50.5 ± 0.2 gL-1 xylonic acid after 120 h fermentation (Fig.4.10) with a yield of 0.93 gg-1 xylose 

and a volumetric productivity of 0.42 gL-1h-1. 83% of xylose was successfully converted to 

xylonic acid indicating a good conversion efficiency of the process.  
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Fig.4.10. Xylonic acid production and sugar consumption by recombinant C. glu-xylB in 2.5L 

fermenter 

4.4. Discussion 

Heterologous expression of genes for the production of varied value-added chemicals 

were successfully carried out in C. glutamicum, for example, the production of amino acids, 

sugar alcohol, organic acid, diamines, glycolate and 1,5-diaminopentane (Buschke et al. 2013; 

Meiswinkel et al. 2013; Zahoor et al. 2014; Pérez-García et al. 2016; Dhar et al. 2016). C. 

glutamicum being a versatile industrial microbe and the availability of genetic engineering tools 

makes it a rapid and rational manipulation host for diverse platform chemicals.  

Corynebacterium glutamicum ATCC 31831 grew on pentose as the sole carbon source. 

The gene cluster responsible for pentose utilization comprised a six cistron transcriptional unit 

with a total length of 7.8 kb. The sequence of the C. glutamicum ATCC 31831 ara gene cluster 

containing gene araE, encodes pentose transporter, facilitates the efficient uptake of pentose 

sugar (Kawaguchi et al. 2009). Previous studies have also reported the role of araE pentose 
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transporter in Corynebacterium glutamicum ATCC 31831 and its exploitation for the production 

of commodity chemicals like 3HP and ethanol (Becker et al. 2018). In the present study, 

Corynebacterium glutamicum ATCC 31831 with an inbuilt AraE pentose transporter exhibited 

an effectual consumption of xylose as well as its conversion to xylonic acid. Therefore, 

Corynebacterium glutamicum ATCC 31831 selected as the host organism for xylonic acid 

production. 

To construct a xylonic acid pathway in C. glutamicum, the xylB and xylC gene from 

Caulobacter crescentus was introduced. C. crescentus xylB was preferred due to its higher 

enzymatic activity compared to xylose dehydrogenases from other sources like T. reesei or B. 

subtilis (Toivari et al. 2012).  

 Xylose can be metabolized in four different routes (I) The oxido-reductase pathway, (II) 

The isomerase pathway, (III) The Weimberg pathway, an oxidative pathway and (IV) The 

Dahms pathway (Cabulong et al. 2018). Xylose once inside the cell gets converted to 

xylonolactone and then into xylonic acid on the expression of xylB (xylose dehydrogenase) and 

xylC (xylonolactonase) genes. These two enzymes are involved in both the Weimberg and 

Dahms pathway where xylose is metabolized to xylonic acid (Brüsseler et al. 2019). In the 

present study, it was observed that only the xylose dehydrogenase enzyme activity is good 

enough for xylonic acid production. Without the dehydrogenase activity, the lactonase activity 

alone cannot do the conversion of xylose to xylonic acid. Further, the xylonolactonase 

expression along with xylose dehydrogenase resulted in xylonic acid production but not that 

efficient as dehydrogenase alone with the case of C. glutamicum. It was reported that, 

xylonolactone once formed can be converted to xylonic acid either by the spontaneous oxidation 

of lactone or through the enzymatic hydrolysis of xylonolactonase enzyme (Buchert and Viikari 
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1988). Corynebacterium glutamicum being an aerobic organism, direct oxidation of 

xylonolactone to xylonic acid is more favorable inside the cell. 

Previous studies have also shown that xylose dehydrogenase (xylB) activity alone in C. 

glutamicum can result in the production of xylonic acid (Yim et al. 2017). 

Several bacteria, especially Gluconobacter oxydans and Pseudomonas fragi, have been 

found to exhibit elevated levels of xylonic acid in the extracellular medium. Production titer of 

109 gL-1 xylonic acid from 100 gL-1 xylose by Gluconobacter oxydans and 162 gL-1 xylonic acid 

from 150 gL-1 xylose by Pseudomonas fragi were reported (Buchert and Viikari 1988).  A 

modified strain of E. coli was engineered to synthesize xylonic acid. E. coli’s native metabolic 

pathway for xylose catabolism was blocked through the disruption of the xylose isomerase (XI) 

and xylulose kinase (XK) genes. Xylonic acid producing E coli was created by introducing 

xylose dehydrogenase gene from Caulobacter crescentus. The resulting recombinant E. coli 

produced upto 39.2 gL-1 xylonic acid from 40 gL-1 xylose in minimal medium (Liu et al. 2012). 

The expression of xylB, an NAD+-dependent xylose dehydrogenase, from Caulobacter 

crescentus in Saccharomyces cerevisiae B67002 xylB resulted in the production of 43 g  xylonic 

acid from 49 g of xylose (Toivari et al. 2012). In 2017 Yim et al explored Corynebacterium 

glutamicum for its potential in bioconversion of hemicellulosic biomass i.e xylan into xylonic 

acid. Heterologous expression of xylose specific transporter gene, xylE, of Escherichia coli along 

with xylose dehydrogenase and xylonolactonase genes, involved in xylonic acid metabolism, 

from Caulobacter crescentus, also an engineered xylan degrading module with two xylan 

degrading enzymes endoxylanase and xylosidase were cloned for xylonic acid production. The 

metabolically engineered C. glutamicum produced 6.23 gL-1 xylonic acid from 20 gL-1 xylan 

(Yim et al., 2017). Here in this study the recombinant strain C. glu-xylB also produced a 
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comparable titer of 56.32 ± 0.3 gL-1 xylonic acid from 60 gL-1 xylose in synthetic CGXII 

medium. The detailed analysis of the recombinant strains developed for its productivity and 

competence in biomass is described in the following Chapter 5. 

4.5. Summary 

An efficient one step bioconversion system for xylose to xylonic acid is developed. 

Xylonic acid production was found higher for the recombinant C. glutamicum 31831 having the 

AraE transporter protein than the recombinant C. glutamicum 13032 which is devoid of it, 

emphasizing the higher uptake of xylose in the presence of the transporter protein. Among the 

recombinant C. glutamicum 31831 strains constructed, the maximum xylonic acid production 

was obtained using C. glu-xylB followed by C. glu-xylBC. Media engineering was carried out 

with the statistical tool response surface methodology (RSM) to improve the production of 

xylonic acid. RSM aided to narrow down the most influencing parameters and its optimization 

on xylonic acid production. 56.32 ± 0.3 gL-1 xylonic acid was produced from 60 gL-1 xylose 

(conversion 76.4%) under optimum concentrations of CGXII medium components such as 

(xylose (60 gL-1), glucose (5 gL-1), urea (11.5 gL-1), (NH4)2SO4 (7.5 gL-1) and inoculum (11.25% 

vv-1) in the flask level with a yield of 1.04 gg-1 xylose and productivity 0.5 gL-1h-1. In 2.5L 

(fermenter) level, from 60 gL-1 of xylose, the production titer was 50.5 ± 0.2 gL-1 XA 

(conversion 66%) with a yield of 0.93 gg-1 xylose and a productivity of 0.42 gL-1h-1.  
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5.1. Introduction 

 

The majority of modern chemical products are made from non-renewable sources such as 

coal, natural gas, and petroleum, which account for 85% of energy use (Hoffert et al. 2002; 

Goldemberg 2007). These resources are not sustainable and release carbon dioxide when burned, 

which contributes to global warming and accounts for over half of all warming factors (Wilbanks 

et al. 2014). To create a more sustainable economy that relies on renewable resources, there is 

growing interest in alternative energy sources that do not require the extraction of fossil fuels. 

Biomass resources offer a way to produce a range of products including chemicals, materials, 

energy, and food (Torres-Mayanga et al. 2019). The concept of bio-refining is similar to 

traditional petroleum refining, but instead uses biomass as the raw material to create a variety of 

products, including commodities and specialty chemicals (Castilla-Archilla et al. 2019). This 

approach has gained attention as a promising alternative to the traditional use of fossil fuels.  

 Biomass can be used as a feedstock for the production of biofuels such as bioethanol and 

biodiesel, which can replace fossil fuels and help reduce greenhouse gas emissions from the 

transportation sector. Additionally, biomass can be used to produce biogas through anaerobic 

digestion, which can be used for electricity generation or as a fuel for transportation. Apart from 

this, nowadays, bio-refineries produce a range of valuable compounds and commodities using 

industrial microorganisms such as Escherichia coli, Saccharomyces cerevisiae, and 

Corynebacterium glutamicum (Arnone et al. 2020). Among the industrial microbes, C. 

glutamicum has several advantages and is considered one of the most promising for producing 

value-added platform chemicals and polymers. Firstly, C. glutamicum has low extracellular 

protease activity and can secrete functional precursor proteins that are properly folded (Liu et al. 

2015). Secondly, it has a weak carbon catabolite inhibitory effect, which allows it to use mixed 
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sugars as a carbon source without significant growth retardation (Baritugo et al. 2018). Thirdly, 

it is robust and tolerant to various toxic compounds, including organic acids, furfural, and toxic 

aromatic compounds (Gopinath et al. 2011; Kogure and Inui 2018; Conrady et al. 2019). 

Moreover, it maintains a strong catalytic function and high cell growth under growth-inhibiting 

conditions, making it particularly useful for lignocellulose treatment and environmental pollutant 

degradation. Fourthly, C. glutamicum has a wide spectrum of natural carbon source substrates, 

including five-carbon sugars, six-carbon sugars, monosaccharides, and toxic aromatic 

compounds (Choi et al. 2019). It can be used to produce a variety of compounds and can convert 

cheap biomass into high-value products. Additionally, C. glutamicum is safe, has a clear genetic 

manipulation background, and is an excellent candidate for bio-refining raw materials (Kitade et 

al. 2020).  

This chapter deals with the fermentative production of xylonic acid from biomass and 

from the preliminary screening of different biomass, sawdust was selected as the optimized raw 

material for subsequent studies.  

5.2. Materials and Methods 

5.2.1. Raw material selection 

Different agro-industrial residues like rice straw, wheat bran and sawdust (Fig.5.1.) were 

screened for fermentable sugar release and subsequently to convert to xylonic acid. Rice straw 

and wheat bran were purchase from local markets in Pappanamcode, Trivandrum, Kerala, India. 

Sawdust collected from M. S. Sawmills, Kollam, Kerala, India. Samples were milled and 

crushed into fine particles, and 10 mm-sized particles were sieved for processing. Samples were 

then dried and moisture content measured before pre-treatment. 
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Fig.5.1. Different agro-industrial biomasses (A) Rice straw, (B) Wheat bran and (C) Sawdust 

 

 

Rice straw, wheat bran and sawdust were selected considering the relative low cost in the 

market and easy availability in the local market which can reduce transportation costs. The high 

energy content of the biomass ensures an efficient energy source for the process. 

5.2.3. Dilute acid pre-treatment of biomass 

For dilute acid pre-treatment, biomasses were pre-soaked in sulphuric acid (H2SO4) for 

45 min and then treated at 121°C for 1h with 15% (ww-1) biomass loading and 1% (ww-1) acid 

concentration in separate batches. After pre-treatment, the liquid fraction with sugar monomers 

xylose and glucose were separated from the slurry using muslin cloth. The aqueous fraction was 

neutralized to pH 7 with NaOH (10 N) solution and sugar released were quantified using HPLC 

(Chapter 2, section 2.4.2). Residues left after pre-treatment was dried and powdered for 

compositional analysis. 

 

5.2.3. Compositional analysis of biomass 

Compositional analysis of biomasses were carried out according to NREL protocol 

(Sluiter et al, 2012). Moisture content of the biomass was determined; 300 mg of dry biomass 

was transferred into a conical flask. 3 mL of 72% H2SO4 (concentrated sulphuric acid) was 

A B C 
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added to the flask and mixed well. The flasks were heated at 30 - 40°C in a water bath at 100 

rpm for 2h. After boiling the flasks were allowed to cool and filtered the contents of the flask 

through a Whatman No.1 filter paper (Merck, India). The residue was dried at 105°C for 24h and 

the clear supernatant was neutralized adding CaCO3 and subjected for HPLC to determine the 

monosaccharide content. Lignin in the non-neutralized filtrate was determined by diluting it 20 

times using double distilled water and measured the absorbance at 205 nm in spectrophotometer. 

Weight of the Whatman No.1 filter paper cake was determined and transferred into a crucible 

and heated in a muffle furnace at 575°C for 6 h. After heating, cooled the crucible in a desiccator 

and weighed to determine the ash content. 

5.2.4. SEM analysis 

The surface property of the biomass was determined by Scanning Electron Microscopy. 

The differences in the sawdust structure before and after acid pre-treatment were visualized 

through SEM (JEOL JSM-5600, Japan). Finely powdered sawdust biomass was mounted on 

brass stub coated with conductive material gold. The sample was placed in the SEM chamber 

and electron beam was directed at the sample, and the secondary electrons were collected by the 

detector to generate images at a magnification of 1500 x. 

 

5.2.5. Detoxification of pentose rich sawdust liquor  

Acid pre-treated sawdust liquor (APL) was concentrated using rotavapor (Buchi, India) at 

60ºC to achieve a xylose concentration of 20 - 50% (vv-1). INDION PA 500 non-ionic, adsorbent 

resin (Indion resins, Gujarat) used for inhibitor removal, was washed with water for 30 min. The 

resin was then activated with methanol. Detoxification experiments were conducted in batch 

mode at room temperature. The resins were mixed into the APL in a 1:15 (wv-1) ratio. At various 
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time intervals, samples were collected and analysed for inhibitor and monomeric sugar content. 

The resin was regenerated after each detoxification cycle by washing them with methanol and 

water.   

5.2.6. Fermentation  

For shake flask fermentation, the recombinant strain C. glu-xylB was grown in 25 mL of 

Brain Heart Infusion (BHI) medium (with kanamycin 25 µgmL-1) at 30°C overnight with 

shaking at 200 rpm. An aliquot of overnight grown culture was inoculated into 100 mL CGXII 

sawdust APL production medium (pH 6.5) (Annexure II) containing 1 mL 1% trace metals, 60 

gL-1 xylose, and 8 gL-1 glucose supplemented with kanamycin (25 µgmL-1). xylB gene was 

induced by adding 1mM IPTG to the inoculated culture for xylose metabolism. All the 250 mL 

Erlenmeyer flasks with 100 mL of production medium were then incubated at 30ºC with shaking 

at 200 rpm. 

Batch fermentations were carried out in a 2.5 L scale laboratory fermenter (Infors HT 

fermenter, Switzerland) containing 1.0 L of CGXII sawdust APL production medium with an 

initial xylose concentration of 60 gL-1. The process parameters were set at temperature (30ºC), 

inoculum (10% vv-1), agitation speed (200 rpm), aeration (1.5 vvm) and pH 6.5. Samples were 

collected at regular intervals of 12 h and the cell free culture supernatant was subjected for the 

detection of xylonic acid as well as xylose level.  

5.2.7. Influence of furan inhibitors on cell growth, xylose utilization and xylonic acid 

production 

A screening study was conducted to analyze the effect of furan inhibitors which are 

normally present in APL of any biomass. Fermentation was carried out in CGXII synthetic 
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medium in 250 mL shake flasks with working volume of 100 mL at 30°C for 120 h with an 

initial xylose concentration of 60 gL-1. Hydroxy methyl furfural (HMF) and furfural (Cas no. 

67470 and 98011, Sigma Aldrich - Merck, India) of varying concentrations 0.5 gL-1, 1.0 gL-1, 1.5 

gL-1 and 2.0 gL-1 were added to the CGXII synthetic production medium respectively to study its 

impact on xylose utilization and xylonic acid production. 

5.3. Results 

5.3.1. Pre-treatment and composition analysis of biomass 

Fig.5.2. shows the compositional analysis results of rice-straw, sawdust and wheat bran. 

From composition analysis it was observed that all the biomass is rich in cellulose content in the 

range 45 - 50%, hemicellulose (20 - 25%) and lignin content (20 - 30%). Relatively higher 

hemicellulosic content obtained from sawdust APL i.e, 45.55 ± 6.5% cellulose, 24.41± 3.5% 

hemicellulose and 29.05 ± 0.5% lignin.   

 

 

Fig.5.2. Composition analysis of rice straw, sawdust and wheat bran 
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Depending on the composition of biomass the fermentable sugars and inhibitors released 

from different biomass varies. As it is evident from Fig.5.3A. shows the concentration of sugars 

released and Fig.5.3B. shows the concentration of inhibitors released from the biomass after acid 

pre-treatment. Higher C5 sugar release i.e, xylose – 23 gL-1 obtained from sawdust and also 

comparatively lower inhibitor release (HMF – 1.1 gL-1 and Furfural – 1.5 gL-1) obtained from 

sawdust biomass. Acid pre-treatment is favourable for C5 sugar release. As our target is xylose 

sugar, biomass that yields more of xylose i.e, sawdust was selected as the raw material for the 

study.  

 

Fig.5.3. Release of sugar (A), inhibitors (B) after the acid pre-treatment of biomass 

A 
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5.3.2. Comparative study of xylonic acid production in acid pre-treated liquor (APL) of rice 

straw, wheat bran and sawdust  

Fermentation studies were carried out in 250 mL Erlenmeyer flask containing 100 mL 

CGXII medium where APL from biomass containing xylose was used as the carbon source for 

xylonic acid production. Independent experiments were done with APL from rice straw, wheat 

bran and sawdust biomass, the flasks were incubated at 30°C for 192 h. Comparative analysis 

was done to evaluate the potential of C. glutamicum to grow in non-detoxified APL from 

different biomass and to metabolise xylose into xylonic acid. Fig.5.4 A, B and C depicts the 

xylose utilization and xylonic acid production by C. glu-xylB (in rice straw, wheat bran and 

sawdust APL respectively). The initial concentration of xylose in APL was 20 gL-1 (i.e, without 

concentrating the APL). After fermentation it was observed that C. glu-xylB could grow and 

metabolise xylose from sawdust APL, better than other two biomass APL, with a titer of 7.5 gL-1 

xylonic acid which was higher than those from wheat bran and rice straw that is 5.1 gL-1 and 5.8 

gL-1 respectively. Due to the presence of higher concentration of inhibitors in rice straw and 

wheat bran APL the production titer was also low.  
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Fig.5.4. Xylose utilization and xylonic acid production by C. glu-xylB in non-detoxified (A) rice 

straw, (B) wheat bran and (C) saw dust APL 

 

Based on more xylose utilization, lower inhibitor concentration and better production 

titer, sawdust was selected as the biomass for further study. The physio-chemical characteristics 

of sawdust APL are given in Table.5.1.  
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Table.5.1. Physio-chemical properties of sawdust liquor 

 

5.3.3. SEM analysis of sawdust  

Fig. 5.5A and B shows the SEM image of raw (control) and acid pre-treated saw dust 

biomass. It is visible that after pre-treatment, the possible degradation of lignin and 

hemicellulose is happened and it caused the distortion or the opening up of the biomass wall. 

              

Fig.5.5. SEM image of (A) raw sawdust (control) (B) acid pre-treated sawdust (magnification – 

1500 x) 

Sl.no. Parameters Value 

 

1. 

 

Cellulose (%) 

 

45.55 ± 6.5 

2. Hemicellulose (%) 24.41 ± 3.5 

3. Lignin (%) 29.05 ± 0.5 

4. Total nitrogen (%) 1.8  

5. Total phosphate (mgL-1) 0.5 ± 0.31 

6. pH 6.7  

7. Total Dissolved solids (TDS) (mgL-1) 408 ± 0.1 

8. Dissolved Oxygen (DO)  (mgL-1) 2.2 ± 2.1 

9. Oxidation Reduction Potential (ORP) (mgL-1)  95 ± 0.20 

10. Total Chemical Oxygen Demand (TCOD) (mgL-1) 237.6 ± 0.64 

11. Soluble Chemical Oxygen Demand (SCOD) (mgL-1) 216 ± 0.35 

A B 

A B A 
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5.3.4. Detoxification of APL using INDION PA 500 adsorbent resin 

INDION PA 500 resin is a non-ionic, hydrophobic cross-linked polymer beads. The 

adsorbent resin was observed to be effective in removing 88% inhibitors (furfural, hydroxyl 

methyl furfural (HMF), acetic acid, and formic acid) present in APL. The resins were 

regenerated using 70% ethanol and water to desorb the adsorbed inhibitors and, to calculate the 

number of cycles for which the adsorbent resins could be reused. The APL was further 

detoxified using the regenerated resins. The resin could retain its adsorption capacity for up to 4 

cycles with approximately 60% removal of inhibitors (Fig.5.6.). Effective removal of furans 

from APL can be correlated to higher surface area and aromatic nature of the resin.  Its pore size 

distribution also makes it an excellent choice for the removal of a wide variety of large organic 

molecules from polar solvents. The resins could also adsorb the sugars present in APL during the 

detoxification process.  

Fig.5.7A and 5.7B demonstrates the HPLC chromatogram of non-detoxified and 

detoxified sawdust APL and Fig.5.7C. shows the appearance of sawdust APL before and after 

treatment with resin. From the chromatogram it is observed that the APL contains higher 

concentration of furan inhibitors such as HMF and furfural, after treatment with the resin the 

concentration of the inhibitors got reduced, 90% removal of inhibitors in the first cycle. Because 

sugars are the primary pre-requisite for fermentation to value-added products, a suitable resin for 

large-scale processes should have less sugar adsorption.  
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Fig.5.6. Inhibitor (acetic acid, formic acid, furfural and HMF) removal by INDION PA 500 resin 

 

 

Fig.5.7A. HPLC chromatogram of non-detoxified sawdust APL 

*(Peak area: HMF – 15245, Furfural – 1854834) 
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Fig. 5.7B. HPLC chromatogram of detoxified sawdust APL 

*(Peak area: HMF – 1841, Furfural – 7321) 

 

Fig. 5.7C. Appearance of sawdust APL (a) before and (b) after treatment with INDION PA 500 

resin. 

5.3.5. Optimization of process parameters for xylonic acid production from APL of sawdust in 

2.5L fermenter  

The optimization of process parameters typically involves adjusting factors such as 

temperature, pH, agitation speed, dissolved oxygen and substrate concentration to maximize the 

yield of the product. pH experiments showed that the maximum xylonic acid production (48.5 ± 

0.20 gL-1) from 60 gL-1 xylose occurred at an initial pH of 6.5. With xylose alone in the medium 

the organism struggled to pick up the sufficient growth rate, glucose supplementation was 

Furfural HMF 

a b 

B 
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essential to initiate cell division and hence optimized the initial glucose level to be 8 gL-1 to 

reach sufficient cell growth and xylose utilization. The effects of changing dissolved oxygen 

concentrations during fermentation revealed that the highest xylonic acid production occurred in 

the range of 1.5 and 2.0 vvm and thus 1.5 vvm set as optimum level of DO. Similarly, 10 – 12 

(% vv-1) inoculum resulted in the maximum titers of 48 ± 0.20 gL-1 and 50 ± 0.20 gL-1 and as the 

difference is marginal, 10 (% vv-1) inoculum fixed as the optimum inoculum percentage 

(Table.5.2.). So, the parameter levels: xylose 60 gL-1, glucose 8 gL-1, DO 1.5 vvm and inoculum 

10 % were optimized for maximal xylonic acid yield in 2.5 L fermenter.  

Table.5.2. Process parameters for xylonic acid production under submerged fermentation in 2.5L 

fermenter 

Parameters Glucose 

(gL-1) 

Xylose 

(gL-1) 

DO 

(vvm) 

Inoculum 

(% vv-1) 

Xylonic acid 

(gL-1) 

 2 

4 

   - 

- 

Glucose 6 60 1.5 10 22.3 ± 0.2 

concentration 8     45.5 ± 0.1 

 10    36.2 ± 0.2 

  40   15.4 ± 0.3 

  50   20.9 ± 0.2 

Xylose      8 60 1.5 10 48.5 ± 0.2 

concentration  70   34 ± 0.2 

  80   32.5 ± 0.1 

   0.5 

0.8 

 24.8 ± 0.2 

28.9 ± 0.3 

Oxygen 8 60 1.0 10 31.6 ± 0.1 

   1.5  47 ± 0.3 

   2.0  50 ± 0.2 

    3 8.5 ± 0.2 

    5  18.6 ± 0.1 

Inoculum 8 60 1.5 8  32.8 ± 0.3 

size    10   48.5 ± 0.2 

    12       50 ± 0.2 
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With the optimized process parameters, the recombinant strain C.glu-xylB produced 48.5 

± 0.20 gL-1 xylonic acid from 60 gL-1 xylose with a yield of 0.89 gg-1 xylose and productivity 

0.30 gL-1h-1 (Fig.5.8.). Corresponding to the theoretical yield of xylonic acid from xylose i.e 

73.67 %, the % yield obtained was 63% and that of xylose conversion efficiency of the strain 

C.glu-xylB was observed to be 86.6%.   

% Yield = Experimental yield  x 100 

               Theoretical yield (73.67) 

 

 
 

 

 

Fig.5.8. 2.5L Batch fermentation using recombinant C. glu-xylB in CGXII- sawdust APL 

production medium. The data shows cell growth, sugar utilization (glucose and xylose) and 

xylonic acid production by recombinant C. glu-xylB 

 

5.3.6. The effect of HMF and furfural on xylonic acid fermentation 

Fig.5.9A and B shows the inhibitory effects of furfural and HMF at its different 

concentrations (0.5, 1.0, 1.5 and 2.0 gL-1) in synthetic CGXII production medium and it is 
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observed that the addition of inhibitors increased the lag phase of bacterial growth. As the 

concentration of inhibitors increases the uptake of xylose and its conversion into xylonic acid 

decreased. From Fig.5.9A. it is observed that with the addition of 0.5 gL-1 furfural, almost 20 gL-

1 xylose remained unutilized after 120 h fermentation and the yield was 33 gL-1 against the 

control (i.e., in the absence of inhibitors) where residual xylose was 7 gL-1 and that of xylonic 

acid production was 53 gL-1. As the concentration further increased, the growth, xylose 

utilization and xylonic acid production gradually decreased and at 2.0 gL-1 furfural, the organism 

was found to be unable to grow and no sugar uptake and production were noticed. Similarly, in 

Fig.5.9B. in the presence of 0.5 gL-1 HMF the inhibitory effect was higher compared to furfural 

where 25 gL-1 xylose remained unutilized yielding only 30 gL-1 xylonic acid against control i.e., 

53 gL-1 xylonic acid after 120 h fermentation.  The inhibitory effect of HMF was greater than 

that of furfural, and at 2.0 gL-1 HMF concentration, there was no xylonic acid production.  

 
 

 
 

Fig.5.9A. Effect of furfural on xylose consumption and xylonic acid production 

* Xylose consumption and xylonic acid production in the presence of different concentration 
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of furfural (cross – 0 gL-1 furfural, filled triangle – 0.5 gL-1 furfural, filled square – 1.0 gL-1 

furfural, filled diamond – 1.5 gL-1 furfural, filled circle – 2.0 gL-1 furfural,) 

 

 

 
 

 

 
 

Fig.5.9B. Effect of HMF on xylose consumption and xylonic acid production 

* Xylose consumption and xylonic acid production in the presence of different concentration 

of HMF (cross – 0 gL-1 HMF, filled triangle – 0.5 gL-1 HMF, filled square – 1.0 gL-1 HMF, 

filled diamond – 1.5 gL-1 HMF, filled circle – 2.0 gL-1 HMF) 

 

On exploring the effect of inhibitors, furfural and HMF, in APL on xylonic acid 

production, it was observed that both the inhibitors had an inhibitory effect on fermentation 

reaction. The effect of HMF was found to be higher than furfural on xylonic acid fermentation.  

 

5.4. Discussion 

 

Dilute acid pre-treatment is an effective and affordable technique for release of 

fermentable sugars from biomass. The acid pre-treated liquor (APL) is the valuable source of 
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hexoses and pentoses from the hemicellulose fraction in the biomass. As already mentioned rice 

straw, wheat bran and sawdust were selected as the raw material for the study.  

Rice straw is the by-product of rice cultivation and is composed of the leaves, stems, and 

husks of the rice plant. It is one of the most abundant agricultural residues worldwide, with an 

estimated annual production of over 700 million tons. Rice straw has many potential 

applications, including as animal feed, soil amendment, and as a feedstock for biofuel 

production. However, rice straw is often considered a waste product and can pose environmental 

challenges if not properly managed. It can be a significant source of air pollution when burned in 

the fields, which is a common practice in many rice-producing regions. Therefore, alternative 

uses for rice straw, such as its use as a feedstock for biofuel production, can help reduce 

environmental impacts while providing a valuable resource. 

Wheat is one of the most widely cultivated cereal crops in the world, and as a result, 

wheat bran is also a widely available by-product of wheat milling. Wheat bran can be used as a 

raw material for value addition in the production of various products. For example, it can be used 

to produce biofuels, such as biogas and bioethanol. The high cellulose and hemicellulose content 

of wheat bran make it a suitable feedstock for biofuel production. In addition, wheat bran can be 

used in the production of value-added products such as dietary supplements, functional foods, 

and biodegradable packaging materials. 

The timber market in India is experiencing a significant growth, resulting in the 

generation of large amounts of sawdust as a major by-product of wood processing. It is crucial to 

adopt a sustainable approach to manage this waste and make use of it effectively. Currently, 

sawdust is commonly utilized in direct combustion methods to generate heat as a loose biomass, 
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which poses significant environmental hazards. In contrast sawdust containing fermentable sugar 

can be valorised into biofuels and high value products.  

Fermentative production of xylonic acid from sugar mixtures i.e, from acid 

pre-treated lignocellulosic liquor using recombinant C. glutamicum has been carried out. The 

utilization of recombinant C. glutamicum for the efficient bioconversion of xylose present in 

biomass acid pre-treated liquor (APL) to xylonic acid was validated. The fermentative 

production of xylonic acid from xylose using various genetically modified organisms has been 

studied (Yim et al. 2017; Herrera et al. 2021). However, this is the first attempt that describes 

about the functional validation of a recombinant C. glutamicum ATCC 31831 for xylonic acid 

production from lignocellulosic biomass derived xylose.  

The recombinant strain, C.glu-xylB produced 48.5 ± 0.20 gL-1 xylonic acid from 60 gL-1 

xylose, with a yield of 0.89 gg-1 xylose and a productivity of 0.30 gL-1h-1. Although the 

theoretical yield of xylonic acid from xylose is 76.4 %, the yield obtained was 63 %. However, 

the xylose conversion efficiency of the strain C.glu-xylB was 86.6%. These results of xylonic 

acid productivity and yields are quite competitive compared to previous results obtained using 

other hosts Zymomonas mobilis (0.32 gL-1h-1, 1.07 gg-1), Candida glycerinogenes (0.77 gL-1h-1, 

0.83 gg-1), Komagataella phafi (0.14 gL-1h-1, 0.37 gg-1) and Komagataella phafi (0.16 gL-1h-1, 

0.43 gg-1) (Herrera et al. 2021; Qiao et al. 2021; Ramos et al. 2021). 

While examined the production of xylonic acid in a defined medium Gluconobacter 

seems to be the most promising microorganism. However, the slow growth rate of 

Gluconobacter, the need for a more complex growth medium, low tolerance to hydrolysates, and 

promiscuous oxidizing enzymes may hinder the scale-up of the process (Zhou et al. 2019). 

Another potential xylonic acid producer, P. sacchari, has not yet been evaluated on 
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hemicellulosic hydrolysates, so it is unclear how its xylonic acid production will be affected in 

an industrial setting (Bondar et al. 2021). Despite the various applications of xylonic acid and the 

involvement of numerous players in the development of biotechnological processes, there is 

currently no industrial-scale production of xylonic acid, and the use of lignocellulosic 

hydrolysates as a feedstock poses the first hurdle towards industrialization. The presence of 

microbial growth inhibitory compounds, such as acetic acid and furaldehydes in the raw material 

is one of the primary challenges associated with this. These furan derivatives (Furfural and 

HMF) are the family of by-products from heat-processed pentose and hexose, and are 

the significant group of inhibitors in the pre-hydrolysate and were thought to be the most 

significant fermentation inhibitors for diverse bacteria (Jilani et al. 2020). The development and 

viability of several bacteria, yeasts, and fungi are negatively impacted by furan derivatives once 

the concentration exceeds 1.0 gL-1 (Chandel et al. 2013). These derivatives have been shown to 

inhibit fermentation processes by affecting the viability of microorganisms and activity of 

enzymes involved in the process, for example inhibiting  the enzymes involved in glucose 

metabolism leading to decrease in energy production (Li et al. 2022). 

Here comes the role of C. glutamicum the most potent industrial microbe that has 

undergone significant modifications to use pentose sugars from hemicellulosic biomass more 

effectively, achieved by introducing new and alternative pathways for their assimilation 

(Gopinath et al. 2012; Dhar et al. 2016). Due to its natural characteristics, such as weak carbon 

catabolite repression and resistance to toxic inhibitors, as well as its engineered abilities, (Choi et 

al. 2019) C. glutamicum can be considered as one of the best candidates for biomass valorisation 

for value addition.  
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5.5. Summary 

 

Bioconversion of xylose derived from lignocellulosic biomass to xylonic acid was 

analyzed with recombinant strains of C. glutamicum. In this chapter it is demonstrated the value 

addition of biomass derived xylose to xylonic acid. Composition analysis (for fermentable sugars 

and inhibitor content) of different biomass and quantification was done using HPLC. The acid 

pre-treated sawdust liquor (APL) contained 45.55 ± 6.5 % cellulose, 24.41± 3.5 % hemicellulose 

and 29.05 ± 0.5 % lignin. Based on higher xylose content and relatively lower inhibitor release, 

saw dust was used as the raw material for xylonic acid production. Improved product quality, 

yield and processing efficiency was achieved by detoxifying the sawdust APL with INDION PA 

500 resin.  The resin could remove 90% inhibitors present in the APL. Under optimized process 

conditions recombinant C. glu-xylB produced 48.5 ± 0.2 gL-1 xylonic acid from 60 gL-1 saw dust 

derived xylose with a yield of 0.89 gg-1 xylose and productivity of 0.3 gL-1h-1. 
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Chapter 6: Downstream Processing 

6.1. Introduction 

Xylonic acid (XA) is a naturally occurring organic acid, primarily found in the form of 

esters in various plant species. It is a colourless, crystalline solid that is soluble in organic 

solvents and has a mild, sweet odour. In terms of its structure, xylonic acid consists of a 

carboxylic acid functional group (-COOH) and a hydroxyl group (-OH) attached to a linear 

carbon chain. It is considered as a monocarboxylic acid, meaning it has only one carboxyl group 

in its structure.  An understanding of the properties of purified xylonic acid is essential for the 

proper utilisation of the xylonic acid in various sectors. The purification of xylonic acid from 

heterogeneous fermented broth is a difficult task. Though there are different methods of 

purification strategies (Cao and Xu 2019; Dai et al. 2020) the key issue is the composition of 

fermented liquor.  

Purification of xylonic acid typically involves a series of steps that separate and remove 

impurities from the starting material. The specific methods used can vary depending on the 

source of the xylonic acid and the desired level of purity. One common approach involves the 

use of column chromatography. This involves passing the starting material through a column 

packed with a stationary phase that selectively retains xylonic acid while allowing impurities to 

pass through. The pure xylonic acid can then be recovered and purified (Wang et al. 2016). 

Another commonly used method for xylonic acid purification is distillation. This involves 

heating the starting material to boiling point and condensing the vapour produced to collect the 

pure xylonic acid. This method can be effective for removing impurities such as water, alcohols, 

and other volatile compounds. Other techniques that may be used in xylonic acid purification 

include recrystallization, which involves dissolving the starting material in a suitable solvent and 

then allowing it to crystallize out as pure xylonic acid, and crystallization from a super cooled 
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solution, which involves cooling the starting material below its normal melting point to 

encourage the formation of pure xylonic acid crystals (Zhang et al. 2017). Regardless of the 

specific methods used, the purification of xylonic acid is often a multi-step process that requires 

careful monitoring and control to ensure the desired level of purity is achieved.  

This chapter portrays the purification of xylonic acid from CGXII synthetic medium 

where xylose used as main carbon source and also from sawdust APL-CGXII medium where the 

xylose present in the acid pre-treated liquor of saw dust used as the carbon source. Here, solvent 

precipitation is employed for downstream processing, where three different solvents (ethanol, 

acetone and isopropanol) were attempted. The xylonic acid was crystallized and analysed by 

HPLC, LC-MS, and 1H and 13C NMR. 

6.2. Materials and Methods 

Heterogeneous fermented broth (sawdust APL-CGXII medium) and CGXII synthetic 

medium containing residual sugars and xylonic acid was used for purification studies. 

Composition of CGXII medium is given in Annexure II. Solvents such as ethanol, isopropanol 

and acetone were purchased from SRL Pvt. Ltd (India) for the recovery and purification of 

xylonic acid. 

Details of soluble protein estimation (Bradford, 1976) and HPLC analysis are described 

in Chapter 2, section 2.4.1. and section 2.4.3. respectively. 

6.2.1. Clarification of fermented broth 

Xylonic acid fermentation was carried out in 2.5L fermenter with a working volume of 

1L, where the initial xylose concentration was fixed at 60 gL-1. 1L of fermented culture broth 

(CGXII synthetic medium and sawdust APL-CGXII medium) was centrifuged at 6,000 g for 10 
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min to remove the cell biomass present in the broth. The supernatant was concentrated 10 times 

by evaporation in a rotary vacuum concentrator (Buchi, India) at 65°C. The concentrated crude 

broth was adjusted to pH 7.0 with 10 N NaOH. The mixture was incubated at 20°C for 12 h for 

the precipitation of soluble proteins. The protein precipitate that formed was separated by 

centrifugation at 8,000 g for 8 min. The resultant cleared broth was analysed for protein 

estimation (Bradford, 1976) and the percentage of protein removal from fermented broth was 

calculated using the formula given below. 

Percentage of protein removal (%) =  

Protein content of crude broth (mg) – Protein content of clarified broth (mg) x 100 

                                Protein content of crude broth (mg) 

6.2.2. Decolourization of clarified broth by activated charcoal  

Activated charcoal was used to decolourize clarified broth. Activated charcoal has a large 

surface area and a high adsorption capacity, which makes it an effective adsorbent for removing 

impurities, including pigments, from fermented broth (Wang et al. 2022). To use activated 

charcoal for decolourization, it is typically added to the clarified broth in small amounts, and the 

mixture is stirred/shaken to allow the activated charcoal to adsorb the pigments. The mixture is 

then filtered to remove the activated charcoal, resulting in a decolourized broth. It is important to 

note that activated charcoal can also adsorb other compounds in the broth, including sugars and 

the compound of interest, so it is essential to use the appropriate amount and type of activated 

charcoal to minimize these effects. 

Here we standardized the conditions for decolourization of fermented sawdust APL-

CGXII medium and CGXII medium based on the maximum decolourization efficiency (D). The 
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decolourization efficiency (%) was calculated on the basis of the absorbance (OD at 420 nm) of 

the sample before and after the decolourization process. The effect of different parameters such 

as carbon concentration, pH, temperature and contact time on decolourization efficiency were 

analysed. For this, 10 mL of clarified fermented broth was adjusted to pH (5.0 to 9.0) was treated 

with activated carbon (1 to 20 % (wv-1)). The mixture was incubated at various temperatures (30 

to 60°C) for 2 h at 200 rpm. The samples were taken at every 30 min and filtered through 

Whatman No.1 filter paper (Merck, India) for the analysis of decolourization. The parameters 

that led to the increased decolourization efficiency were taken into consideration for the 

development of standard decolourization procedure for fermented sawdust APL-CGXII medium 

and CGXII synthetic medium. 

Decolourization (D) = A0 – A x 100 

                                        A0 

                          Where, 

                               A0 - absorbance before decolourization 

                               A - absorbance after decolourization 

6.2.3. Crystallization of xylonic acid 

Xylonic acid can be crystallized from a solution by cooling the solution to its saturation 

point, and then slowly removing the solvent to cause the xylonic acid to come out of solution and 

form crystals (Zhang et al. 2017). Other factors that can influence the crystallization process 

include the concentration of the solution, the presence of other impurities or substances, and the 

temperature and cooling rate of the solution. To obtain high-quality crystals, it may be necessary 
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to perform multiple crystallization steps, or to carefully control the conditions of the 

crystallization process. 

For a comparative analysis we have used three solvents for downstream processing i.e., 

ethanol, acetone and isopropanol. After fermented broth (1L) clarification and activated charcoal 

treatment the supernatant was filtered and concentrated using a rotary evaporator (65ºC).  The 

solvents (ethanol, acetone and isopropanol) were added to the broth (in separate batches) in the 

ratio (3:1) vv-1 to concentrate and precipitate xylonic acid. The xylonic acid crystals were formed 

after 72h at 4ºC. The bigger crystals (5-10 mm) were separated by filtration and analysed its 

purity. The purity was determined by HPLC chromatograms in comparison with chromatogram 

of standard xylonic acid. 

6.2.4. Characterization of xylonic acid 

FTIR spectra of xylonic acid was performed on an FTIR spectrometer (IR-Tracer, 

Shimadzu, Japan), with a wave number of 4000 to 400 cm-1. 1H and 13C nuclear magnetic 

resonance (NMR) (Bruker, Germany) performed for the identification and quantification of the 

functional groups and structural features of the molecule. High Performance Liquid 

Chromatography (HPLC, Shimadzu Corporation, Kyoto, Japan) was done (in organic acid 

column with 0.01N H2SO4 as mobile phase) to determine the purity and composition of the 

crystal. The purity was determined from the peak area of HPLC chromatogram. Liquid 

chromatography-mass spectroscopy (LC-MS/MS system Nexera with LCMS-8045 Shimadzu 

Corporation, Kyoto, Japan) was employed to identify the molecular mass of xylonic acid.  

Purity % = Area of xylonic acid peak   x 100 

                     Total area of all peaks 

 



Chapter 6: Downstream Processing 

116 

 

6.2.5. Antibacterial property of xylonic acid 

The antibacterial activity of xylonic acid crystals against Escherichia coli MTCC 443, 

Staphylococcus aureus MTCC 96, and Salmonella enterica MTCC 3224 were assessed. The 

bacterial strains were grown in LB broth. To test the efficacy of xylonic acid, used Kirby Bauer 

assay, which is a modified disc diffusion assay (Hudzicki 2009). Bacterial cultures were grown 

in LB broth until an OD600 nm of 0.6 and 100 µ1 of the cultures were spread onto MHA plates, 

then filter paper discs loaded with xylonic acid (concentration range 1-10 mgmL-1) were placed 

on the bacterial spread. The xylonic acid diffuses out of the disc and into the media where it is 

taken up by the growing cells. The area with no bacterial growth surrounding the disc forms the 

zone of inhibition. 

6.3. Results 

Xylonic acid was purified from heterogeneous fermented broth containing various 

residual sugars and other components by a sequential method such as clarification, 

decolourization, filtration and crystallization. The purity and identity of xylonic acid was verified 

by HPLC, FTIR and NMR spectroscopy.  

6.3.1. Clarification 

The 1L concentrated heterogeneous fermentation broth obtained after the separation of 

biomass was subjected to precipitation of soluble protein at 20°C under pH 8.0 with 5 % lead 

acetate (wv-1) and calculated the percentage of protein removal from the clarified fermented 

broth using Bradford’s method. From the results it could be seen that 85.6 ± 2.0 % of protein 

removal was achieved.             
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6.3.2. Decolourization 

Effect of different charcoal concentration studies showed the maximum efficiency of 

decolourization (75.6 ± 0.6 %) with 20 % charcoal. pH studies revealed the optimum was the 

control pH (pH 6) for maximum percentage of decolourization efficiency. Study of the influence 

of contact time on decolourization efficiency of clarified sawdust APL showed that 120 min was 

the best contact time. The results of incubation temperature studies showed that maximum 

decolourization efficiency (94 %) was attained when incubated at 60°C for 120 min (Table 6.1).  

Table 6.1. Effects of various parameters on decolourization efficiency of fermented broth 

Parameters Activated 

charcoal 

(wv-1) % 

Temperature 

°C 

pH Contact time 

(min) 

30   60  90  120 

 

D
eco

lo
rizatio

n
 %

 

 

 

Activated 

charcoal (wv-1) % 

5 

10 

15 

20 

25 

 

 

40 

 

 

6 

25   27   30   35 

27   30   35   37 

36   40   45   50 

41   49   51   55 

50   58   65   71 

 

 

Temperature °C 

 

 

20 

20 

30 

40 

50 

60 

 

 

6 

24   37   42   52 

51   60   65   73 

65   71   82   85 

67   90   91   93 

75   92   93   94 

 

 

pH 

 

 

20 

 

 

40 

5 

6 

7 

8 

9 

51   60   65   68 

50   59   67   70 

42   52   65   68 

34   41   45   50 

33   36   43   47 
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The results also showed that there were marginal differences in decolourization 

efficiency with incubation time (30, 60, 90 & 120 min). By considering the process economy, the 

decolourization parameters selected were 20 % (wv-1) charcoal, pH 6.0, temperature 60°C and 

incubation time of 120 min. 

6.3.3. Xylonic acid recovery and purification 

Ethanol precipitation was found to be efficient to separate xylonic acid from the 

fermentation broth. After downstream processing, 40.81 gL-1 (95.5% purity) and 30.8 ± 0.4 gL-1 

(89 % purity) xylonic acid crystals were recovered from 1L CGXII synthetic medium and 

sawdust APL-CGXII production medium. Fig.6.1A and B shows the xylonic acid crystals 

obtained from the CGXII-synthetic production medium and sawdust APL-CGXII production 

medium. To visualize the intensity of purity, epifluorescence image of xylonic acid crystal was 

also recorded (Fig.6.2) using a fluorescent microscope (Leica DM 2500 epifluorescent) equipped 

with UV filter. The intensity of fluorescence shows the purity and quality of the xylonic crystal. 

Xylonic acid recovery, yield and purity from CGXII synthetic medium and sawdust APL-CGXII 

medium is given in Table 6.2. 

 

Fig.6.1. Xylonic acid crystals obtained from CGXII synthetic medium (A) and sawdust APL-

CGXII production medium (B)  

 

A B A 
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Fig.6.2. Fluorescent image of (A) standard xylonic acid (B) xylonic acid crystal recovered from 

CGXII synthetic medium (C) xylonic acid crystal recovered from sawdust APL-CGXII medium 

Table 6.2. Xylonic acid recovery yield from CGXII synthetic medium and sawdust APL-CGXII 

medium 

Medium 

 

Solvent used 

for 

downstream 

processing 

 

Total 

(gL-1) 

 

Loss  

(gL-1) 

% 

recovery 

 

Yield 

(gL-1) 

crystal 

form 

% purity of 

xylonic acid 

(from peak 

area) 

 

CGXII 

synthetic 

medium 

Acetone 56.31 18.9 66.4 % 37.41 89 % 

 

Ethanol 56.31 15.5 72.4 % 40.81 95.5 % 

 

Isopropanol 56.31 17.2 69.4 % 39.11 90 % 

 

Sawdust APL-

CGXII 

medium 

 

 

Ethanol 

 

48.5 

 

17.7 

 

63.5 % 

 

30.80 
 

89 % 

6.3.4. LC-MS, NMR, FTIR and HPLC characterization of xylonic acid crystal 

Confirmation of the purified crystals to be xylonic acid is done with the help of varying 

analytical techniques such as LC-MS, NMR, FTIR and HPLC.  

A 

B C 
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The molecular mass of xylonic acid was determined via LCMS. 0.01-1µgmL-1 

concentration of the sample in milliQ was analysed for mass detection. The molecular mass of 

the purified xylonic acid crystal was confirmed against the mass of standard xylonic acid which 

is 165 (Fig.6.3 A and B).  

 

Fig.6.3. LCMS/MS spectrum of (A) standard xylonic acid (B) purified xylonic acid crystal 

NMR spectrum for xylonic acid was obtained in Proton and Carbon Nuclear Magnetic 

Resonance Spectroscopy (1H and 13C NMR). 5 mg of purified xylonic acid crystals were 

dissolved in 600 µl NMR grade deuterium water (D2O) (Merck, India) for analysis. The NMR 

spectrum of the crystal obtained was comparable to the spectral graph produced with standard 

xylonic acid, where the spectral peak in the range of 3.966 and 3.971 ppm in standard xylonic 

acid 13C NMR and xylonic acid crystal (sample) 13C NMR indicated the presence of carbonyl 

carbon in xylonic acid (Fig.6.4 A and B). On comparing the chemical shift of the peak in sample 

against that in standard xylonic acid it was found that the chemical environment around the 

nucleus is similar in both the spectrum. Also, the number and relative intensities of the peaks in 

the sample when compared to the standard identified the presence of a specific carboxylic acid 

group in both the crystal sample and standard xylonic acid.  

A B 
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Fig.6.4. 1H and 13C NMR of (A) standard xylonic acid (B) purified xylonic acid crystal 

FTIR measurements were carried out for both the xylonic acid standard and purified 

crystals from fermentation broth. The peak of OH (O-H stretch) was found at 3197.98 cm-1 and 

the carbonyl (C=O) stretch was observed at 1579.70 cm-1. The presence of specific OH and 

carbonyl stretch confirms the crystals as xylonic acid and the data obtained was comparable with 

the standard xylonic acid spectrum (Fig.6.5).  
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Fig.6.5. FTIR spectrum of standard xylonic acid and purified xylonic acid crystal 

HPLC chromatogram was used to determine the purity of crystals in comparison to the 

chromatogram of standard xylonic acid. HPLC analysis (peak area) demonstrated that the purity 

of the crystals was as high as 95 % (Fig.6.6 A and B). 

Purity of XA (%) =  

HPLC peak area of purified XA from the fermentation broth (10 mgmL-1) *100 

                        HPLC peak area of standard XA (10 mgmL-1)  

   

 

Fig.6.6. HPLC chromatogram of (A) xylonic acid standard (B) purified xylonic acid crystal 

A 
XA standard 

peak 
RT = 12.82 

B XA crystal peak  
RT = 12.84 
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6.3.5. Xylonic acid and anti-microbial activity 

Bacterial cultures on MHA plates were incubated with xylonic acid (1 – 10 mgmL-1) 

loaded discs. A clear zone of inhibition started forming at a concentration of 4 mgmL-1 after 24 h 

incubation at 37ºC, indicating that this is the minimum effective concentration for inhibiting the 

growth of these pathogenic microorganisms (Fig.6.7). This means that xylonic acid was able to 

display antibacterial activity at a concentration of 4 mgmL-1 or higher. However, it is important 

to note that this data is based on a disc study and further research is needed to confirm the 

effectiveness of xylonic acid in other forms and in vivo. 

                                             

Fig.6.7. Antimicrobial effect of xylonic acid against (a) Staphylococcus aureus MTCC 96, (b) 

Escherichia coli MTCC 443 and (c) Salmonella enterica MTCC 3224 

 

6.4. Discussion 

The key factor in achieving a feasible bioprocess for xylonic acid is the development of 

effective production and purification methods. To separate and purify xylonic acid from the 

fermentation broth, multi-step process was standardized which comprised of activated charcoal 

treatment, pH adjustment, ion exchange resins, chromatographic methods, or liquid-liquid 

a 

b

 

c 
 a 

b 
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extraction. Impurities in the fermented broth were found to precipitate at lower temperatures 

(20°C) and alkaline pH (8.0) in the presence of 5% (wv-1) lead acetate. Concentrating the broth 

by 10-fold and using low temperature resulted in better impurity precipitation. The protein 

removal efficiency of this process was found to be 87.7%. 

 Charcoal treatment is an inexpensive and efficient method to remove colour from 

fermented broth. Its effectiveness was enhanced by extracting protein and other impurities from 

the concentrated fermented broth. To remove the dark brown colour of APL in the fermented 

broth, charcoal treatment (20 % wv-1) was applied at 50°C and pH 6.0 for 60 min. The 

decolourization percentage of 92.4 ± 1.6% was calculated using a previously described 

procedure (Martínez et al., 2015). 

Different downstream strategies were reported for xylonic acid recovery from 

fermentation broth which are as follows, 

Ion exchange chromatography, which is a widely used technique for separating xylonic 

acid from other organic acids in the fermented broth. The anionic exchange resin (D311) is used 

for separation.  The technique is based on the selective adsorption of xylonic acid onto the resin. 

The resin is then eluted with a buffer solution (1 molL-1 NH3) to recover the purified xylonic acid 

(Wang et al. 2016). The advantages of this technique include high purity and yield of the final 

product, but the disadvantages include the high cost of the resin and the potential for fouling. 

Bipolar membrane electrodialysis (BMED), is another technology used to separate 

xylonic acid from other organic acids and impurities in the fermented broth. During the process, 

electric current causes the salt ion conjugated xylonic acid to migrate towards the bipolar 

membrane, where they get separated in the medium. Applying BMED approach 92% yield of 
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xylonic acid obtained from a fermentation broth containing 100 gL-1 of sodium xylonic acid. But 

the disadvantages include membrane damage and the potential for fouling of the membrane (Cao 

and Xu 2019). 

Solvent extraction and crystallization is the technique involves the use of an organic 

solvent to extract xylonic acid from the fermented broth. The solvent is then cooled or 

evaporated to induce crystallization. The crystals are then separated and dried to recover the 

purified xylonic acid (Liu et al. 2012). 

 In this study, via ethanol precipitation and crystallization could recover xylonic acid with 

purity of 95.5 % from synthetic CGXII medium and that of with 89 % purity from sawdust APL 

based CGXII medium. The advantages of this technique over other downstream process includes 

high yield and purity of final product and simple operation.  

In terms of its biological significance, xylonic acid has been found to have antimicrobial 

properties, making it a potential candidate for various applications in health care and food 

industries. It is assumed that the fluorescent nature as well as the acidic pH of xylonic acid is 

affecting the membrane potential of bacteria and thus inhibiting their growth. According to our 

experiments the minimum inhibitory concentration (MIC) obtained was high (4 mgmL-1), and is 

not suitable for clinical applications. However, xylonic acid still finds application as an 

antibacterial agent in paints, adhesives and lignin rich nanocellulose (LRNC) films (Luo et al. 

2020). 
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6.5. Summary 

The process of recovery of xylonic acid started with the removal of biomass by 

centrifugation, following the clarification of the broth by removing protein and other impurities 

by precipitation. Activated charcoal treatment removed the colour retained in the clarified 

fermented broth. Among the different strategies, solvent extraction with ethanol was found to be 

effective in the separation of xylonic acid from fermentation broth. 40.81 gL-1 (95.5 % purity) 

and 30.80 gL-1 (89 % purity) of xylonic acid crystals were recovered after downstream 

processing with 64.4 % and 63.5 % recovery from synthetic CGXII medium and sawdust APL-

CGXII medium. LCMS-MS, NMR spectrum analysis, and HPLC confirmation of the purified 

crystals were done against analytical standards. High purity and carbonyl functional group makes 

it a promising chemical for the development of new pharmaceuticals. Being non-toxic and highly 

water soluble acid finds application as meat tenderizing agent in food industry. Also the purified 

xylonic acid crystals exhibited fluorescence property and antibacterial activity against pathogenic 

microorganisms, making it a potential candidate for use as a natural preservative and additive. 
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7.1. Introduction 

Xylose dehydrogenase (EC number: XDH: 1.1.1.175) belongs to the family of 

oxidoreductases, and catalyses the oxidation of xylose in the presence of NADP+. Although it 

may utilise both NADP+ and NAD+, the enzyme has a high preference for NADP+. This is one of 

the key enzymes in the oxidative Weimberg pathway and Dahms metabolic pathways where 

xylose is catabolised into xylonic acid (Brüsseler et al. 2019). Different metabolic pathways 

involving the catalysis of xylose dehydrogenase along with other enzymes in microbial species 

were elucidated for xylonic acid production (Yim et al. 2017).  

Immobilization of enzymes on an appropriate matrix has improved their kinetics, 

stability, and reusability, allowing them to be used in a variety of industrial processes (Liang et 

al. 2020). As immobilized enzymes are more stable than native enzymes at varied pH and 

temperatures, biocatalysts based on immobilized enzymes have gained a lot of interest in the last 

decade (Smuleac et al. 2011; Bilal et al. 2018; Drout et al. 2019).  It is observed that the support 

structure and topology can have a significant impact on the characteristics of enzymes (Barbosa 

et al. 2013; Tully et al. 2016). Interestingly, the use of nanoparticles as immobilization scaffold 

has revolutionised their prospective in recent years. Nanoparticles have special characteristics 

like high bio-catalytic and enzyme loading efficiency, improved mass transfer resistance, large 

surface to volume ratio, efficient storage and high adsorption capacity (Ahmad and Sardar 2015; 

Zhang and Hay 2020; Khoo et al. 2020). Nowadays, researchers are using magnetic 

nanoparticles to fix the catalysts. Magnetic nanoparticles outrank other varieties, including heat 

stability, pH tolerance, and ease of nanoparticle separation with a simple magnet. Furthermore, 

they have numerous applications in the biomedical field and in the food industry (Husain 2016). 

In this study, an attempt was made to immobilize xylose dehydrogenase enzyme on ferro 
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magnetic nanoparticles for xylose to xylonic acid bioconversion. The immobilization 

mechanism, various parameters influencing immobilization and the catalytic activity of the 

biocatalyst in bioconversion are discussed. 

7.2. Materials and Methods 

Iron oxide (Fe3O4), procured from Merck (Cat 637106, Sigma, India), 3 

Aminopropyltriethoxisilane (APTES) (99%), glutaraldehyde and the Luria Bertani culture 

medium were purchased from Himedia (Mumbai, India).  

7.2.1. Heterologous expression and purification of xylose dehydrogenase of Caulobacter 

crescentus  

Xylose dehydrogenase (xylB) gene was amplified from xylose inducible xylXABCD 

operon of Caulobacter crescentus by polymerase chain reaction with gene specific primers 

designed. The purified amplicon (747 bp xylB) was confirmed by DNA sequencing (chapter 3 

(3.3.3.) and sub-cloned into restriction site (Eco RI/Bam HI) of expression vector pET 28a. The 

recombinant plasmid pET 28a-xylB, was transformed into competent E. coli DH5α (100 µL) and 

screened on LB plates containing 25 µgmL-1 kanamycin (Stephens et al. 2007). The isolated 

plasmid pET 28a-xylB was used to transform the competent cells of E. coli, BL21 (DE3) cells 

(Novagen, USA) for expression studies. The bacterial strains, vectors and oligonucleotides used 

in the study are given in Table 7.1. 

For the expression and purification of xylose dehydrogenase enzyme, single colony of 

recombinant E. coli BL21(pET28a-xylB) was inoculated and incubated overnight at 37°C. 1 mL 

of pre-inoculum (OD600 nm 0.8) was added to 100 mL of LB broth. The culture was incubated at 

37°C until an OD600 nm of 0.6 – 0.8, IPTG (1mM) induction was done and subsequently 
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incubated at 37°C for 3 h. The cells were harvested by centrifugation, frozen, thawed, and 

resuspended in 0.5 M phosphate buffer. The cell resuspension was sonicated (Time: 6 min Pulse: 

10 s on and 10 s off, Amplitude: 40 %) using ultrasonic homogenizer (Vibra cell, Sonics and 

materials Inc, USA) and centrifuged on an orbital shaker for 30 min at 13,000 g. The cell free 

supernatant was filtered (0.2 mm filter) and allowed to pass through His-Trap HP nickel affinity 

column (GE health care), and an imidazole gradient in buffer (50 mM Na3PO4 buffer pH 7.2, and 

300 mM NaCl) was used to elute the recombinant protein bound to the column. The purified 

protein was collected and stored at -80°C.  

Table 7.1. Bacterial strains, vectors and primers used in the study 

Strains / vectors Specifications Reference 

 

Bacterial strains 
  

Escherichia coli DH5α 

Maximizes transformation efficiency, with 

three mutations, recA1, endA1 

and lacZΔM15  

(Hanahan 1983) 

 

Escherichia.coli 

BL21(DE3) 

 

F- ompT gal dcm lon hsdSB(rB- mB-) 

λ(DE3) 

Novagen, USA 

 

Plasmid vectors   

pET 28a Bacterial expression vector  
Novagen, USA 

 

Xylose operon Xylose inducible xylXABCD operon 

Gifted by  Prof. Dr. 

Volker F Wendisch, 

Bielefeld University, 

Germany 

Primer (sequences 5′–3′) 
 

 
 

xyl B pET F' 
GATGATGGATCCATGTCCTCAGCCA

TCTATCC  (BamHl) 

This study 

 

xyl B pET R' TATTATGAATTCTCAACGCCAGCCG

GCGTCGATCCAG  (EcoRl) 
This study 
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7.2.2. Determination of xylose dehydrogenase activity and bioconversion of xylose to xylonic 

acid  

In the enzymatic bioconversion assay, the reaction volume 1.0 mL, contained 13.5 µM 

xylose dehydrogenase, 50 mM Na3PO4 buffer (pH 7.2), 275 mM xylose, and 1.25 mM NAD+. 

Under the above reaction conditions, 0.14 U (µMmin-1) of enzyme catalysed the conversion of 

one µM of substrate (xylose) per minute into xylonic acid. The Bradford assay method was used 

to determine the protein content (Bradford 1987). After 72h of reaction at 30°C, the activity of 

xylose dehydrogenase was determined by quantification of xylonic acid formation by HPLC. 

Organic acid column, Phenomenex, with dimension (250 mm×4.6 mm×5 µm) was used for 

xylonic acid quantification. It was operated in with a flow rate of 0.6 mLmin-1, where 0.01 N 

H2SO4 served as the mobile phase (Chapter 2, (2.4.2)). 

7.2.3. Immobilization of xylose dehydrogenase on magnetic nanoparticles 

To get a homogeneous suspension, magnetite nanoparticles (1g) were dispersed in a 1:1 

combination of ethanol and water, and the obtained suspension was sonicated for 40 min with 15 

s on and 15 s off pulse. This mixture was then treated with APTES (3.4 mL), resulting in a 1:4 

molar ratio of magnetite to APTES. The reaction was carried out at 40°C for 2 h in a nitrogen 

environment with continuous stirring. The magnetite particles (100 mg) modified with APTES 

was mixed with 10 mL of 8% glutaraldehyde solution (vv-1) and the mixture was incubated 

overnight at 30°C with continuous stirring. The functionalization and modification of magnetic 

nanoparticles were performed following the modified methodologies in literature (Can et al. 

2009; Costa et al. 2016). Xylose dehydrogenase was allowed to react with modified 

nanoparticles for 3 h at 4°C. Enzyme that bound to the nanoparticles in the reaction medium was 

separated using a magnet. The enzyme loading was varied (10-50 µM) and the immobilization 
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efficiency and enzyme activity were calculated. The mechanism of biocatalyst immobilization is 

depicted in (Fig. 7.1). 

 

APTES - (3-Aminopropyl)tiethoxysilane, Fe3O4 – Iron oxide,  xylB – xylose dehydrogenase 

Fig. 7.1.  Functionalization of ferromagnetic nanoparticles with APTES and glutaraldehyde for 

xylose dehydrogenase immobilization. 

7.2.4. Optimization of immobilization conditions by statistical tool  

The RSM tool was used to find the parameters that have a significant impact on the 

bioconversion of xylose into xylonic acid. An independent quadratic design i.e, the Box Behnken 

experimental Design (BBD) (Sarabia and Ortiz 2009) with four independent variables that affect 

xylonic acid bioconversion was studied, such as the substrate, xylose, (100–400 mM), the 



Chapter 7: Enzyme Immobilization 

 

133 

 

enzyme, xylose dehydrogenase, (10– 25 µM), co-factor, NAD+, (0.5–2.00 mM), and pH (5.5–

10.5). The conversion yield (mM) of xylonic acid was used to measure the response. Using 

Minitab 17 software the statistics and ANOVA of the model were evaluated. The level of 

variance in the group i.e the parameter chosen was calculated using p-value, F value, effect value 

and regression co-efficient.  

7.2.5. Enzyme kinetics of xylose dehydrogenase 

For both free and immobilized xylose dehydrogenase (13.5 µM each), enzyme kinetic 

parameters like Km, Vmax, and catalytic efficiency were calculated with various concentrations 

(50 – 500 mM) of substrate. The Lineweaver Burk plot was used to study the kinetic parameters. 

7.2.6. Validation of enzyme immobilization by FTIR and XRD  

The Fourier Transform Infrared (IRTracer - 100, Shimadzu, Japan) spectroscopy was 

performed to characterize the ferromagnetic nanoparticles as such and to analyse the chemical 

modifications made with APTES and glutaraldehyde, thereby confirming the progressive 

functionalization of free magnetic nanoparticles for enzyme immobilization. FTIR data 

confirmed the presence of amide bonds in the xylose dehydrogenase enzyme and that of the 

enzyme immobilised on the surface of functionalized nanoparticles. Each sample's transmittance 

(percent) was measured in the 400 - 4000 cm-1 wavenumber range. 

The crystal structure and phase analysis of ferromagnetic nanoparticles were determined 

using X-ray diffraction (XRD) patterns obtained from a PANalyticalX'pert Pro-diffractometer 

(Philips, Netherlands) with Ni-filtered Cu K radiation (= 1.54060) taken in the angular range of 

10 -70° with a step size of 0.0170°, with the tube voltage and electric current held at 45 kV and 

30 mA, respectively. 
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7.2.7. Reusability of immobilized xylose dehydrogenase  

To assess the reusability of the immobilised biocatalyst, the magnetic nanoparticles 

carrying the xylose dehydrogenase (1 mg) were added to the reaction mixture and the xylonic 

acid bioconversion was quantified after 72 h of reaction. To separate the supernatant from the 

solid fraction, a simple magnet was used to collect the nanoparticles on the surface of the 

reaction vial and then recovered. The nanoparticles were then washed twice with assay buffer 

(50 mM phosphate, pH 7.2) to remove any reaction mixture or products. The enzyme assay was 

carried out for 10 successive cycles to check the efficacy of the biocatalyst in recycling. The 

activity of the immobilized xylose dehydrogenase in the first cycle was taken as 100%. 

7.3. Results 

7.3.1. Expression and purification of xylose dehydrogenase 

The coding region of xylose dehydrogenase enzyme i.e, xylB from xylose inducible 

xylXABCD operon of C. crescentus was cloned into the pET28a expression vector. The 

recombinant plasmid pET28a-xylB was confirmed by sequencing and restriction analysis. E. coli 

strain BL21 (DE3) carrying the recombinant vector was grown in liquid LB medium until an 

OD600 nm of 0.6 – 0.8 and then IPTG (1 mM) induction was done after 3 h for protein expression. 

The homogeneity of the purified protein was tested on a 12% SDS-PAGE (Fig.7.2). The SDS-

PAGE analysis revealed the size of the recombinant protein is about 32 kDa. 
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Fig. 7.2.   Expression of recombinant xylose dehydrogenase 

Lane M, pre-stained protein ladder; Lane 1, purified xyl B 

 

7.3.2. Xylose dehydrogenase immobilization on magnetic nanoparticles 

APTES, which imparts amine groups to the nanoparticles, was used to functionalize 

magnetic nanoparticles. These amine-functionalized nanoparticles exhibit a higher affinity for 

covalent interaction with the xylose dehydrogenase enzyme. The irreversible chemical bonding 

of the enzyme to nanoparticles is ensured by the –NH2 and –COOH-coupling (Huang et al. 

2010). To calculate immobilization efficiency, the actual enzyme bound onto the nanoparticle 

was estimated to the total enzyme used and the unbound fraction of enzyme eliminated via 

washing. After reaction, 76% of the total enzyme immobilized on nanoparticles (Table 7.2). The 

enzyme nature, its conformation, and the type of the nanoparticles have an impact on 

immobilization efficiency. 
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Table 7.2. Optimization of xylose dehydrogenase binding on magnetic nanoparticles 

Total enzyme added 

(IU) 

Enzyme bound on 

beads (IU) 

Immobilization Efficiency 

(%) 

 

10                     7.2                     72.0 

20 14.7 73.4 

30 22.8                     76.0 

40 30.1 75.3 

50 37.3 74.6 

7.3.3. Optimization of the parameters for xylose conversion to xylonic acid 

Process parameter optimization of the in vitro assay medium for maximum xylonic acid 

production was done using Box behnken design (BBD). In the BBD, a 15-run experimental 

matrix was designed for optimising the four distinct parameters. The BBD and the response 

(xylonic acid) are given in Table 7.3. 

Table 7.3.  Box–Behnken design matrix with response xylonic acid bioconversion by 

immobilized xylose dehydrogenase 

Run 

Order 
Xylose (mM) 

Xylose 

dehydrogenase 

(µM) 

NAD+ (mM) pH Xylonic acid (mM) 

 

1 

 

400 

 

13.5 

 

0.50 

 

10.5 

 

300 ± 0.1 

2 275 13.5 1.25 5.5 100 ± 0.5 

3 275 25 2.00 5.5 100 ± 0.2 

4 275 25 2.00 10.5 200 ± 0.3 

5 100 10 0.50 10.5 50 ± 0.2 

6 275 10 0.50 7.5 200 ± 0.8 

7 275 15 1.25 7.5 250 ± 0.4 

8 275 15 2.00 7.5 250 ± 0.2 

9 400 25 0.50 5.5 150 ± 0.1 

10 275 15 1.25 7.5 250 ± 0.5 
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11 275 13.5 1.25 7.5 250 ± 0.3 

12 275 13.5 2.00 7.5 250 ± 0.1 

13 100 10 0.50 5.5 40 ± 0.2 

14 275 15 1.25 10.5 200 ± 0.6 

15 400 10 2.00 10.5 300 ± 0.4 

 

The validation equation derived for the matrix is as followed: 

Xylonic acid (mM) = - 52.7- 0.32 X1 + 4.1 X2+ 0.213 X3+ 3.067 X4- 0.017 X1
2 

                                   - 0.2219 X2
2- 0.0313 X3

2- 0.01853 X4
2- 0.064 X1X2+ 0.0516 X1X3 

                                   - 0.0128 X1X4+ 0.436 X2X3+ 0.0372 X2X4- 0.00212 X3X4 

 

                               (X1 is xylose, X2 is xylose dehydrogenase, X3 is NAD+ and X4 is pH)  

 

A conversion yield of 250 ± 0.3 mM xylonic acid from 275 mM xylose was obtained 

from runs 7, 8, 10, 11, and 12. The least concentration of substrate, enzyme, co-factor, and 

optimum pH with maximum conversion was reflected in Run No.11, where the concentration of 

parameters were, xylose 275 mM, xylose dehydrogenase 13.5 µM, NAD+ 1.25 mM, and pH 7.5 

(Table 7.3.). It indicates that the optimum concentration of these parameters has a remarkable 

positive impact on xylonic acid bioconversion. The contour plot displaying the relationship of 

two factors and the optimal concentration of the variables and its interaction for maximum 

bioconversion is shown in Fig. 7.3 A-F. The major interactions analysed were of the 

concentration between XDH and xylose (A), pH and xylose (B), NAD+ and xylose (C), pH and 

XDH (D), NAD+ and XDH (E) and, pH and NAD+ (F). The model was evaluated using ANOVA 

(Table 7.4). The p-value of lack of fit, p>0.05 implies that the proposed model fits the 

experimental data and the independent parameters have considerable effects on the response. The 

large F-value (5.54) indicates the statistical significance of the model. The higher R-square value 
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(95.55%) implies that the regression model fits the observed data well and also indicates that the 

model is a better fit. 

Table 7.4.  ANOVA for xylonic acid production using immobilized xylose dehydrogenase 

Source DF Adj SS Adj MS   F    P 

 

 

Regression 

 

8 

 

97739 

 

12217.4 

 

5.54 

 

0.176 

Interaction  4 645 645.5 1.45 0.421 

Square 4 22657 5664.3 5.84 0.143 

Linear 4 56322 14080.5 8.22 0.105 

Residual error 6 4554 759.0   

Lack of fit  5 4554 910.8   

Pure error 1 0 0.0   

Total 14 102293    

 

S=9.5449, R-Sq=95.55%, R-Sq (pred)=0.00% and R-Sq (adj)=89.61% 

The contour plots display the relationship between independent variables (xylose, xylose 

dehydrogenase, NAD+, pH) and a dependent variable (xylonic acid). Fig. 7.3A. shows that high 

xylonic acid conversion i.e, > 300 mM was attained with a combination of xylose dehydrogenase 

in the range of 10–24 µM and xylose greater than 250 mM (to 400 mM). In Fig. 7.3B. high 

xylonic acid conversion was obtained from combination of pH ranging between 7.5-9.5 and 

xylose greater than 300 mM. In the combination of NAD+ and xylose in Fig. 7.3C., high xylonic 

acid conversion was reflected with NAD+ concentration > 1.25 and xylose concentration > 300 

mM.  
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Fig.7.3.   Contour plot showing the effect of various parameters on bioconversion of xylose into 

xylonic acid by immobilized xylose dehydrogenase. XDH and xylose concentrations (A), pH and 

xylose concentrations (B), NAD+ and xylose concentrations (C), pH and XDH concentrations 

(D), NAD+ and XDH concentrations (E), and pH and NAD+ concentrations (F). 

In Fig. 7.3D. xylonic acid conversion of >250 mM was obtained from combination of pH 

range (7.5 - 9.5) and xylose dehydrogenase 10 - 20 µM. Similarly, in contour plots Fig. 7.3E. and 
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Fig .7.3F. also xylonic acid conversion greater than 250 mM was obtained from mixture of 

NAD+ in the range of 1.25 – 2.00 mM, xylose dehydrogenase 10 -18 µM and pH in the range of 

7.5 - 9.5.  

From the hold values in each contour plot the optimum concentration of each parameter 

for maximum bioconversion obtained is as follows pH (7.5), NAD+ (1.25 mM), xylose (275 

mM) and xylose dehydrogenase (13.5 µM). Thus, with RSM tool the crucial parameters and its 

optimal concentration range were screened down for maximum output. 

7.3.4. Enzyme kinetics of free and immobilized xylose dehydrogenase 

The rate of the bioconversion reaction catalysed by xylose dehydrogenase was studied 

with different substrate concentrations, and the kinetic constants were validated using 

Lineweaver-Burk plots (Fig. 7.4), and the Vmax, Km, and Kcat values are given in Table 7.5.  

Fig.7.4. Lineweaver-Burk plots of free (A) and immobilized (B) xylose dehydrogenase. 

Here, the maximum velocity of immobilized xylose dehydrogenase was found to increase 

two-fold more than that of free xylose dehydrogenase.  The kcat value of immobilized xylose 
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dehydrogenase was observed to be 12.31 x 107 min−1 while that of free xylose dehydrogenase 

was 5.93 x 107 min−1. The turnover rate of the enzyme increased on immobilization.  

Table 7.5. Kinetic constants of free and immobilized xylose dehydrogenase 

Kinetic constants Free xylose dehydrogenase Immobilized xylose dehydrogenase 

 

Vmax (µmolmin-1)                   370.37 769.20 

Kcat (min- 1) 5.93x107 12.31 x 107 

Km (mM) 2068.22 3879.07 

7.3.5. Structural characterization of ferromagnetic nanoparticles and immobilized xylose 

dehydrogenase  

FTIR studies were performed on blank magnetic nanoparticles, with amino 

functionalization i.e, after treatment with aminosilane APTES and glutaraldehyde as controls, 

and on enzyme-attached nanoparticles. The peak of Fe3O4 (Fe-O bonding) was found at 545 cm-1 

and the peak at 3398 cm-1 refers to stretching of OH bonds present on the surface of 

nanoparticles. The amide bond (i.e, C = O bonding) of enzyme observed at 1641 cm-1, and amino 

function peaks were found at 2924 cm-1 (N–H bonding) (Fig. 7.5A). The final nanoparticle-

enzyme bio-conjugate was irradiated with continuous spectrum of infrared energy and the 

vibration bands of single or functional groups of specific molecules present in iron particles, 

APTES, glutaraldehyde, and enzyme correlated to the stretchings obtained from 

functionalization and immobilization steps. All the specific peaks are clearly visible in the final 

bio-conjugate, indicating the successful immobilization of biocatalyst on magnetic nanoparticles 

(Fig. 7.5B). The FTIR data obtained are comparable to those previously published in the 

literature (Costa et al. 2016; Alam et al. 2018). 
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Fig.7.5. FTIR data of individual peaks of Fe3O4 iron particle, APTES – Glutaraldehyde 

modification and xylose dehydrogenase binding (A). Fe3O4 magnetic nanoparticle with 

immobilized xylose dehydrogenase (B).  

A 

B 
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 Power X-ray diffraction was used to determine the crystalline structure and phase 

purity of ferromagnetic nanoparticle. The diffraction peaks observed were corresponding to the 

2Ɵ angle (220), (311), (400), (422), (511) and (440), which represents the cell parameter change, 

crystal structure of magnetite, confirming that the spatial arrangements of the atoms in the crystal 

phase are that of typical cubic iron oxide Fe3O4 (Fig. 7.6). The XRD pattern i.e., the position of 

diffraction peaks obtained is in close proximity with the Fe3O4 XRD data discussed in the 

literature by Wang et al. 2013. 

 

Fig.7.6. X-Ray Diffraction (XRD) pattern of magnetic nanoparticles (Fe3O4) 

 

7.3.6. Bioconversion of xylose into xylonic acid by immobilized xylose dehydrogenase under 

optimized parameters 

Bioconversion study was carried out under the optimized parameters, such as xylose (275 

mM), xylose dehydrogenase (13.5 µM), NAD+ (1.25 mM) and pH 7.5, derived from statistical 
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analysis for a period of 72 h. Under this condition a maximum of 250 ± 0.3 mM xylonic acid was 

formed from 275 mM xylose with a conversion efficiency of 91% (Fig. 7.7). Quantification of 

xylonic acid was done in HPLC. An HPLC chromatogram of xylonic acid bioconversion in the 

presence of immobilized biocatalyst is shown in Fig.7.8. 

 

Fig.7.7. Bioconversion of xylose into xylonic acid by immobilized xylose dehydrogenase 

 

Fig.7.8. HPLC chromatogram of xylonic acid formation from xylose in the presence of 

immobilized xylose dehydrogenase 
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7.3.7. Reusability of immobilized biocatalyst  

Reusability of biocatalyst is one of the significant advantages of enzymatic reactions 

based on magnetic nanoparticles. Repeated use of the immobilized biocatalyst was evaluated by 

incubating the same fraction of biocatalyst for multiple reaction cycles. It was observed that 93% 

of the activity was retained by the enzyme after 10 successive cycles (Fig. 7.9). Reusability of L-

asparaginase is discussed in literature (Mu et al. 2014) and the enzyme retained 95.7% of its 

activity after recycle which is comparable to the results obtained in this study.  

 

Fig.7.9.  Operational stability of immobilized xylose dehydrogenase 

 

7.4. Discussion 

Xylose dehydrogenase has been immobilized onto diverse scaffolds for xylose 

conversion into xylonic acid. Bachosz et al., (2019) co-immobilized xylose dehydrogenase and 

alcohol dehydrogenase onto silica core-shell for xylose conversion to xylonic acid and co-factor 

regeneration (Bachosz et al. 2019). Similarly, glucose dehydrogenase and xylose dehydrogenase 
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were immobilized onto mesoporous amorphous silica for co-production of gluconic acid and 

xylonic acid (Zdarta et al. 2019).  Zdarta et al (2018) demonstrated enzymatic production of 

xylonic acid and gluconic acid from biomass derived xylose and glucose via immobilization of 

xylose dehydrogenase and glucose dehydrogenase onto porous silica nanoparticles (Zdarta et al. 

2018).  

However, immobilization resulted in an increase in the Km value, implying that the 

enzyme's affinity for its substrate has decreased. Perhaps, the disturbance in the stability of the 

enzyme and conformational and orientation changes occurred during immobilization, steric 

hindrance and the enzyme's diffusional limit to the substrate contributed to the decrease in 

enzyme affinity to the substrate (Cristovao et al. 2020). This is in line with the observation 

reported by Alam et al (2021), where they immobilized asparaginase on magnetic nanoparticles 

to alleviate acrylamide formation in potato chips (Alam et al. 2018). 

 Here, in this study, ferromagnetic (iron) nanoparticles were used for xylose 

dehydrogenase immobilization and the immobilized enzyme retained 93% catalytic efficiency 

after 10 consecutive cycles of reaction, leading to the productivity of 250 ± 0.3 mM xylonic acid 

from 275 mM xylose. In the case of silica up to 5 consecutive cycles are reported and thus it 

looks ferromagnetic conjugation is more stable. Magnetic nanoparticle immobilization aids easy 

separation and recovery, enhanced catalytic activity and selectivity of product. Thus, the 

enzyme-iron nanoparticle bioconjugate could be a promising long-drawn strategy for continuous 

bioconversion of xylose into xylonic acid.  Additionally, the chemical stability, storage stability, 

robustness and reusability of iron nanoparticle for continual reaction aided improved 

productivity of xylonic acid. 
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7.5. Summary 

Xylose dehydrogenase enzyme was purified and immobilized on ferromagnetic (iron) 

nanoparticles for the bioconversion of xylose into xylonic acid. FTIR and X-ray diffraction 

analysis were done for the structural characterization of nanoparticles and immobilized xylose 

dehydrogenase. The signature peak of Fe3O4 (Fe-O bonding) nanoparticles at 545cm-1 was 

obtained in the FTIR spectrum, the amide bond (i.e., C=O bonding) of the enzyme observed at 

1641 cm-1, and amino (N-H bonding) function peaks at 2924 cm-1 in spectrum along with Fe3O4 

peak confirmed the successful immobilization of biocatalyst on ferromagnetic nanoparticle. 

Bioconversion study was carried out under optimized parameters, such as xylose (275 mM), 

xylose dehydrogenase (13.5 μM), NAD+ (1.25 mM) and pH 7.5, derived from statistical analysis 

for a period of 72 h. Under this condition, a maximum of 250 ± 0.3 mM xylonic acid was formed 

from 275 mM xylose with a conversion efficiency of 91%. The immobilized enzyme retained 

93% catalytic efficiency after 10 consecutive cycles of reaction. 
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Chapter 8: Summary and Conclusion 

Pentose fraction of lignocellulosic biomass represents non-negligible portion (20-30 

%) of sugars (especially D-xylose) at variable concentrations depends on the biomass. Acid 

hydrolysis of the biomass releases cellulose and hemicelluloses. The Acid pre-treated liquor 

(APL) generated by the process mainly contains pentose sugars, hexose sugars, and sugar 

degradation products. APL contains non negligible amount of pentose sugars which can be 

utilized for the production of value-added products. Due to the heterogeneous nature of the APL, 

its direct utilization by any chemical process is almost impossible. The bioprocess strategies of 

value addition using microorganisms were failed in most cases, due to the presence of growth 

inhibitors such as furfurals, 5-hydroxyl methyl furfurals and phenolics present in the APL. 

 Corynebacterium glutamicum is a versatile industrial microbe and the availability of 

genetic engineering tools makes it a rapid and rational manipulation host for diverse platform 

chemicals. C. glutamicum strain ATCC 31831 is selected as the host system for biomass value 

addition as it showed remarkable resistance towards inhibitors generated from various biomasses 

and besides it harbours an inbuilt AraE, a pentose transporter which facilitates the easy uptake of 

pentose sugars such as xylose and arabinose. Since wild type C. glutamicum lacks natural 

pathways for pentose sugar (xylose) metabolism which makes it an efficient system for the 

biotransformation of pentose sugars by avoiding non-specific sugar channelling towards regular 

metabolism.  Thus, C. glutamicum ATCC 31831 was engineered for the utilization of xylose, the 

major pentose sugar fraction for value addition. 

 Xylonic acid is one of the important value-added products which can easily generate 

from xylose present in the APL through bioprocess. Synthesis of xylonic acid from xylose is a 

two-step enzymatic oxidation reaction supported by enzymes xylose dehydrogenase (XylB) and 

xylonolactonase (XylC), where xylose dehydrogenase in the presence of reducing equivalents 
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(NAD(P)+ catalyse the conversion of xylose into xylonolactone, an intermediate form. 

Xylonolactone is then hydrolysed either through a non-enzymatic process or through the action 

of xylonolactonase enzyme to form xylonic acid.  

 To develop an efficient conversion system for xylonic acid from xylose, the 

functional xylose dehydrogenase (xylB) and xylonolactonase (xylC) genes were isolated from 

Caulobacter crescentus xylose-inducible xylXABCD operon (CC0823–CC0819) and over 

expressed in C. glutamicum ATCC 31831 (chapter 3). The resulting transformants C. glu-xylB 

and C. glu-xylBC were able to grow in mineral medium containing xylose and converted it into 

xylonic acid. The transformant C. glu-xylC could neither uptake xylose nor produce xylonic acid. 

Among the transformants the maximum xylonic acid production was obtained using C. glu-xylB 

followed by C. glu-xylBC indicating non-enzymatic hydrolysis of xylonolactone into xylonic 

acid. The strain C. glu-xylB produced 56.32 ± 0.3 gL-1 xylonic acid from 60 gL-1 xylose with a 

conversion efficiency of 76.4 % in CGXII medium in the flask level with a yield of 1.04 gg-1 

xylose and productivity 0.5 gL-1h-1 (chapter 4). The protein expression profile of C. glu-xylB 

upon IPTG (1mM) induction showed over expression of recombinant xylose dehydrogenase (32 

kDa) enzyme in SDS-PAGE.  A comparative analysis of xylonic acid production by recombinant 

C. glutamicum ATCC 13032 (wild type strain lacking AraE pentose transporter) and C. 

glutamicum ATCC 31831 (harbouring AraE pentose transporter) revealed the importance of the 

pentose transporter as an increase in 9.7 % of production was noticed with the strain C. 

glutamicum ATCC 31831 having araE transporter gene. This indicated the presence and 

functionality of araE pentose transporter gene in C. glutamicum ATCC 31831 (chapter 4).  

After analysing various types of biomass for xylonic acid production and assessing 

their potential for value addition, sawdust was selected as the optimal raw material based on its 
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higher sugar concentration and lower levels of inhibitors. The transformant C. glu-xylB could 

also grow in and resist the inhibitors present in acid pre-treated sawdust liquor and produced 

xylonic acid with high efficiency. The process was optimized up to a 2.5L scale fermenter. 48.5 

± 0.2 gL-1 xylonic acid was obtained from 60 gL-1 xylose (using CGXII medium supplemented 

with xylose in sawdust APL) after 168 h fermentation with 66 % conversion efficiency and yield 

of 0.89 gg-1 xylose. 48.5 ± 0.2 gL-1 xylonic acid is a competitive result in comparison to CGXII 

synthetic medium (56.32 ± 0.3 gL-1) under batch fermentation (chapter 5). Increased inoculum 

size (13 % (vv-1), controlled DO level (2.5 vvm) and sugar ratio (1:3, Glucose: Xylose) are some 

of the critical factors positively influenced xylonic acid production in fermenter studies (chapter 

5). The increased concentrations of total sugar (> 80 gL-1) tend to inhibit xylonic acid production 

by C. glu-xylB. APL concentrate containing more than 80 gL-1 of total sugars and higher 

concentrations of inhibitors (1.5 ± 0.02 gL-1 furfurals, 1.0 ± 0.01 gL-1 HMF) also showed 

reduced (66.6 %) growth in comparison to synthetic CGXII medium. Subsequently, INDION PA 

500 resin was employed to detoxify APL concentrate and thus removed 85 % of inhibitors 

present in the APL. The bacterial growth and production increased (51 %) after detoxification of 

the APL with INDION PA 500 resin. The overall process is shown in Fig 8.1.  

The xylonic acid was purified and crystallized by multistep process (chapter 6). The 

fermented medium was filtered and concentrated using a rotary evaporator (65ºC), after 

removing the bacterial biomass from it. The clarified broth was decolorized by charcoal 

treatment (20%, wv-1) at high temperature (50°C) and low pH (6.0). Separation of xylonic acid 

from the decolorized broth was achieved by ethanol precipitation. The prismatic pure crystals of 

xylonic acid 40.81 gL-1 (95.5% purity) and 30.80 gL-1 (89% purity) were recovered after 

downstream processing from synthetic CGXII medium and sawdust APL-CGXII medium with 
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64.4% and 63.5% recovery respectively. Further confirmation of the xylonic acid crystals was 

made with FTIR and NMR analysis. 

 

 

Fig 8.1. Schematic representation of bioprocess for xylonic acid production from lignocellulosic 

biomass (sawdust APL). Heterologous xylonic acid biosynthetic pathway established in 

recombinant C. glutamicum ATCC 31831 strain C.glu-xylB. Acid pre-treatment of sawdust 

biomass releases xylose is up taken into recombinant C. glutamicum and metabolised into 

xylonic acid via action of xylose dehydrogenase and xylonolactonase enzymes. 

 An enzyme-based biotransformation approach was also attempted for the invitro 

conversion of xylose to xylonic acid (chapter 7). Xylose dehydrogenase enzyme has been 

immobilized on ferromagnetic nanoparticle and used as the biocatalyst and it displayed proficient 

conversion efficiency (91%). Xylose dehydrogenase enzyme activity was observed to be 0.14 U 

(µMmin-1) of enzyme required for the conversion of one µM of xylose per minute into xylonic 
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acid. The biocatalyst exhibited excellent storage stability and recyclability of 93% catalytic 

efficiency after 10 consecutive cycles of reaction.  

Our results on the antimicrobial activity of xylonic acid against Staphylococcus aureus 

MTCC 96, Escherichia coli MTCC 443 and Salmonella enterica MTCC 3224 showed its 

potential applications as an antibacterial agent in paints, adhesives and lignin rich nanocellulose 

(LRNC) films. However, we concluded that it is not suitable for biomedical applications due to 

its higher MIC (4 mgmL-1) (chapter 6). Crystallization and recovery of xylonic acid were 

successful, as it can be easily processed into fine crystals via solvent precipitation. 

 Biorefineries can make the entire biofuel program economically viable by utilizing 

biomass APL for the production of value-added chemicals. However, for a biofuel production 

plant to be successful, it is necessary to target other products which can be made from overall 

process as well. A logical approach to this would be to convert xylose, which is a major fraction 

of APL, into value added chemicals. In this regard, C. glutamicum has been reported for 

producing many chemicals like amino acids, diamines, sugar alcohols, etc, and our study 

demonstrates that this host can be used for the production of sugar acid like xylonic acid as well. 

The global xylonic acid market is expected to reach USD 170 million by 2027, growing at a 

CAGR of 5.5% from 2020 to 2027. Asia Pacific is the largest market for xylonic acid, with 

China being the major producer and consumer of xylonic acid in the region.  

A process framework was developed that will provide a blueprint not only for further 

evolution in xylonic acid bioprocessing but also in other bio-manufacturing processes. The 

higher stability of the engineered strain (C. glutamicum) and its ability to adapt to different 

biomass niches and carbon assimilation turned to achieve industrially applicable xylonic acid 
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productivity. Similarly, in pharmaceutical and fine chemical industries, the biotransformation 

process using immobilized enzyme system can act as a game changer. 
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ANNEXURE I 

LIST OF INSTRUMENTS USED 

Instruments Model and country  

Autoclave Labline, India 

Balance Mettler Toledo, Mumbai, India 

Centrifuge 
Kubota 7780, Japan; Eppendorf, Germany; MICRO CL 17, 

Thermo Fisher Scientific, India 

Cold room Rinac Pvt. Ltd, India 

Deep freezer (-80°C) Elanpro, India; Haier, China 

DNA sequencer 3500 Genetic Analyzer, Applied Biosystems, Hitachi, Japan 

Electrophoresis unit Bio-Rad, USA 

Electroporator Eppendorf, Germany 

Fermenter  InforsHT Sixfors, Switzerland  

Gel documentation ChemiDoc, Biorad, USA 

Heating water bath B20G, Lab companion, South Korea 

Hot air Oven Kemi Instruments, India 

HPLC Shimadzu, Japan 

Incubator Infors Ht, Switzerland 

Incubating water bath Julabo, Germany 

Ion exchange column Amersham Biosciences,UK 

Laminar air flow chamber Labline, India 

Lyophilizer  Operon, Korea 

Microplate reader Infinite M200 Pro, Tecan, Switzerland, 

Nanodrop spectrophotometer ND1000, Thermo Fisher Scientific, India 

NMR Analysis Bruker Advance III 500 MHz 
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pH meter Eutech, Thermo Fisher Scientific, India 

PCR machine MyCycler, Bio-Rad, USA 

Phase contrast microscope Leica DMLS, Leica Microsystems, Germany 

NMR Spectrometer Bruker Avance II-500, Bruker Co., USA 

Scanning electron microscope Zeiss EVO 18 cryo-SEM, Germany 

Sonicator Vibra cell, Sonics and Materials Inc., USA 

Transmission electron 

microscope 
JEM2010, JEOL, Japan 

Thermostat Eppendorf, USA 

UV-Vis Spectrophotometer UV-160A, Shimadzu, Japan 

Fourier Transform-Infrared 

Spectrometer 

Nexus-870 FT-IR, Thermo Nicolet Corporation, Madison, 

WI, USA 

Stirred tank bioreactor Minifors, Infors HT, Switzerland 
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ANNEXURE II  

MEDIA COMPOSITION 

 

I. LB Medium 

Constituents Concentration (gL-1) 

Tryptone 10.00 

NaCl 10.00 

Yeast Extract 5.00 

Agar (for solid medium) 15.00 

Adjusted the pH to 7.0 by 1 N HCl/ NaOH, and sterilized by autoclaving 

 

                            III.   Brain Heart Infusion (BHI) medium  

Constituents Concentration (gL-1) 

Beef heart infusion     2.50 

Calf brain infusion 6.25 

Glucose 1.75 

Peptone 5.00 

NaCl 2.50 

Adjusted the pH to 7.0 by 1 N HCl/ NaOH, and sterilized by autoclaving 
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III.   CGXII Basal medium 

Constituents Concentration (gL-1) 

(NH4)2 SO4 20.00 

Urea 5.00 

K2HPO4 1.00 

KH2PO4 1.00 

MgSO4. 7H2O 0.25 

MOPS 5.00 

*Stock solution 1  (1% CaCl2) 1.0 mL 

*Stock solution 2 (0.02% Biotin) 0.1 mL 

*Stock solution 3 (FeSO4.7H2O (1%), MnSO4. H2O ( 1%), 

ZnSO4.7H2O (0.1%), CuSO4.5H2O (0.03%) & NiCl2.6H2O 

(0.002%) 

1.0 mL 

 *Stock solution 4 (3% Protocatechuate) 1.0 mL 

# Sugar solution (Glucose/ Xylose/Arabinose) Upto 40 

Made up the volume to 1000 mL (pH 6.5) and filter sterilized through 0.2 µm filters 

 

 

                                                 IV.   SOC Medium 

Constituents Concentration (gL-1) 

Glucose 20 mM 

Bacto-tryptone 20.00 

Yeast Extract 5.00 

MgCl2 10 mM 

KCl 0.19 

NaCl 0.5 
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                                                 IV.   Epo Medium 

Constituents Concentration (gL-1) 

Tryptone 10.0 

Yeast Extract 5.0 

Isonicotinic acid 4.0 

Tween 80 1 ml 

Glycine 25.0 

NaCl 10.0 
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ANNEXURE III 

VECTOR MAP AND SEQUENCE 

 

1. pVWEx1 (8471 bp)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
AAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAATTCACTGGCCGTCG

TTTTACAGCCAAGCTTGGCTGTTTTGGCGGATGAGAGAAGATTTTCAGCCTGATACAGATTAAATCAG

AACGCAGAAGCGGTCTGATAAAACAAATTTGCCTGGCGGCAGTAGCGCGGTGGTCCCACCTGACCCCA

TGCCGAACTCAGAAGTGAAACGCCGTAGCGCCGATGGTAGTGTGGGGTCTCCCCATGCGAGAGTAGG

GAACTGCCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGT

TTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGGGAGCGGATTTGAACGTTGCGAAGCAACG
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GCCCGGAGGGTGGCGGGCAGGACGCCCGCCATAAACTGCCAGGCATCAAATTAAGCAGAAGGCCATC

CTGACGGATGGCCTTTTTGCGTTTCTACAAACTCTTTTGTTTATTTTTCTAAATACATTCAAATATGTAT

CCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCA

ACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACG

CTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAA
CAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTGATCCCCC

TGCGGCGTCGCTGATCGCCCTCGCGACGTTGTGCGGGTGGCTTGTCCCTGAGGGCGCTGCGACAGATA

GCTAAAAATCTGCGTCAGGATCGCCGTAGAGCGCGCGTCGCGTCGATTGGAGGCTTCCCCTTTGGTTG

ACGGTCTTCAATCGCTCTACGGCGATCCTGACGCTTTTTTGTTGCGTACCGTCGATCGTTTTATTTCTGT

CGATCCCGAAAAAGTTTTTGCCTTTTGTAAAAAACTTCTCGGTCGCCCCGCAAATTTTCGATTCCAGAT

TTTTTAAAAACCAAGCCAGAAATACGACACACCGTTTGCAGATAATCTGTCTTTCGGAAAAATCAAGT

GCGATACAAAATTTTTAGCACCCCTGAGCTGCGCAAAGTCCCGCTTCGTGAAAATTTTCGTGCCGCGTG

ATTTTCCGCCAAAAACTTTAACGAACGTTCGTTATAATGGTGTCATGACCTTCACGACGAAGTACCAA

AATTGGCCCGAATCATCAGCTATGGATCTCTCTGATGTCGCGCTGGAGTCCGACGCGCTCGATGCTGCC

GTCGATTTAAAAACGGTGATCGGATTTTTCCGAGCTCTCGATACGACGGACGCGCCAGCATCACGAGA

CTGGGCCAGTGCCGCGAGCGACCTAGAAACTCTCGTGGCGGATCTTGAGGAGCTGGCTGACGAGCTGC

GTGCTCGGCAGCGCCAGGAGGACGCACAGTAGTGGAGGATCGAATCAGTTGCGCCTACTGCGGTGGC
CTGATTCCTCCCCGGCCTGACCCGCGAGGACGGCGCGCAAAATATTGCTCAGATGCGTGTCGTGCCGC

AGCCAGCCGCGAGCGCGCCAACAAACGCCACGCCGAGGAGCTGGAGGCGGCTAGGTCGCAAATGGCG

CTGGAAGTGCGTCCCCCGAGCGAAATTTTGGCCATGGTCGTCACAGAGCTGGAAGCGGCAGCGAGAA

TTATCCGCGATCGTGGCGCGGTGCCCGCAGGCATGACAAACATCGTAAATGCCGCGTTTCGTGTGGCC

GTGGCCGCCCAGGACGTGTCAGCGCCGCCACCACCTGCACCGAATCGGCAGCAGCGTCGCGCGTCGA

AAAAGCGCACAGGCGGCAAGAAGCGATAAGCTGCACGAATACCTGAAAAATGTTGAACGCCCCGTGA

GCGGTAACTCACAGGGCGTCGGCTAACCCCCAGTCCAAACCTGGGAGAAAGCGCTCAAAAATGACTC

TAGCGGATTCACGAGACATTGACACACCGGCCTGGAAATTTTCCGCTGATCTGTTCGACACCCATCCC

GAGCTCGCGCTGCGATCACGTGGCTGGACGAGCGAAGACCGCCGCGAATTCCTCGCTCACCTGGGCAG

AGAAAATTTCCAGGGCAGCAAGACCCGCGACTTCGCCAGCGCTTGGATCAAAGACCCGGACACGGGA

GAAACACAGCCGAAGTTATACCGAGTTGGTTCAAAATCGCTTGCCCGGTGCCAGTATGTTGCTCTGAC
GCACGCGCAGCACGCAGCCGTGCTTGTCCTGGACATTGATGTGCCGAGCCACCAGGCCGGCGGGAAA

ATCGAGCACGTAAACCCCGAGGTCTACGCGATTTTGGAGCGCTGGGCACGCCTGGAAAAAGCGCCAG

CTTGGATCGGCGTGAATCCACTGAGCGGGAAATGCCAGCTCATCTGGCTCATTGATCCGGTGTATGCC

GCAGCAGGCATGAGCAGCCCGAATATGCGCCTGCTGGCTGCAACGACCGAGGAAATGACCCGCGTTTT

CGGCGCTGACCAGGCTTTTTCACATAGGCTGAGCCGGTGGCCACTGCACGTCTCCGACGATCCCACCG

CGTACCGCTGGCATGCCCAGCACAATCGCGTGGATCGCCTAGCTGATCTTATGGAGGTTGCTCGCATG

ATCTCAGGCACAGAAAAACCTAAAAAACGCTATGAGCAGGAGTTTTCTAGCGGACGGGCACGTATCG

AAGCGGCAAGAAAAGCCACTGCGGAAGCAAAAGCACTTGCCACGCTTGAAGCAAGCCTGCCGAGCGC

CGCTGAAGCGTCTGGAGAGCTGATCGACGGCGTCCGTGTCCTCTGGACTGCTCCAGGGCGTGCCGCCC

GTGATGAGACGGCTTTTCGCCACGCTTTGACTGTGGGATACCAGTTAAAAGCGGCTGGTGAGCGCCTA

AAAGACACCAAGATCATCGACGCCTACGAGCGTGCCTACACCGTCGCTCAGGCGGTCGGAGCAGACG

GCCGTGAGCCTGATCTGCCGCCGATGCGTGACCGCCAGACGATGGCGCGACGTGTGCGCGGCTACGTC
GCTAAAGGCCAGCCAGTCGTCCCTGCTCGTCAGACAGAGACGCAGAGCAGCCGAGGGCGAAAAGCTC

TGGCCACTATGGGAAGACGTGGCGGTAAAAAGGCCGCAGAACGCTGGAAAGACCCAAACAGTGAGTA

CGCCCGAGCACAGCGAGAAAAACTAGCTAAGTCCAGTCAACGACAAGCTAGGAAAGCTAAAGGAAAT

CGCTTGACCATTGCAGGTTGGTTTATGACTGTTGAGGGAGAGACTGGCTCGTGGCCGACAATCAATGA

AGCTATGTCTGAATTTAGCGTGTCACGTCAGACCGTGAATAGAGCACTTAAGTCTGCGGGCATTGAAC

TTCCACGAGGACGCCGTAAAGCTTCCCAGTAAATGTGCCATCTCGTAGGCAGAAAACGGTTCCCCCCG

TAGGGGTCTCTCTCTTGGCCTCCTTTCTAGGTCGGGCTGATTGCTCTTGAAGCTCTCTAGGGGGGCTCA

CACCATAGGCAGATAACGGTTCCCCACCGGCTCACCTCGTAAGCGCACAAGGACTGCTCCCAAAGATC

TTCAAAGCCACTGCCGCGACTCCGCTTCGCGAAGCCTTGCCCCGCGGAAATTTCCTCCACCGAGTTCGT

GCACACCCCTATGCCAAGCTTCTTTCACCCTAAATTCGAGAGATTGGATTCTTACCGTGGAAATTCTTC

GCAAAAATCGTCCCCTGATCGCCCTTGCGACGTTGCTCGCGGCGGTGCCGCTGGTTGCGCTTGGCTTGA
CCGACTTGATCCTCCGGCGTTCAGCCTGTGCCACAGCCGACAGGATGGTGACCACCATTTGCCCCATAT

CACCGTCGGTACTGATCCCGTCGTCAATAAACCGAACCGCTACACCCTGAGCATCAAACTCTTTTATCA

GTTGGATCATGTCGGCGGTGTCGCGGCCAAGACGGTCGAGCTTCTTCACCAGAATGACATCACCTTCC

TCCACCTTCATCCTCAGCAAATCCAGCCCTTCCCGATCTGTTGAACTGCCGGATGCCTTGTCGGTAAAG

ATGCGGTTAGCTTTTACCCCTGCATCTTTGAGCGCTGAGGTCTGCCTCGTGAAGAAGGTGTTGCTGACT
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CATACCAGGCCTGAATCGCCCCATCATCCAGCCAGAAAGTGAGGGAGCCACGGTTGATGAGAGCTTTG

TTGTAGGTGGACCAGTTGGTGATTTTGAACTTTTGCTTTGCCACGGAACGGTCTGCGTTGTCGGGAAGA

TGCGTGATCTGATCCTTCAACTCAGCAAAAGTTCGATTTATTCAACAAAGCCGCCGTCCCGTCAAGTCA

GCGTAATGCTCTGCCAGTGTTACAACCAATTAACCAATTCTGATTAGAAAAACTCATCGAGCATCAAA

TGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCTGTAATGAA
GGAGAAAACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCG

TCCAACATCAATACAACCTATTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCAT

GAGTGACGACTGAATCCGGTGAGAATGGCAAAAGCTTATGCATTTCTTTCCAGACTTGTTCAACAGGC

CAGCCATTACGCTCGTCATCAAAATCACTCGCATCAACCAAACCGTTATTCATTCGTGATTGCGCCTGA

GCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAACCGGCGCA

GGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTG

TTTTCCCGGGGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTC

GGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCT

ACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTTCCCATACAATCGATAGATTGTCGCACC

TGATTGCCCGACATTATCGCGAGCCCATTTATACCCATATAAATCAGCATCCATGTTGGAATTTAATCG

CGGCCTCGAGCAAGACGTTTCCCGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGC

AGACAGTTTTATTGTTCATGATGATATATTTTTATCTTGTGCAATGTAACATCAGAGATTTTGAGACAC
AACGTGGCTTTGTTGAATAAATCGAACTTTTGCTGAGTTGAAGGATCAGATCACGCATCTTCCCGACA

ACGCAGACCGTTCCGTGGCAAAGCAAAAGTTCAAAATCACCAACTGGTCCACCTACAACAAAGCTCTC

ATCAACCGTGGCTCCCTCACTTTCTGGCTGGATGATGGGGCGATTCAGGCCTGGTATGAGTCAGCAAC

ACCTTCTTCACGAGGCAGACCTCAGCGCTAGCGGAGTGTATACTGGCTTACTATGTTGGCACTGATGA

GGGTGTCAGTGAAGTGCTTCATGTGGCAGGAGAAAAAAGGCTGCACCGGTGCGTCAGCAGAATATGT

GATACAGGATATATTCCGCTTCCTCGCTCACTGACTCGCTACGCTCGGTCGTTCGACTGCGGCGAGCGG

AAATGGCTTACGAACGGGGCGGAGATTTCCTGGAAGATGCCAGGAAGATACTTAACAGGGAAGTGAG

AGGGCCGCGGCAAAGCCGTTTTTCCATAGGCTCCGCCCCCCTGACAAGCATCACGAAATCTGACGCTC

AAATCAGTGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGCGGCTCCCTCG

TGCGCTCTCCTGTTCCTGCCTTTCGGTTTACCGGTGTCATTCCGCTGTTATGGCCGCGTTTGTCTCATTC

CACGCCTGACACTCAGTTCCGGGTAGGCAGTTCGCTCCAAGCTGGACTGTATGCACGAACCCCCCGTT
CAGTCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGAAAGACATGCAAAAGC

ACCACTGGCAGCAGCCACTGGTAATTGATTTAGAGGAGTTAGTCTTGAAGTCATGCGCCGGTTAAGGC

TAAACTGAAAGGACAAGTTTTGGTGACTGCGCTCCTCCAAGCCAGTTACCTCGGTTCAAAGAGTTGGT

AGCTCAGAGAACCTTCGAAAAACCGCCCTGCAAGGCGGTTTTTTCGTTTTCAGAGCAAGAGATTACGC

GCAGACCAAAACGATCTCAAGAAGATCATCTTATTAAGGGGTCTGACGCTCAGTGGAACGAAAACTC

ACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATG

AAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGA

GGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAAC

TACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGG

CTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTA

TCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTG

CGCAACGTTGTTGCCATTGCCGATGATAAGCTGTCAAACATGGCCTGTCGCTTGCGGTATTCGGAATCT
TGCACGCCCTCGCTCAAGCCTTCGTCACTGGTCCCGCCACCAAACGTTTCGGCGAGAAGCAGGCCATT

ATCGCCGGCATGGCGGCCGACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCT

TTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGC

GGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACAT

GAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGGT

AATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCT

CATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCG

GCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTT

AATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGT

ACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAACGCCG

GAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGC
CCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACC

ATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGG

CGCGTGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTG

CCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAA

CGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCG
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TATAACGTTACTGGTTTCACATTCACCACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCCATACCG

CGAAAGGTTTTGCACCATTCGATGGTGTCAACGTAAATGCATGCCGCTTCGCCTTCGCGCGCGAATTGC

AAGCTGATCCGGGCTTATCGACTGCACGGTGCACCAATGCTTCTGGCGTCAGGCAGCCATCGGAAGCT

GTGGTATGGCTGTGCAGGTCGTAAATCACTGCATAATTCGTGTCGCTCAAGGCGCACTCCCGTTCTGGA

TAATGTTTTTTGCGCCGACATCATAACGGTTCTGGCAAATATTCTGAAATGAGCTGTTGACAATTAATC
ATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGAATTAAAAGAT

ATGACCATGATTACGCC 

 

 

 

2. pET28a (5369 bp) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ATCCGGATATAGTTCCTCCTTTCAGCAAAAAACCCCTCAAGACCCGTTTAGAGGCCCCAAGGGGTTAT

GCTAGTTATTGCTCAGCGGTGGCAGCAGCCAACTCAGCTTCCTTTCGGGCTTTGTTAGCAGCCGGATCT

CAGTGGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAAGCTTGTCGACGGAGCTCGAATTCGGATCCGC

GACCCATTTGCTGTCCACCAGTCATGCTAGCCATATGGCTGCCGCGCGGCACCAGGCCGCTGCTGTGA
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TGATGATGATGATGGCTGCTGCCCATGGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGG

GGAATTGTTATCCGCTCACAATTCCCCTATAGTGAGTCGTATTAATTTCGCGGGATCGAGATCTCGATC

CTCTACGCCGGACGCATCGTGGCCGGCATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATCGC

CGACATCACCGATGGGGAAGATCGGGCTCGCCACTTCGGGCTCATGAGCGCTTGTTTCGGCGTGGGTA

TGGTGGCAGGCCCCGTGGCCGGGGGACTGTTGGGCGCCATCTCCTTGCATGCACCATTCCTTGCGGCG

GCGGTGCTCAACGGCCTCAACCTACTACTGGGCTGCTTCCTAATGCAGGAGTCGCATAAGGGAGAGCG

TCGAGATCCCGGACACCATCGAATGGCGCAAAACCTTTCGCGGTATGGCATGATAGCGCCCGGAAGA

GAGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTATGCCGGTGTCT

CTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTGCGAAAACGCGGGAAAAAGTG

GAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGT

CGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGCCCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTA

AATCTCGCGCCGATCAACTGGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGC

CTGTAAAGCGGCGGTGCACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTGG

ATGACCAGGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCTCTG

ACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTACGCGACTGGGCGTGGAGCATCTG

GTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGT

CTGGCTGGCTGGCATAAATATCTCACTCGCAATCAAATTCAGCCGATAGCGGAACGGGAAGGCGACTG

GAGTGCCATGTCCGGTTTTCAACAAACCATGCAAATGCTGAATGAGGGCATCGTTCCCACTGCGATGC

TGGTTGCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGCGTTGGT

GCGGATATCTCGGTAGTGGGATACGACGATACCGAAGACAGCTCATGTTATATCCCGCCGTTAACCAC

CATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCC

AGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCTGGCGCCCAA

TACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACT

GGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTAAGTTAGCTCACTCATTAGGCACCGGGATCTCG

ACCGATGCCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGGGCGCGGGGCATGACTATCGTCG

CCGCACTTATGACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAGCGCTCTGGGTCATTT

TCGGCGAGGACCGCTTTCGCTGGAGCGCGACGATGATCGGCCTGTCGCTTGCGGTATTCGGAATCTTG

CACGCCCTCGCTCAAGCCTTCGTCACTGGTCCCGCCACCAAACGTTTCGGCGAGAAGCAGGCCATTAT

CGCCGGCATGGCGGCCCCACGGGTGCGCATGATCGTGCTCCTGTCGTTGAGGACCCGGCTAGGCTGGC

GGGGTTGCCTTACTGGTTAGCAGAATGAATCACCGATACGCGAGCGAACGTGAAGCGACTGCTGCTGC

AAAACGTCTGCGACCTGAGCAACAACATGAATGGTCTTCGGTTTCCGTGTTTCGTAAAGTCTGGAAAC

GCGGAAGTCAGCGCCCTGCACCATTATGTTCCGGATCTGCATCGCAGGATGCTGCTGGCTACCCTGTG

GAACACCTACATCTGTATTAACGAAGCGCTGGCATTGACCCTGAGTGATTTTTCTCTGGTCCCGCCGCA

TCCATACCGCCAGTTGTTTACCCTCACAACGTTCCAGTAACCGGGCATGTTCATCATCAGTAACCCGTA

TCGTGAGCATCCTCTCTCGTTTCATCGGTATCATTACCCCCATGAACAGAAATCCCCCTTACACGGAGG

CATCAGTGACCAAACAGGAAAAAACCGCCCTTAACATGGCCCGCTTTATCAGAAGCCAGACATTAACG

CTTCTGGAGAAACTCAACGAGCTGGACGCGGATGAACAGGCAGACATCTGTGAATCGCTTCACGACCA

CGCTGATGAGCTTTACCGCAGCTGCCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGC

AGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGC

GTCAGCGGGTGTTGGCGGGTGTCGGGGCGCAGCCATGACCCAGTCACGTAGCGATAGCGGAGTGTAT

ACTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATATGCGGTGTGAAATAC

CGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTG

CGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGA

ATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAA

GGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAA

GTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTG

CGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCG

CTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTG

CACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTA
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AGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCG

GTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGC

GCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGC

TGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATC

CTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGA

ACAATAAAACTGTCTGCTTACATAAACAGTAATACAAGGGGTGTTATGAGCCATATTCAACGGGAAAC

GTCTTGCTCTAGGCCGCGATTAAATTCCAACATGGATGCTGATTTATATGGGTATAAATGGGCTCGCGA

TAATGTCGGGCAATCAGGTGCGACAATCTATCGATTGTATGGGAAGCCCGATGCGCCAGAGTTGTTTC

TGAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGAC

GGAATTTATGCCTCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCACCAC

TGCGATCCCCGGGAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATTCAGGTGAAAATATTGTTG

ATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTGTCCTTTTAACAGCGATC

GCGTATTTCGTCTCGCTCAGGCGCAATCACGAATGAATAACGGTTTGGTTGATGCGAGTGATTTTGATG

ACGAGCGTAATGGCTGGCCTGTTGAACAAGTCTGGAAAGAAATGCATAAACTTTTGCCATTCTCACCG

GATTCAGTCGTCACTCATGGTGATTTCTCACTTGATAACCTTATTTTTGACGAGGGGAAATTAATAGGT

TGTATTGATGTTGGACGAGTCGGAATCGCAGACCGATACCAGGATCTTGCCATCCTATGGAACTGCCT

CGGTGAGTTTTCTCCTTCATTACAGAAACGGCTTTTTCAAAAATATGGTATTGATAATCCTGATATGAA

TAAATTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAAGAATTAATTCATGAGCGGATACATATTTG

AATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGAAATT

GTAAACGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGG

CCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTT

TGGAACAAGAGTCCACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGG

GCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTA

AATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAA

AGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCG

TAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCCCATTCGCCA 
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Reliance on depleted fossil fuels accompanied by global warming and climate change has  

driven the world to explore and develop new strategies for global sustainable development. 

Hence, new value-added products have been developed from renewable resources like 

lignocellulosic biomass. One of the platform chemicals synthesized from biomass is xylonic acid 

which is a sugar acid derived from pentose sugar xylose. Our study was to develop a bioprocess 

for the synthesis of xylonic acid from sawdust APL using a well-established industrial microbe 

Corynebacterium glutamicum. The xylose utilizing genes (xylB) and (xylC) of Caulobacter 
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obtained from 60 gL-1 xylose (using synthetic sugar in CGXII medium) with a yield of 1.04 gg-1 
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using a recombinant C. glutamicum strain and an invitro enzymatic conversion of xylose to 

xylonic acid was put forward in this thesis. The developed framework will provide a blueprint 

not only for further evolution in xylonic acid bioprocessing but also in other bio-manufacturing 

processes.  
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ABSTRACT: D-Xylonic acid (XA), derived from pentose sugar
xylose, is a multifunctional high-value chemical with a wide range
of applications in the fields of medicines, food, agriculture and is a
valuable chemical reagent for the synthesis of other useful
commodity chemicals. In the bacterial system, xylose dehydrogen-
ase (XDH) catalyzes the oxidation of D-xylose into D-
xylonolactone, consuming NAD+ or NADP+ as a cofactor. The
D-xylonolactone then undergoes auto-oxidation into D-xylonic acid.
Herein, the XDH enzyme overexpressed in Escherichia coli is
purified and immobilized on ferromagnetic nanoparticles,
effectively converting xylose into xylonic acid. Parameters deciding the bioconversion were statistically optimized and obtained a
maximum of 91% conversion rate. Kinetic parameters of immobilized xylose dehydrogenase showed a 2-fold increase in the
maximum velocity of the reaction and catalytic efficiency compared to free enzyme. The operational stability test for the enzyme−
nanoparticle conjugate retained 93% relative activity after 10 successive experiments, exhibiting the good recyclability of the
biocatalyst for XA production.

■ INTRODUCTION
Xylonic acid (XA), which is derived mostly from xylose, is a
new multipurpose platform chemical with extensive application
in industrial sectors.1 According to the US Department of
Energy, xylonic acid is one of the top 30 chemicals with the
most potential.2 Xylonic acid application has enormous socio-
economic benefits, and it has also helped safeguard the
environment, thereby increasing the demand for its biosyn-
thesis.3 It is required for the production of 1,2,4-butanetriol or
energetic materials.4,5 In fiber fabrication, the characteristic
properties like heat absorption, moisture absorption, and
strong flexibility of xylonic acid were adopted for the
production of fiber fabric with a cooling effect.6 For the
Biginelli reaction, xylonic acid is used as both a catalyst and
green solvent.7 The use of xylonic acid and its derivatives in
building is now cost-effective, and it is predicted to eventually
substitute gluconic acid in the construction sector as a cement
water reducer.8

Xylose dehydrogenase belongs to the family of oxidor-
eductases and catalyzes the oxidation of D-xylose in the
presence of NADP+. Although it may utilize both NADP+ and
NAD+, the enzyme has a high preference for NADP+. This is
one of the key enzymes in the oxidative Weimberg pathway
and Dahms metabolic pathways where xylose is catabolized
into xylonic acid.9 Different metabolic pathways involving the
catalysis of xylose dehydrogenase along with other enzymes in
microbial species were elucidated for xylonic acid produc-
tion.10 Sundar et al. reported the metabolic engineering of
Corynebacterium glutamicum 31831 for xylonic acid production

by overexpressing the xylose dehydrogenase gene of
Caulobacter crescentus. In the CGXII synthetic medium, the
modified strain produced 56.32 g/L xylonic acid from xylose
and 42.94 g/L xylonic acid from rice straw hydrolysate-derived
xylose.11

Immobilization of enzymes on an appropriate matrix has
improved their kinetics, stability, and reusability, allowing them
to be used in a variety of industrial processes.12 As immobilized
enzymes are more stable than native enzymes at varied pH
levels and temperatures, biocatalysts based on immobilized
enzymes have gained a lot of interest in the past decade.13−15 It
is observed that the support structure and topology can have a
significant impact on the characteristics of enzymes.16,17

Interestingly, the use of nanoparticles as an immobilization
scaffold has revolutionized their prospect in recent years.
Nanoparticles have special characteristics like high biocatalytic
and enzyme loading efficiency, improved mass transfer
resistance, large surface-to-volume ratio, efficient storage, and
high adsorption capacity.18−20 Nowadays, researchers are using
magnetic nanoparticles to fix the catalysts. Magnetic nano-
particles outrank other varieties, including heat stability, pH
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tolerance, and ease of nanoparticle separation with a simple
magnet. Furthermore, they have numerous applications in the
biomedical field and in the food industry.21 In this study, an
attempt was made to immobilize xylose dehydrogenase on
ferromagnetic nanoparticles for xylose-to-xylonic acid bio-
conversion. The immobilization mechanism, various parame-
ters influencing immobilization, and the catalytic activity of the
biocatalyst in bioconversion are discussed.

■ RESULTS
Xylose Dehydrogenase Expression and Analysis. For

protein expression, the coding region of xylose dehydrogenase
enzyme, i.e., xylB, from C. crescentus is cloned into the pET28a
expression vector. The recombinant plasmid pET28a-xylB was
confirmed by sequencing and restriction analysis. The
Escherichia coli strain (BL21 DE3) carrying the recombinant
vector was grown in liquid LB medium until an OD of 0.6−0.7
was reached, and then IPTG (0.5 mM) induction was done for
3 h for protein expression. The homogeneity of the purified
protein was tested on 12% SDS-PAGE (Figure 1). The SDS-
PAGE analysis revealed the size of the recombinant protein
corresponding to the bands with a molecular weight of 32 kDa.

Xylose Dehydrogenase Immobilization on Magnetic
Nanoparticles. APTES, which imparts amine groups to the
nanoparticles, was used to functionalize magnetic nano-
particles. These amine-functionalized nanoparticles exhibit a
higher affinity for covalent interaction with the xylose
dehydrogenase enzyme. The irreversible chemical bonding of
the enzyme to nanoparticles is ensured by −NH2 and
−COOH coupling.28 To calculate the immobilization
efficiency, the actual enzyme bound onto the nanoparticle
was estimated to the total enzyme used and the unbound
fraction of enzyme eliminated via washing. After reaction, 76%
of the total enzyme remained immobilized on nanoparticles
(Table 1). The enzyme nature, its conformation, and the type
of nanoparticle have an impact on immobilization efficiency.
Validation of Statistical Tool: BBD and Optimization

of Bioconversion Parameters. Operational reaction param-
eter optimization of the in vitro assay medium was carried out
for maximum xylose bioconversion into xylonic acid. In the
BBD, a 15-run experimental matrix was designed for
optimizing the four distinct parameters. The validation
equation derived for the matrix is as follows:

= − − + + +

− − − −

− + −

+ + −

X X X X

X X X X

X X X X X X

X X X X X X

xylonic acid (mM)

52.7 0.32 4.1 0.213 3.067

0.017 0.2219 0.0313 0.01853

0.064 0.0516 0.0128

0.436 0.0372 0.00212

1 2 3 4

1
2

2
2

3
2

4
2

1 2 1 3 1 4

2 3 2 4 3 4

X1 is xylose, X2 is xylose dehydrogenase, X3 is NAD
+, and X4 is

pH.
A higher conversion yield of 250 mM xylonic acid from 275

mM xylose was obtained from runs 7, 8, 10, 11, and 12. The
least concentration of substrate, enzyme, cofactor, and
optimum pH with maximum conversion was reflected in run
no. 11, where the concentrations of parameters were as
follows: xylose, 275 mM; xylose dehydrogenase, 13.5 μM;
NAD+, 1.25 mM; pH 7.5. It indicates that the optimum
concentration of these parameters has a remarkable positive
impact on xylonic acid bioconversion. The contour plot
displaying the relationship of two factors and the optimal
concentration of the variables and its interaction for maximum
bioconversion is shown in Figure 2A−F. The major
interactions analyzed were of the concentration between
XDH and xylose (A), pH and xylose (B), NAD+ and xylose
(C), pH and XDH (D), NAD+ and XDH (E), and pH and
NAD+ (F). The model was evaluated using ANOVA (Table
2). The p-value of lack of fit, p > 0.05, implies that the
proposed model fits the experimental data and the
independent parameters have considerable effects on the
response. The large F-value (5.54) indicates the statistical
significance of the model. The higher R2 value (95.55%)
implies that the regression model fits the observed data well
and also indicates that the model is a better fit.
The contour plots display the relationship between

independent variables (xylose, xylose dehydrogenase, NAD+,
and pH) and a dependent variable (xylonic acid). Figure 2A
shows that high xylonic acid conversion, i.e., >300 mM, was
attained with a combination of xylose dehydrogenase in the
range of 10−24 μM and xylose with greater than 250 mM (to
400 mM) concentration. In Figure 2B, high xylonic acid
conversion was obtained from a combination of pH ranging
between 7.5 and 9.5 and xylose with greater than 300 mM
concentration. In the combination of NAD+ and xylose in
Figure 2C, high xylonic acid conversion was reflected with a
NAD+ concentration of >1.25 and a xylose concentration of
>300 mM. In Figure 2D, xylonic acid conversion of >250 mM
was obtained from a combination of pH range (7.5−9.5) and
xylose dehydrogenase (10−20 μM). Similarly, in contour plots
in Figure 2E,F, also, xylonic acid conversion greater than 250
mM was obtained from the mixture of NAD+ in the range of
1.25−2.00 mM, xylose dehydrogenase (10−18 μM), and pH in
the range of 7.5−9.5. From the hold values in each contour

Figure 1. Expression of recombinant xylose dehydrogenase of C.
crescentus ATCC 19089. Lane M, prestained protein ladder; Lane 1,
purified xyl B.

Table 1. Optimization of Xylose Dehydrogenase Binding on
Magnetic Nanoparticles

total enzyme added
(IU)

enzyme bound on beads
(IU)

immobilization efficiency
(%)

10 7.2 72
20 14.7 73.4
30 22.8 76
40 30.1 75.3
50 37.3 74.6
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plot, the optimum concentration of each parameter for
maximum bioconversion obtained is as follows: pH 7.5;
NAD+, 1.25 mM; xylose, 275 mM; xylose dehydrogenase, 13.5
μM. Thus, with the RSM tool, the crucial parameters and the
optimal concentration range were screened down for
maximum output.
Enzyme Kinetic Study of Free and Immobilized

Xylose Dehydrogenase. The rate of the bioconversion
reaction catalyzed by xylose dehydrogenase was studied with
different substrate concentrations, the kinetic constants were

validated using Lineweaver−Burk plots (Figure S1), and the
Vmax, Km, and Kcat values are given in Table 3. Here, the
maximum velocity of immobilized xylose dehydrogenase was
found to increase 2-fold more than that of free xylose
dehydrogenase. However, immobilization resulted in an
increase in the Km value, implying that the enzyme’s affinity
for its substrate has decreased. Perhaps, the disturbance in the
stability of the enzyme and conformational and orientation
changes occurred during immobilization, and steric hindrance
and the enzyme’s diffusional limit to the substrate contributed

Figure 2. Contour plots showing the effect of various parameters on bioconversion of xylose into xylonic acid by immobilized xylose
dehydrogenase. XDH and xylose concentrations (A), pH and xylose concentrations (B), NAD+ and xylose concentrations (C), pH and XDH
concentrations (D), NAD+ and XDH concentrations (E), and pH and NAD+ concentrations (F).
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to the decrease in enzyme affinity to the substrate.29 This is in
line with the observation reported by Alam et al., where they
immobilized asparaginase on magnetic nanoparticles to
alleviate acrylamide formation in potato chips.30 Here, the
Kcat value of immobilized xylose dehydrogenase is 12.31 × 107

min−1, while that of free xylose dehydrogenase is 5.93 × 107

min−1. The turnover rate of the enzyme increased on
immobilization.
Structural Characterization of Ferromagnetic Nano-

particles and Immobilized Xylose Dehydrogenase.
FTIR studies were performed on blank magnetic nanoparticles,
with amino functionalization, i.e., after treatment with
aminosilane APTES and glutaraldehyde as controls, and on
enzyme-attached nanoparticles. The peak of Fe3O4 (Fe−O
bonding) was found at 545 cm−1, and the peak at 3398 cm−1

refers to the stretching of OH bonds present on the surface of
nanoparticles. The amide bond (i.e., CO bonding) of the
enzyme was observed at 1641 cm−1, and amino function peaks
were found at 2924 cm−1 (N−H bonding) (Figure 3A). The
final nanoparticle−enzyme bioconjugate was irradiated with
continuous spectrum of infrared energy, and the vibration
bands of single or functional groups of specific molecules
present in iron particles, APTES, glutaraldehyde, and enzyme
correlated with the stretchings obtained from functionalization
and immobilization steps. All the specific peaks are clearly
visible in the final bioconjugate, indicating the successful
immobilization of the biocatalyst on magnetic nanoparticles
(Figure 3B). The FTIR data obtained are comparable to those
previously published in the literature.26,30

Power X-ray diffraction was used to determine the crystalline
structure and phase purity of the ferromagnetic nanoparticle.
The diffraction peaks observed corresponded to the 2θ angles
of (220), (311), (400), (422), (511), and (440), which
represent the cell parameter change of the crystal structure of
magnetite, confirming that the spatial arrangements of the
atoms in the crystal phase are those of typical cubic iron oxide
Fe3O4 (Figure S2). The XRD pattern, i.e., the position of
diffraction peaks obtained, is in close proximity to the data
discussed in the literature.31

Bioconversion of Xylose into Xylonic Acid by
Immobilized Xylose Dehydrogenase under Optimized
Parameters. Bioconversion study was carried out under the
optimized parameters, such as xylose (275 mM), xylose
dehydrogenase (13.5 μM), NAD+ (1.25 mM) and pH 7.5,
derived from statistical analysis for a period of 72 h. Under this
condition, a maximum of 250 mM xylonic acid was formed
from 275 mM xylose with a conversion efficiency of 91% (see
Figure 4). Quantification of xylonic acid was done by HPLC.
An HPLC chromatogram of xylonic acid bioconversion in the
presence of the immobilized biocatalyst is shown in Figure S3.

Reusability of Xylose Dehydrogenase Immobilized
on Magnetic Nanoparticles. Reusability of the biocatalyst is
one of the superlative advantages of enzymatic reactions based
on magnetic nanoparticles. Repeated use of the immobilized
biocatalyst was evaluated by incubating the same fraction of
the biocatalyst for multiple reaction cycles. It was observed that
93% of the activity is retained by the enzyme after 10
successive cycles (see Figure 5). Reusability of L-asparaginase is
discussed in the literature,32 and the enzyme retained 95.7% of
its activity after recycle, which is comparable to the results
obtained in this study.

Table 2. ANOVA for Xylonic Acid Production by
Immobilized Xylose Dehydrogenasea

source DF adj. SS adj. MS F P

regression 8 97,739 12217.4 5.54 0.176
interaction 4 645 645.5 1.45 0.421
square 4 22,657 5664.3 5.84 0.143
linear 4 56,322 14080.5 8.22 0.105
residual error 6 4554 759.0
lack of fit 5 4554 910.8
pure error 1 0 0.0
total 14 102,293

aS = 9.5449, R2 = 95.55%, R2 (pred.) = 0.00%, and R2 (adj.) =
89.61%.

Table 3. Kinetic Constants of Free and Immobilized Xylose
Dehydrogenase

kinetic constants
free xylose

dehydrogenase
immobilized xylose
dehydrogenase

Vmax (μmol/min) 370.37 769.20
Kcat (min−1) 5.93 × 107 12.31 × 107

Km (mM) 2068.22 3879.07

Figure 3. FTIR data of individual peaks of Fe3O4 iron particle,
APTES−glutaraldehyde modification, and xylose dehydrogenase (xyl
B) binding (A). Fe3O4 magnetic nanoparticle with immobilized xylose
dehydrogenase (B).
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■ DISCUSSION
Xylose dehydrogenase has been immobilized onto diverse
scaffolds for xylose conversion into xylonic acid. Bachosz et al.
co-immobilized xylose dehydrogenase and alcohol dehydro-
genase onto silica core−shell for xylose conversion to xylonic
acid and cofactor regeneration.33 Similarly, glucose dehydro-
genase and xylose dehydrogenase were immobilized onto
mesoporous amorphous silica for coproduction of gluconic
acid and xylonic acid.34 Zdarta et al. demonstrated enzymatic
production of xylonic acid and gluconic acid from biomass-
derived xylose and glucose via immobilization of xylose
dehydrogenase and glucose dehydrogenase onto porous silica
nanoparticles.35 Here, in this study, ferromagnetic (iron)

nanoparticles were used for xylose dehydrogenase immobiliza-
tion and the immobilized enzyme retained 93% catalytic
efficiency after 10 consecutive cycles of reaction, leading to the
productivity of 250 mM xylonic acid. In the case of silica, up to
five consecutive cycles are reported and, thus, it looks like
ferromagnetic conjugation is more stable. Thus, the enzyme−
iron nanoparticle bioconjugate could be a promising long-
drawn strategy for continuous bioconversion of xylose into
xylonic acid. Additionally, the chemical stability, storage
stability, robustness, and reusability of iron nanoparticles for
continual reaction aided the improved productivity of xylonic
acid.

■ CONCLUSIONS

Enzyme immobilization onto or within a support matrix
physically or chemically enhances the enzyme’s activity,
stability, and reusability in aqueous and non-aqueous media.
A stable heterogeneous immobilized enzyme system can
overcome the drawbacks of conventional biological whole-
cell reactions and heterogeneous chemical catalysts. Because of
their compact size, extremely large surface area, high
immobilization efficiency, and excellent reusability, magnetic
nanoparticles are ideal for the immobilization of enzymes for
different applications. The production of xylonic acid can
benefit from immobilized enzymatic cofactor-dependent
monosaccharide conversion. Resistance toward environmental
changes and higher stability of the immobilized enzymes than
free enzymes are added advantages. The interesting fact is that
the heterogeneity of immobilized enzyme systems enables
repeated enzymatic reactions with facile product recovery and
quick reaction termination. They offer a commercial advantage
over tedious downstream processing, leading to the possibility
of pure product isolation. Compared to the chemical route, via
chemical oxidation using platinum and gold catalysts, the
immobilized enzyme system is considered an environmentally
friendly and economical approach for xylonic acid biosynthesis.
The immobilization of the key catalytic enzymes could be a
promising and cost-effective platform for the production of
various commodity chemicals such as xylonic acid.

Figure 4. Bioconversion of xylose into xylonic acid by immobilized
xylose dehydrogenase.

Figure 5. Operational stability of immobilized xylose dehydrogenase.

Table 4. Bacterial Strains, Vectors, and Oligonucleotides Used in the Study23
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■ MATERIALS AND METHODS

Chemicals. Iron oxide (Fe3O4) was procured from Merck
(cat. 637,106, Sigma), Germany. 3-Aminopropyltriethoxisilane
(APTES) (99%), glutaraldehyde, and the Luria Bertani culture
medium were purchased from Himedia (Mumbai, India).
Molecular Methodology and Plasmid Construction.

Xylose dehydrogenase (xylB) gene was amplified from the
xylose operon of C. crescentus by polymerase chain reaction
with specific primers designed. The purified amplicons (747 bp
xylB) were confirmed by DNA sequencing and subcloned into
the restriction site (Eco RI/Bam HI) of the expression vector
pET 28a. The recombinant plasmid pET 28a-xylB was
transformed into competent E. coli DH5α and screened on
LB plates containing 25 μg mL−1 kanamycin.22 The bacterial
strains, vectors, and oligonucleotides used in the study are
given in Table 4.
Expression and Purification of Xylose Dehydrogen-

ase. A single colony of recombinant E. coli (BL21-pET28a-
xylB) was inoculated and incubated overnight at 37 °C. One
milliliter of pre-inoculum (OD600 nm = 0.8) was added to 100
mL of LB broth. The culture was incubated at 37 °C until an
OD of 0.4−0.6 was reached, IPTG (1 mM) induction was
done, and the culture was again incubated at 37 °C for 3 h.
The cells were harvested by centrifugation, frozen, thawed, and
resuspended in 0.5 M phosphate buffer. The cell resuspension
was sonicated (time: 6 min; pulse: 10 s on and 10 s off;
amplitude: 40%) and centrifuged on an orbital shaker for 30
min at 13,000g. The cell-free supernatant was filtered (0.2 mm
filter) and allowed to pass through a His-Trap HP column, and
an imidazole gradient in buffer (50 mM Na3PO4 buffer (pH
7.2) and 300 mM NaCl) was used to elute the recombinant
protein bound to the column. The purified protein was
collected and stored at −80 °C.
Determination of Xylose Dehydrogenase Activity

and Quantification of Xylonic Acid. In the enzymatic
bioconversion assay, the reaction volume of 1.0 mL contained
13.5 μM xylose dehydrogenase, 50 mM Na3PO4 buffer (pH
7.2), 275 mM xylose, and 1.25 mM NAD+. Under the above
reaction conditions, 0.14 U (μM/min) of enzyme catalyzed the
conversion of 1 μM substrate (xylose) per minute into xylonic
acid. The Bradford assay method was used to determine the
protein content.24 After 72 h of reaction at 30 °C, the activity
of xylose dehydrogenase was determined by quantification of
xylonic acid formation by HPLC. An organic acid column,
Phenomenex, with a dimension of 250 mm × 4.6 mm × 5 μm
was used for xylonic acid quantification. It was operated with a
flow rate of 0.6 mL/min, where 0.01 N H2SO4 served as the
mobile phase.
Surface Activation of Nanoparticles and Immobiliza-

tion of Xylose Dehydrogenase (xylB). To get a
homogeneous suspension, magnetite nanoparticles (1 g)
were dispersed in a 1:1 combination of ethanol and water,
and the obtained suspension was sonicated for 40 min with 15
s on and 15 s off pulse. This mixture was then treated with
APTES (3.4 mL), resulting in a 1:4 molar ratio of magnetite to
APTES. The reaction was carried out at 40 °C for 2 h in a
nitrogen environment with continuous stirring. The magnetite
particles (100 mg) modified with APTES were mixed with 10
mL of 8% glutaraldehyde solution, and the mixture was
incubated overnight at 30 °C with continuous stirring. The
functionalization and modification of magnetic nanoparticles
were performed following the modified methodologies in the

literature.25,26 Xylose dehydrogenase was allowed to react with
modified nanoparticles for 3 h at 4 °C. The enzyme that was
bound to the nanoparticles in the reaction medium was
separated using a magnet. The enzyme loading was varied
(10−50 μM), and the immobilization efficiency and enzyme
activity were calculated. The mechanism of biocatalyst
immobilization is depicted in Figure 6.

Operational Parameter Optimization by the Statis-
tical Tool Response Surface Methodology (RSM). The
RSM tool was used to find the parameters that have a
significant impact on the bioconversion of xylose into xylonic
acid. An independent quadratic design, i.e., the Box−Behnken
experimental design (BBD)27 with four independent variables
that affect xylonic acid bioconversion, such as substrate, xylose
(100−400 mM), enzyme, xylose dehydrogenase (10−25 μM),
cofactor, NAD+ (0.5−2.00 mM), and pH (5.5−10.5), was
studied. The conversion yield (mM) of xylonic acid was used
to measure the response. Using the Minitab 17 software, the
statistics and ANOVA of the model were evaluated. The level
of variance in the group, i.e., the parameter chosen, was
calculated using the p-value, F-value, effect value, and
regression coefficient. The BBD and response (xylonic acid)
are given in Table 5.

Enzyme Kinetics of Xylose Dehydrogenase. For both
free and immobilized xylose dehydrogenase (13.5 μM each),
enzyme kinetic parameters like Km, Vmax, and catalytic
efficiency were calculated with various concentrations (50−
500 mM) of the substrate. The Lineweaver−Burk plot was
used to study the kinetic parameters.

FTIR and XRD for Confirmation of Enzyme Immobi-
lization. Fourier transform infrared (IRTracer-100, Shimadzu,
Japan) spectroscopy was performed to characterize the
ferromagnetic nanoparticles as such and to analyze the
chemical modifications made with APTES and glutaraldehyde,
thereby confirming the progressive functionalization of free
magnetic nanoparticles for enzyme immobilization. FTIR data
confirmed the presence of amide bonds in the xylose
dehydrogenase enzyme and that of the enzyme immobilized
on the surface of functionalized nanoparticles. Each sample’s

Figure 6. Functionalization of ferromagnetic nanoparticles with
APTES and glutaraldehyde for xylose dehydrogenase immobilization.
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transmittance (percent) was measured in the 400−4000 cm−1

wavenumber range.
The crystal structure and phase analysis of ferromagnetic

nanoparticles were determined using X-ray diffraction (XRD)
patterns obtained from a Philips PANalytical X’pert Pro
diffractometer with Ni-filtered Cu K radiation (= 1.54060)
taken in the angular range of 10−70° with a step size of
0.0170°, with the tube voltage and electric current held at 45
kV and 30 mA, respectively.
Reusability of Immobilized Xylose Dehydrogenase

for Xylonic Acid Bioconversion. To assess the reusability of
the immobilized biocatalyst, the magnetic nanoparticles
carrying xylose dehydrogenase were added to the reaction
mixture and the xylonic acid bioconversion was quantified after
72 h of reaction. To separate the supernatant from the solid
fraction, a simple magnet was used to collect and then recover
the nanoparticles on the surface of the reaction vial. The
nanoparticles were then washed twice with assay buffer (50
mM phosphate, pH 7.2) to remove any reaction mixture or
products. The enzyme bioconversion assay was carried out for
10 successive cycles to check the efficacy of the biocatalyst in
recycling. The activity of immobilized xylose dehydrogenase in
the first cycle was taken as 100%.
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• There is a need for progressive and 
innovative strategies for the biomass 
value addition. 

• Xylose has to be utilized rationally for 
the commercial viability of 
biorefinaries. 

• Xylitol and xylonate are highly deman-
ded commodity chemicals in food and 
pharma industries. 

• There are natural and metabolically 
engineered strains utilizing xylose.  

A R T I C L E  I N F O   
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Xylonic acid 

A B S T R A C T   

Xylose, the most abundant pentose sugar of the hemicellulosic fraction of lignocellulosic biomass, has to be 
utilized rationally for the commercial viability of biorefineries. An effective pre-treatment strategy for the release 
of xylose from the biomass and an appropriate microbe of the status of an Industrial strain for the utilization of 
this pentose sugar are key challenges which need special attention for the economic success of the biomass value 
addition to chemicals. Xylitol and xylonic acid, the alcohol and acid derivatives of xylose are highly demanded 
commodity chemicals globally with plenty of applications in the food and pharma industries. This review 
emphasis on the natural and metabolically engineered strains utilizing xylose and the progressive and innovative 
fermentation strategies for the production and subsequent recovery of the above said chemicals from pre-treated 
biomass medium.   

1. Introduction 

Biomass holds an inexhaustible, far, wide and low-cost wellspring of 

sugars that can be used as renewable carbon source for the manufacture 
of synthetic compounds. Different horticultural build-ups contain 
around 20–30% hemicellulose (Iqbal et al., 2011). The second most 
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prevalent sugar in these hydrolysates is D-xylose (30–40 %), an impor-
tant bio-resource for diverse chemicals and added value products 
(Dhiman et al., 2012; Lachke, 2002; Moysés et al., 2016). Thus, plant 
biomass has the potential to be utilised as renewable source for a variety 
of fuels and chemicals. The conversion of xylose to ethanol has been the 
focus of much of these investigations (Mohd Azhar et al., 2017). How-
ever, several recent studies have demonstrated that bacteria can convert 
this pentose sugar to other valuable chemicals. (Kwak et al., 2017) Both 
indigenous or engineered microorganisms were reported in literature 
capable of producing variety of chemicals from biomass derived sugars 
(Isikgor and Remzi Becer, 2015). 

Xylose derived sugar alcohol and sugar acid i.e., xylitol and xylonic 
acid have gained much attention in the last decade and are still a 
thriving area of research (Kumar et al., 2018). Researchers contribute 
dedicated piece of works related to different pre-treatment strategies, 
strain improvement, advanced fermentation strategies to enhance the 
titre of these chemicals (Ghaffar et al., 2017; Sapcı et al., 2016; Takata 
et al., 2014). The gradual switching from C6 sugars to least utilized C5 
sugars of biomass is an important twist in the rapid growth of the 
alternate carbon source utilization in white biotechnology. 

2. Biomass as a raw material for value-added chemicals 

As an alternative resource, biomass, a renewable, carbon–neutral, 
abundant, and locally accessible raw material become a natural choice. 
Lignocellulose being a complex carbohydrate polymer composed of 
cellulose, hemicellulose and an aromatic polymer lignin as well as the 
rich source of C6 sugars and C5 sugars (Ruiz et al., 2013). Better 
exploitation of these sugars can support a diverse application in different 
industrial sectors like pharmaceuticals, food, cosmetics and agriculture. 
Sugars are primarily used as the source of energy and the xylose is used 
for the production of bioethanol, biobutanol, biopolymer, bio-hydrogen, 
1, 3-butanediol, 2, 3-propanediol, organic acids, furfural, xylitol, single- 
cell protein, amino acids and furans (furfural and 5-hydroxymethylfur-
ufral: precursors for polyester, nylon, fuel, plastic, resin, fine chem-
icals) (de Sá et al., 2020; Kim et al., 2017; Kudahettige-Nilsson et al., 
2015; Wu et al., 2018). 

Saccharification is the prime and most important step in the pro-
cessing of agricultural biomass. Chemical and enzymatic hydrolysis is 
the most prevalent saccharification techniques for the release and hy-
drolysis of polysaccharides in lignocellulosics. Chemical hydrolysis is of 
two types acid and alkali pre-treatment, where dilute acid treatment 
with hydrochloric acid, acetic acid and sulfuric acid is done for the 
maximal release of pentose sugars (Phwan et al., 2019). Combining 
microwave with a physical or chemical pre-treatment method increased 
decreasing fermentable sugar yields prior to the hydrolysis process by 
removing lignin or modifying the refractory biomass components. 
Another advantage of microwave pre-treatment is that the levels of in-
hibitor generated during the pre-treatment process chemicals were 
found to be insufficient to impede the fermentation process (Ethaib 
et al., 2014). Cellulose and lignin are likewise affected by steam ex-
plosion conditions. Cellulose molecules were disassembled and 
degraded to furfural at high pressures (5-hydroxymethylfurfural). Lignin 
undergoes condensation and cleavage processes that result in the for-
mation of acid insoluble lignin molecules. Donohoe et al., 2008 proposes 
that lignin is melting, flowing, and condensing as beads on the surface of 
the cellulose microfibrils and thus increasing porosity. Because of the 
removal of moisture and volatiles, as well as the thermal destruction of 
hemicelluloses, steam explosion treatment increases the calorific value 
of biomass. The carbon content of the biomass rises, while oxygen and 
hydrogen are eliminated. Because of the presence of hydroxyl (OH) 
groups in hemicellulose and cellulose, biomass has a high hygroscop-
icity. As the quantity of accessible hydroxyl groups reduced indicating 
the severity and effectiveness of the steam explosion process. Hemicel-
lulose removal alters the mechanical characteristics of the biomass 
(Stelte, 2013). 

Considering the cost analysis and operational conditions, dilute acid 
pre-treatment appears to be a more advantageous method for xylose 
recovery from biomass. Shen and Wyman (2011) introduced a kinetic 
model explaining enhanced xylose yield from dilute sulfuric acid where 
total xylose yield increased significantly to 93.1% for pre-treatment with 
sulfuric acid (0.5 %) at 160 ◦C for 40 min compared to hydrothermal 
pre-treatment with maximum total xylose yield was only 71.5% after 30 
min at 180 ◦C. 

The update of D-xylose, the most bountiful pentose, to value-added 
biochemicals is monetarily imperative to cutting edge biorefineries 
and here we review the reports on the production of two most wanted 
commodity chemicals derived from biomass xylose. 

3. Xylose assimilation network 

The metabolic routes of xylose have not received significant atten-
tion than those of other fermentable sugars, particularly glucose. Very 
few natural strains from archaea domain and yeast sps. were reported for 
xylose utilisation (Zhao et al., 2020). To maximise pentose utilisation, 
genetic engineering approach based on molecular rewiring has been 
applied to develop recombinant microbial strains with improved po-
tential to uptake and assimilate xylose (Kawaguchi et al., 2006; Wang 
et al., 2004). Xylose is primarily metabolised via three metabolic path-
ways: (i) the isomerase pathway; (ii) the oxidoreductase pathway; and 
(iii) the oxidative pathway, also known as the non-phosphorylative 
pathway (Cabulong et al., 2018) 

4. Sugar alcohols 

Sugar alcohols are molecules formed when the sugar aldo or keto 
group is reduced to the corresponding hydroxyl group, as the name 
suggests as such they are alcohols. Because sugars are polyhydroxy 
chemicals, the related sugar alcohols have only one extra group of al-
cohols, hence the group is also known as polyols, polyalcohols, or pol-
yhydric alcohols. Sugar alcohols are chemically, physiologically, and 
physically similar to sugars, to the point where some are sweet to the 
taste and one (xylitol) is being evaluated as a food sweetener. They are 
essentially similar to the plant sugar (typically ketose) in biogenesis and 
metabolism, and they replace sugar in many activities in many species, 
particularly fungus. As a result, it’s been rational to think of them as 
distinct sugar types in terms of their metabolic functions. (Awuci and 
Echeta, 2019). 

They are derived from their corresponding aldose sugars. Tetritols, 
pentitols and hexitols are more representative of sugar alcohols. There 
are three possible straight-chained tetritols; naturally occurring eryth-
ritol (mesoerythritol) and D-threitol, plus L-threitol. Ribitol (adonitol), 
xylitol, D-arabitol (D-arabinitol, D-lyxitol) and L-arabitol (L-arabinitol, 
L-lyxitol) are four pentitols, all of which are contained in nature. There 
are ten straight-chain hexitols, of which at least five occur in plants, and 
are possible: Sorbitol (D-glucitol), iditol (L-iditol, sorbierite), mannitol 
(D-mannitol), allitol (D- or L-allitol, allodulcitol) and galactitol (mel-
ampyrite, D- or L-galactitol, Dulcitol, mesogalactitol). Sorbitol, 
mannitol, galactitol and xylitol have been generated directly from 
lignocellulosic biomass such as Japanese cedar, eucalyptus, bagasse, 
empty fruit bunches, and rice straw (Aswal et al., 2002) Fig. 1 shows the 
general classification flow chart and Fig. 2, the chemical structure of 
major sugar alcohols. 

4.1. Xylitol 

According to the analysis conducted by the US Department of Energy 
on the development of bio-based fuels and fine chemicals, xylitol hits as 
one among the 12 platform chemicals with industrial importance. 
Xylitol, sugar alcohol, is naturally seen distributed in strawberries, 
plums and raspberries (Werpy et al., 2004). Xylitol being a penta hy-
droxy polyol found extensive application in food industry. The anti- 
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diabetic, anti-oxidant, anti-carcinogenic and other biochemical proper-
ties of xylitol extended their application in various sectors of nutra-
ceuticals. In industries different biomass derived xylose is chemically 
reduced to xyilitol, but the high energy requirement for industrial pro-
cesses along with the environmental concern raised by greenhouse gas 
emission and other toxic by-products (Ni 2 + ) demand a much green 
strategy for xylitol production (Su et al., 2015). 

4.1.1. Market value and demand 
Due to the increasing demand and per capita income the xylitol 

market will control the global economy by 2025 (grandviewresearch. 
com/global-xylitol-market). The rise in the incidence of lifestyle disor-
ders like obesity, heart disease and diabetes has fueled demand for low- 
calorie sweeteners. Xylitol’s health benefits, such as its anti-cavity 
characteristics and low glycemic index, have spurred its use in a vari-
ety of applications. The Asia Pacific region’s growing demand for con-
fectionery, sugar-free chewing gum and oral care product plays the 
pivotal role in driving the worldwide xylitol market. In terms of appli-
cation the multiple health benefits connected with xylitol like its pro-
tection against tooth and enamel decay, cavities and demineralization, 
and increasing interest for it in chewing gum is predicted to increase in 
the forthcoming years. Due to increased consumer health awareness, the 

chewing gum application segment is expected to expand at the fastest 
CAGR of 6.2 percent from 2016 to 2025 (grandviewresearch.com/ 
global-xylitol-market). One of the major xylitol producer is Shanghai 
just import and export Co., Ltd China. This company alone produces 
approximately 55,000 tonnes of xylitol per year. The introduction of 
novel xylitol extraction technology is enabling large xylitol producers to 
cut their production costs and environmental footprint. 

4.1.2. Xylitol production from biomass by natural and engineered strains 
Several natural microbial producers were reported for the produc-

tion of xylitol from pure xylose, but very few stated the potential of 
utilizing biomass derived xylose for xylitol synthesis. Corynebacterium 
sps was the first among the natural bacteria ever reported for xylitol 
production from xylose way back in 1970. Yeast species such as Pichia, 
Saccharomyces, Candida and Rhodotorula are natural producers of xylitol 
from pure xylose (Borokhova and Mikhailova, 1996; Granström et al., 
2005; Xu et al., 2011). However, as an effort to find alternative carbon 
sources, the implication of metabolic engineering strategies created an 
opportunity for the microbes to alter their genetic make-up. As a result, 
new recombinant strains were introduced for xylitol production. 

4.1.2.1. Natural strains producing xylitol from biomass. Among the 

Fig. 1. Classification of sugar alcohols.  
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Fig. 2. Sugar alcohols and their chemical structure.  
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microbial community, Candida species are the major xylitol producers 
(Granström et al., 2007; Li et al., 2015; Mateo et al., 2015). Candida 
tropicalis effectively exploited to convert hemicellulosic hydrolysate 
from corn cob to xylitol (Li et al., 2015). Detoxified acid hydrolysate of 
birch wood was used for xylitol production using Candida magnolia 
(xylitol yield 0.74 g xylitol/g xylose, volumetric productivity 1.0 g/L/h) 
(Miura et al., 2015). Xylitol production from various hemicelluloses 
hydrolysates without detoxification using adapted strains of Candida 
tropicalis and Candida magnoliae have achieved, and the maximum 
production was 71 % (w/w) (Huang et al., 2011; Misra et al., 2013; Tada 
et al., 2012). Rapeseed straw hemicellulosic hydrolysate used as the 
carbon source by two yeast strains Candida guilliermondii and Debar-
yomyces hansenii for xylitol production. Candida guilliermondii showed 
increased tolerance to inhibitors than D. hansenii (López-Linares et al., 
2018). Candida intermedia a novel yeast strain reported for single-cell 
protein and xylitol production from corn cob hydrolysate. The strain 
was tolerant to inhibitors like acetic acid, syringaldehyde and furfural in 
the hydrolysate and produced 45.7 g/L xylitol from xylose with the 
productivity of 0.38 g/L/h and the yield of 

0.57 g/g xylose (Wu et al., 2018). Candida tropicalis M43 expanded 
its substrate spectrum to chestnut hull hydrolysate where optimization 
of detoxification parameters and concentration level achieved higher 
xylitol concentration of 6.30 g/L with productivity and yield of 0.11 g/ 
L/h and 19.13 % respectively (Eryasar-Orer, 2021). Candida mogi 
demonstrated high xylitol production potential of 20.19 g and yield of 
0.89 g/g xylose ingested after 120 h fermentation from prairie cordgrass 
hydrolysate (Rudrangi and West, 2020). Candida tropicalis exhibited 
high tolerance to acid hydrolysate of sugarcane bagasse at lower pH 
(4.6) and produced 109.5 g/L xylitol with a yield of 0.86 g/g of xylose, 
and with a productivity of 2.81 g/L/h, from biomass (Morais et al., 
2019). Sisal fiber is one of the low-cost and readily available lignocel-
lulosic materials with higher hemicellulosic than other biomass. 
C. tropicalis fermented sisal fiber hydrolysate, for the combined pro-
duction of xylitol (0.32 g/g) and ethanol (0.27 g/g) without any 
detoxification steps (Damião Xavier et al., 2018). 

After Candida sps, Scheffersomyces amazonensis from the yeast family 
reported for the efficient xylitol production from biomass i.e., xylitol 
yield of (1.04 g/g) from rice hull hydrolysate (Cadete et al., 2016). 
Barnettozyma populi, a newly isolated yeast strain selectively produced 
xylitol from mixed sugars i.e, both xylose and arabinose in corn stover 
hemicellulosic hydrolysate. Cyberlindner asaturnus, tropical mangrove 
yeast could grow and assimilate xylose, yielding, a massive proportion of 
xylitol (38.63 g/L). After 144 h of growth on corn cob hydrolysate (CCH) 
containing 65 g/L xylose, a maximum yield of 0.54 g/g was attained by 
C.asaturnus (Kamat et al., 2013). Rissi et al., (2018) introduced macro 
basidiomycete for sugar alcohol production from plant biomass. Tra-
metes membranacea simultaneously produced ethanol and xylitol from 
enzymatic hydrolysate of sugar cane bagasse. Pichia fermentans also 
produced high levels of xylitol from sugarcane bagasse (SCB) and olive 
pit (OP) hydrolysates. A co-fermentation technique to assess Pichia fer-
mentans’ capacity for xylitol production yielded 86.6 g/L and 71.9 g/L 
from SCB and OP hydrolysates respectively (Narisetty et al., 2021). 

Rarely, some enzymatic conversion of xylose to xylitol was also re-
ported. Enzymatic production of bio-xylitol from saw dust hydrolysate i. 
e., using xylose reductase (XR) from Candida tropicalis isolated for the 
bio-xylitol production with a yield of 71 % (w/w) (Rafiqul et al., 2015) 

4.1.2.2. Xylitol producing pathway from xylose. Xylose isomerase (XI) 
pathway: Xylose is assimilated by converting xylose to xylulose and then 
phosphorylating it to xylulose-5-phosphate, which is then metabolised 
in the pentose phosphate pathway (Cunha et al., 2019; Pal et al., 2013). 
This is commonly employed by prokaryotes, notably by E. coli and Ba-
cillus sp., (Lawlis et al., 1984; Lokman et al., 1991; Rygus et al., 1991; 
Stephens et al., 2007). In detail, the enzyme xylose isomerase initially 
metabolise xylose to xylulose in the isomerase pathway. Xylose kinase 

then phosphorylates xylulose to xylulose-5-phosphate. 
The oxidoreductase pathway also known as the xylose reductase 

(XR) and xylose dehydrogenase (XDH) pathway (XR-XDH pathway) 
where XR catalyse direct reduction of xylose to xylitol, preferentially 
using NADPH as cofactor; xylitol then subsequently oxidised to xylulose 
via xylitol dehydrogenase, solely using NAD + as cofactor and enters 
pentose phosphate pathway as xylulose-5-phosphate via phosphoryla-
tion by xylose kinase (Fig. 3.). Both xylose dehydrogenase and xylose 
reductase are co-factor (NAD + and NADP + ) dependent enzymes. The 
regeneration and availability of co-factor is indispensable in microbial 
xylitol production. The oxido-redutase pathway is found mostly in 
eukaryotic bacteria (Kwak and Jin, 2017). 

4.1.2.3. Engineered strains reported for xylitol production. Recombinant 
E. coli was introduced for the xylitol production from lignocellulosic 
hydrolysate. Xylose reductase gene from Neurospora crassa was cloned 
into E. coli for the assimilation of pentose sugar, along with which the 
PEP phosphotransferase system (ptsG) was disrupted to eliminate CCR 
mechanism enabling uptake of both xylose and glucose. Two genes xylA 
and xylB encoding xylose isomerase and xylose kinase were also 
removed inhibiting xylose catabolism in E.coli. The recombinant strain 
effectively produced xylitol from hemicellulosic sugar (Su et al., 2015). 
Xylose reductase, for xylose utilisation, and glucose dehydrogenase, for 
gluconic acid production, were expressed in E. coli and used as a whole- 
cell catalyst for the conversion of cornstalk hydrolysate derived xylose 
into xylitol coupled with gluconate production (Chang et al., 2018). 
Based on this, a combinatorial strategy, deleting ptsG gene along with 
crp mutation was applied for efficient xylitol synthesis from corncob 
hydrolysates (Yuan et al., 2020). 

Corynebacterium glutamicum, one of the potent industrial hosts 
exploited for producing diverse biochemicals. Dhar et al., (2016) re-
ported xylitol production from lignocellulosic pentose sugars using 
genetically engineered C. glutamicum. Heterologous expression of xylose 
reductase (xr) gene along with the co-expression of three different 
polycistronic genes from different microbial sources resulted in the 
direct conversion of sorghum stover derived pentoses into xylitol. The 
recombinant strain synthesised 27 ± 0.3 g/L xylitol from sorghum stover 
liquor (SAPL) which was comparable to the production from synthetic 
source (31 ± 0.5 g/L). 

Lack of xylose assimilating metabolic network in Saccharomyces 
cerevisiae and its sensitivity towards biomass inhibitors are crucial bar-
riers to the economical production of lignocellulosic biofuels. This 
problem was resolved through a genetic approach i.e., cell surface en-
gineering of S. cerevisiae. Cell surface display of xylose reductase (XR) 
along with xylan degrading enzymes directly converted the rice straw 
hydrolysate derived xylose to xylitol. Further nanofiltration technology 
for inhibitor removal facilitated better xylitol yield in bioprocessing 
(Guirimand et al., 2016). Later, cell surface expression of critical genes 
showed double the increment in xylitol productivity i.e 0.54 g/g xylose 
from cellobiose/xylose co-utilization (Guirimand et al., 2019). 
S. cerevisiae was genetically engineered to overexpress a xylose trans-
porter gene SUT1 and an aldose reductase gene GRE3 for xylitol pro-
duction from corn cob hydrolysate (Kogje and Ghosalkar, 2017). 
Saccharomyces cerevisiae strains tolerant to WXML (Waste Xylose Mother 
Liquor) were given the ability to express xylose reductase, pentose 
transporter, and pentose phosphate pathway enzymes and this strain 
showed a significant capacity to produce xylitol from xylose in WXML 
(He et al., 2021). In addition, Pichia fermentans, a novel yeast strain for 
sugar alcohol synthesis from agro-residual hydrolysate was recently 
identified. Chemical mutagenesis of xylose-assimilating P. fermentans 
with ethyl methane sulphonate (EMS) produced a mutant strain with the 
highest xylose bioconversion efficiency (Prabhu et al., 2020). 

Zhang et al (2021) engineered Candida tropicalis, an uracil deficient 
mutant strain, for xylitol fermentation from XML (Xylose Mother Li-
quor). Gene deletion to block xylitol assimilation and heterologous 
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expression of dehydrogenase genes (for NADPH regeneration system) 
from Yarrowia lipolytica created a recombinant strain and it produced 
97.10 g/L xylitol from 300 g/L XML within 120 h fermentation. 

4.1.3. Innovative production strategies for xylitol 
A novel process of integrated inhibitor degradation, explaining 

xylitol and ethanol fermentation by Candida tropicalis W103 from acid 
pre-treated and non-detoxified corncob hydrolysate was put forward by 
the researchers. C. tropicalis W103 degraded furfural, acetate and 
hydroxymethylfurfural totally after 60 h fermentation. 17.1 g/L xylitol 
and 25.3 g/L ethanol was produced corresponding to 82 % of theoretical 
yield (Cheng et al., 2014). Complementing Candida tropicalis, Bacillus 
subtilis was modified for one-pot biotransformation of waste xylose 
mother liquor (WXML) to xylitol, this study demonstrates that one-pot 
process a feasible choice for the value addition of WXML to produce 
platform chemicals increasing its economic value (Wang et al., 2016a, 
Wang et al., 2016b). 

Tathod and Dhepe, (2015) developed a one-pot method for directly 
converting hemicellulosic and agricultural wastes into sugar alcohol. Pt- 
Sn bimetallic catalyst (PtSn/c-Al2O3) is used for the conversion of sub-
strates like C6 sugars, C5 sugars, hemicelluloses and agricultural wastes 
into sugar alcohols. An efficient bimetallic catalyst mediated conversion 
of biomass into sugar alcohol in a wide range of reaction conditions 
attained with higher yield (49–72%) and recyclability. The immobili-
sation and application of recombinant E. coli co-expressing XR and GDH 
for xylitol synthesis proved successful. The maximal activity recovery 
after immobilisation was 80.3 percent. The immobilised cells were sta-
ble in terms of pH, temperature, and functioning. Batch tests revealed 
that the immobilised cells could retain 70.5 percent of their initial ac-
tivity after being recycled 10 times, and yielded 11.5 g/L xylitol from 
waste xylose mother liquor (Jin et al., 2019). 

Two-step transformation into xylitol i.e., phosphorous oxoacid 
mediated hydrothermal processing followed by Pd/C catalytic hydro-
genation of napier grass was attempted by Takata and team. Xylose 
obtained by phosphorous acid (3.0 wt%) hydrothermal treatment from 
the napier grass was subsequently converted into xylitol by Pd/c (5.0 wt 
%) hydrogenation with 51.6 % yield of xylan (Takata et al., 2014). 
Phosphorus oxoacids, can replace sulphuric acid for biomass pretreat-
ment as it is eco-friendly and less corrosive. It is also effective in high 
pentose release while decreasing inhibitor concentration, and the re-
sidual phosphate salts are used as micro-nutrients and fertilizers (Leni-
han et al., 2010; Orozco et al., 2011). 

Apart from free cells, immobilized cells were also reported for xylitol 
production. Calcium alginate immobilised Candida cells produced 
xylitol from poplar wood hydrolysate with a novel detoxification tech-
nique. Process combination for inhibitor degradation, where hemicel-
lulose hydrolysate detoxified employing a unique method of vacuum 

evaporation followed by removal of inhibitors by solvent separation, 
producing toxin free hydrolysate while preserving high quantities of C5 
and C6 sugars (Dalli et al., 2017). Another technique i.e., soaking in 
aqueous ammonia (SAA) was the pre-treatment strategy used to mini-
mise the inhibitors and the detoxified corncob hydrolysate was sub-
jected to fermentation by immobilized Candida cells for xylitol 
production and the results showed higher productivity using detoxified 
corn cob hydrolysate as substrate (Deng et al., 2014). 

Ultra-sonication assisted production of xylitol using C. tropicalis from 
biomass, C. tropicalis immobilized on PU foam applied with 37 kHz 
sonication during fermentation under optimum condition resulted in 
intensified fermentation kinetics with xylitol yield of 0.66 g/g xylose in 
15 h. Optimization of operational parameter, i.e, steam pre-treatment of 
24 hr pre-soaked (in H2SO4) rice straw at 121 ◦C for 30 min and 
neutralization with barium hydroxide, produced notably reduced HMF 
and furfurals. C. tropicalis fermented rice straw hydrolysate with 0.6 g/g 
yield (Singh et al., 2021). 

A kind of Inhibitor add-on technique was also reported like the 
presence of inhibitor derived from lignocellulosic biomass enhances the 
xylose metabolism in Candida magnoliae. The fermentation medium 
supplemented with furfural and glucose enhanced xylitol production 
from xylose in C. magnoliae. After fermentation, a significant production 
rate (0.169 g/g h) and productivity (1.04 g/L/h) were maintained 
whereas in the absence of inhibitors and sugars, the overall production 
rate decreased below 35 % (Wannawilai et al., 2017). 

Combined fermentation i.e., fermentation by Kluyveromyces and 
Saccharomyces cerevisiae for xylitol production from wheat bran-corn 
cob hydrolysates. Acid hydrolysis followed by enzymatic hydrolysis 
and combined microbial fermentation resulted in high yields and pro-
ductivity of xylitol from both wheat bran and corn cob biomass (Ghaffar 
et al., 2017). Candida guilliermondii and Kluyveromyces marxianus har-
bouring xylose reductase and xylitol dehydrogenase metabolized xylose 
present in apple pomace for alcohol production. Candida guilliermondii 
produced xylitol (9.35 g/L) whereas Kluyveromyces marxianus produced 
both xylitol (9.10 g/L) and ethanol (10.47 g/L) adding value to apple 
pomace raw materials as well as apple production chain (Leonel et al., 
2020). Kluyveromyces marxianus could ferment biomass derived sugars 
for ethanol and xylitol production. A suitable expression cassette har-
bouring xylose reductase was constructed and incorporated in 
K. marxianus. The modified strain produced 58.62 ± 0.15 g of xylitol 
along with ethanol, to be used as a single biocatalyst for multiproduct 
biorefinery application (Dasgupta et al., 2019). 

A detoxification procedure for inhibitor elimination from corn cob 
hydrolysate has been devised for optimum xylitol synthesis and recov-
ery. Corn cob acid hydrolysate was successfully removed from 60 
percent salts and 90 percent phenolic compounds using an optimised 
technique. Candida tropicalis fermentation performance was greatly 

Fig. 3. Xylitol biosynthetic pathway. 
Xylose enters the cell via xylose trans-
porter (xylE). Oxido-reductive pathway; 
Xylose is catalytically converted to 
xylitol by xylose reductase (XR) fol-
lowed by reduction of xylitol to xylulose 
by the enzyme xylitol dehydrogenase 
(XDH). Xylulokinase (XK) phosphory-
lates xylulose to xylulose-5-phosphate 
and enters the PP Pathway. Isomerase 
pathway; Xylose is directly converted to 
xylulose by xylose isomerase (XI) and 
enters PP Pathway as xylulose-5- 
phosphate.   
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improved, with the detoxification process and through downstream 
processing of carbonation, ion exchange, and activated charcoal, xylitol 
purity of above 90% was obtained (Kumar et al., 2019). 

An interesting two-stage fermentation strategy was employed, where 
both ethanol and xylitol were co-produced from corn cob hydrolysate 
using K. marxianus (Du et al., 2020). S. cerevisiae PE-2 strain with an 
innate potential of accumulating xylitol was overexpressed with GRE-3 
and xylose reductase gene from Pichia stipites for xylitol production. The 
recombinant strain fermented xylose to xylitol in a whole slurry of corn 
cob hydrolysate (Baptista et al., 2018). Table 1 summarises the yield and 
volumetric productivity of xylitol reported for different microbial strains 
(natural and engineered) from biomass. 

4.1.4. Recovery and purification of xylitol from fermented broth 
Purity is an important criterion for pharmaceutical and nutraceutical 

substances. Colorants, cell debris, residual sugars and other organic 
compounds are among the impurities in fermentation broth that must be 
removed in order to produce a high-quality end-product. Activated 
charcoal treatment is highly efficient for broth clarification and removal 
of colorants. To remove ionic/charged contaminants, ion-exchange 
resins (cation and anion-exchange resins) are also used. Cation- 
exchange resins are employed for the removal of salts and other posi-
tively charged organic chemicals, while anion exchange resins are for 
eliminating anionic coloured compounds. The use of activated charcoal 
in combination with ion exchange resins is an efficient and cost-effective 
technique to remove the majority of contaminants (Silva et al., 2020; 
Martínez et al., 2015). Nanofiltration (NF) membranes are used to 
separate molecules based on particle size differences. Faneer et al., 
(2017) developed a polyethersulfone NF membrane for the recovery of 
xylitol from other contaminants with higher purity. More than 90% of 
xylitol and a tiny fraction of sugars were preserved after nanofiltration 
with a polyethersulfone NF membrane from the fermentation broth. 

5. Sugar acid 

Sugar acids are mainly synthesised via oxidation of corresponding 
mono or oligosaccharides. Both chemical and biological methods are 
used for sugar acid production. Aldonic, aldaric, and uronic acids are the 

three major class of sugar acids. The biorefinery concept of producing 
biofuels and commodity chemicals from natural resource is gaining high 
interest due to its replacement with those produced from petroleum 
basis along with which sugar acids are also generating a lot of attention 
due to their potential as high value chemicals, and specifically as pre-
cursors of bio-plastics. Sugar acids are used as latent acid in food in-
dustry, and other application as pH regulator, sequestering agent and in 
pharmaceuticals. Xylose derived, sugar acid, xylonic acid generate in-
terest as of the use of this molecule in the manufacture of synthetic 
polymers, including polyamides, polyesters and hydrogels. Further 
advancement of this xylonic acid would result in higher production 
volumes and thus help sustain the next generation biorefineries (Mehtiö 
et al., 2016). 

5.1. Xylonic acid 

D-xylonic acid, an oxidised five carbon derivative of xylose, is an 
excellent chemical platform with multifarious applications in the food, 
medicinal and agricultural fields. It is regarded as one of the top 30 
highest-value chemicals by the U.S. National Renewable Energy Labo-
ratory (NREL) and finds a number of applications in different fields as 
precursor for synthesis of 1,2,4-butanetriol, chelator and polyamides 
(Toivari et al., 2012a). The two potential routes for the synthesis of 
xylonic acid are chemical and biological oxidation. In chemical process 
XA oxidation is through a chemical catalyst (Pt/Au). In biological pro-
cess biocatalysts dehydrogenase and lactonase oxidise xylose into XA. 
Biological oxidation is more sustainable, eco-friendly and cost-effective 
for industrial need compared to chemical process due to the lack of 
selectivity of the process (Mathews et al., 2015). 

5.2. Xylonic acid production from biomass by natural and engineered 
strains 

5.2.1. Native producers of xylonate 
The biological conversion of pentoses to pentanoic acid is mainly 

attained by aerobic bacterial fermentation. At the end of the nineteenth 
century, microbial production of xylonate was recognised from pure 
xylose and several species like Gluconobacter, P. sacchari, Pseudomonas, 

Table 1 
Microbial species reported for the production of xylitol from biomass.  

Species Yield (g/ 
g) 

Biomass Volumetric productivity (g/L/ 
h) 

Reference 

Candida tropicalis JA2  0.86 Sugarcane bagasse  2.81 Morais Junior et al., 2019 
Candida guilliermondii FTI 20,037  0.6 Sugarcane straw  0.34 Hernández-Pérez et al., 2016 
Pichia fermentans  0.54 Sugarcane bagasse  – Prabhu et al., 2020 
Candida boidinii XMO2G  0.52 Cocoa pod husk hemi-cellulose 

hydrolysate  
– Santana et al., 2018 

Candida Tropicalis Kuen 1022  – Cotton Stalk  0.06 Sapcı et al., 2016 
Saccharomyces cerevisiae PE − 2 strain  0.93 Corncob  0.54 Baptista et al., 2018 
Candida Tropicalis MTCC 6192  0.6 Rice Straw  – Singh et al., 2021 
E. coli  – Corncob  1.40 Su et al., 2015 
Candida tropicalis X828 & Bacillus Subtilis Bs 

12  
0.75 Waste Xylose Mother Liquor  – Wang et al., 2016a, Wang et al., 

2016b 
Candida magnoliae TISTR 5663  – Furfural  1.04 Wannawilai et al., 2017 
Scheffersomyces amazonensis  1.04 Rice hull hydrolysate (RHH)  – Cadete et al., 2016 
Candida tropicalis  0.32 Corncob  – Cheng et al., 2014 
Kluyveromyces maxxianus  0.82 Corncob  – Du et al., 2020 
Saccharomyces cerevisiae& Kluyveromyces  87.716 Wheat straw & Corn cob  0.018 Ghaffar et al., 2017 
Candida tropicalis JH 030  0.71 Rice straw hydrolysate  – Huang et al., 2011 
Cyberlindnera saturnus  0.54 Corncob  – Kamat et al., 2013 
Saccharomyces cerevisiae  – Corncob  0.212 Kogje and Ghosalkar, 2017 
Debaromyces hansenii  0.45 Rapeseed straw  – López-Linares et al., 2018 
Candida guilliermondii  0.55 Rapeseed straw  – López-Linares et al., 2018 
Candida tropicalis NBRC 0618  1.20 Olive pruning  – Mateo et al., 2015 
Candida magnoliae  0.74 Birch wood hydrolysate  1.0 Miura et al., 2015 
Candida intermedia FL023  0.57 Corncob  0.38 Wu et al., 2018 
Candida tropicalis CCT 1516  0.32 Sisal fiber hemicellulose hydrolysate  – Damião Xavier et al., 2018 
E. coli W3110  – Corncob  3.04 Yuan et al., 2020  
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Pseudoduganella, Erwinia and other microorganisms were reported to 
produce xylonic acid (Bondar et al., 2021; Sundar Lekshmi et al., 2019; 
Toivari et al., 2012a). Burkholderi sacchari is a well-known industrial 
producer strain with a high capacity for incorporation into a bio refinery 
that uses biomass residues. The wild-type B. sacchari produced both 
xylitol and xylonic acid comparable with other high production hosts. 
The genetic level rewiring of its metabolic route, along with improve-
ments in molecular modification methods and a better knowledge of 
metabolic fluxes through upcoming studies, will integrate its potential 
as a micro-production platform (Oliveira-Filho et al., 2021). Native 
xylonic acid producers, yield and titre reported are compiled in Table 2. 
For the production of xylonate with theoretical yield, metabolic engi-
neering approaches based on genetic modulation were introduced in the 
2000 s. 

5.2.2. Xylonic acid biosynthetic pathway 
The oxidative pathway is divided into two routes: The Weimberg 

pathway and the Dahms pathways (Fig. 4). Native bacteria such as G. 
oxydans B. xenovorans, P.sacchari, C.crescentus, and P.taiwanensis utilise 
this pathway to assimilate xylose into D-xylonolactone via enzyme 
xylose dehydrogenase (XDH) (Köhler et al., 2015; McClintock et al., 
2017; Stephens et al., 2007). D-xylonolactone is then converted to D- 
xylonic acid by xylonolactonase (XL), which is further converted to the 
common intermediate, 2-keto-3-deoxy-xylonate, between the two 
pathways. 2-keto-3-deoxy-xylonate is converted to ά-ketoglutarate via 

the Weimberg pathway, alternatively 2-keto-3-deoxy-xylonate is 
hydrolysed to pyruvate and glucoaldehyde via the Dahms pathway 
(Brüsseler et al., 2019). 

The non-phosphorylative metabolic route has significant advantages 
over the oxidoredutase and isomerase pathways as it directly transforms 
D-xylose to pyruvate and -ketoglutarate without entering PPP, reducing 
enzymatic conversions and ATP consumption. The incorporation of 
oxidative pathway enzymes aided the evolution of new recombinant 
strains producing a variety of useful chemicals (Bañares et al., 2021; 
Domingues et al., 2021). 

5.2.3. Engineered strains producing xylonate 
E. coli is an interesting model for producing biotechnologically 

valuable chemicals, because its metabolic routes and physiology are well 
understood, and there are several genetic and bioinformatic tools 
accessible. However, its prime genetic pathway for xylose metabolism is 
the XI pathway, E.coli does not natively produce xylonate from xylose. 
Nevertheless, metabolic engineering can be used to get around this 
limitation. In fact, the genetically modified strain accumulated xylonic 
acid after co-expression of two genes encoding xylose dehydrogenase 
(xdh) and xylonolactonase (xylC) from a heterologous Gram negative 
bacteria Caulobacter crescentus, as well as deletion of the genes encoding 
xylose isomerase and xylose kinase to block xylose utilisation via its 
native xylose isomerase pathway (Cao et al., 2013; Liu et al., 2012a). 
After E. coli, very recently Corynebacterium glutamicum has been reported 
for its potential in xylonic acid production from agro-residue. Coryne-
bacterium glutamicum is a potent industrial host reported for the pro-
duction of diverse products like organic acids, alcohols, vitamins, 
recombinant proteins, nucleic acid, sugar alcohol, etc. In 2017 Yim et al 
explored Corynebacterium glutamicum for its potential in bioconversion 
of hemicellulosic biomass into speciality chemicals i.e xylan into xylonic 
acid. Heterologous expression of xylose specific transporter gene, xylE, 
of Escherichia coli along with xylose dehydrogenase and xylonolactonase 
genes, involved in xylonic acid metabolism, from Caulobacter crescentus 
were cloned for xylonic acid production. The metabolically engineered 
C. glutamicum successfully produced xylonic acid from biomass (Yim 
et al., 2017). Based on this, Sundar et al (2020) carried out metabolic 
engineering in C. glutamicum ATCC 31831, where incorporation of 
xylose dehydrogenase and xylonolactonase into the central metabolic 
pathway produced a recombinant strain successfully converting xylose, 
derived from rice straw hydrolysate, into xylonic acid. The relatively 
high conversion efficiency of this organism is owing to the presence of 
an inbuilt AraE pentose transporter, which facilitates the intake of C5 
sugars promoting pentose metabolism (Sundar et al., 2020). D-xylose 
dehydrogenase gene from Caulobacter crescentus was also expressed in 
yeast Pichia kudriavzevii VTT C-79090 T for xylonic acid production and 
the modified strain showed 100% conversion (Toivari et al., 2013). 
Herrera et al., (2021) engineered Zymomonas mobilis for conversion of 
sugarcane bagasse derived xylose to xylonic acid. The recombinant 
strain expressing xylose dehydrogenase gene (of Paraburkholderia xen-
ovorans) allowed effective production of xylonic acid in shake flasks. The 
yeasts Saccharomyces cerevisiae and Kluyveromyces lactis were also 
modified in such a way showing the potential of prokaryotic systems for 
xylonic acid production (Nygård et al., 2011; Toivari et al., 2012a). The 
studies on this sugar acid took a deviation to the practical application of 
xylonic acid as a concrete add-mixture in 2018. Zhou et al., (2018) 
exploited G. oxydans for xylonic acid production from wheat straw hy-
drolysate as an economical source for industrial application. High titer 
of upto 210 g xylonic acid was produced by G. oxydans within one day 
catalysis (Han et al., 2021). Calcium xylonate from lignocellulosic pre- 
hydrolysate (CXL) demonstrated to be a promising commercial precur-
sor for concrete add-mixture with improved characteristics as a potential 
water reducer with high retardation capacity and compressive strength 
reinforcement and as a cost-competitive approach it has boosted the 
comprehensive utilization of lignocellulosic for xylonic acid production. 

Klebsiella pneumonia a mutant strain (Δ gad) reported for producing 

Table 2 
Native strains reported for xylonic acid production.  

Species Yield 
(g/g) 

Titer 
(g/L) 

Volumetric 
productivity 
(g/L/h) 

Process Reference 

Gluconobacter 
oxydans ATCC 
621 

1.1 109 2.5 Batch Toivari 
et al., 
2012a 

Gluconobacter 
oxydans ATCC 
621 

1.1 51 1.8 Batch VTT 

Gluconobacter 
oxydans ATCC 
621 

1.0 41 1.0 Batch VTT 

Gluconobacter 
oxydans DSM 
2003 

– 66.42 – Batch Zhang 
et al., 2017 

Gluconobacter 
oxydans DSM 
2003 

0.9 38.86 – Batch Zhang 
et al., 2016 

Gluconobacter 
oxydans NL71  

143.6 4.48 Batch Dai et al., 
2020 

Gluconobacter 
oxydans NL71 

0.98 586.3 4.69 Batch Zhou et al., 
2015 

Gluconobacter 
oxydans 

– 329 6.7 Batch Zhou and 
Xu, 2019 

Gluconobacter 
oxydans  

102.3 – Batch Zhou et al., 
2016 

Gluconobacter 
oxydans NL71 

0.9 54.97 – Batch Zhu et al., 
2015 

Enterobacter 
cloacae 

~ 1 190 ~ 1 Batch Ishizaki 
et al., 1973 

Pseudomonas fragi 
ATCC 4973 

1.1 162 1.4 Batch Buchert and 
Viikari 
1988 

Pichia kudriavzevii 1.0 171 1.4 Fed- 
Batch 

Toivari 
et al., 2013 

Klebsiella 
pneumoniae 

1.11 103 1.30 Fed- 
Batch 

Wang et al., 
2016a, 
Wang et al., 
2016b 

Paraburkholderia 
sacchari 

1.11 390 6.41 Fed- 
Batch 

Bondar 
et al., 2021 

Pseudoduganella 
danionis 

0.65 6.5 – Batch Sundar 
Lekshmi 
et al., 2019  
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Fig. 4. Xylose oxidative pathway for xylonic acid biosynthesis. Xylose is converted to xylonolactone by xylose dehydrogenase (XDH) and then to xylonic acid by 
xylonolactonase (XL). Xylonic acid again converted to 2-keto 3-deoxy D-xylonate by xylonate dehydratase (XD). 2-keto 3-deoxy D-xylonate is the common inter-
mediate in both the Dahm’s pathway and Weimberg pathway. In Dahm’s pathway 2-keto 3-deoxy D-xylonate splits into pyruvate and glycoaldehyde via enzyme 
aldolase (AD) pyruvate enters into TCA cycle as acetyl CoA, glycoaldehyde again converted to ethylene glycol via aldehyde dehydrogenase (ALR) and/or converted to 
glycolic acid via aldehyde dehydrogenase (AlDH), whereas in Weimberg pathway 2-keto 3-deoxy D-xylonate is oxidised to ά-keto-glutarate semi-aldehyde by Keto- 
deoxy-Xylonate dehydratase (KdxD) and then enters TCA cycle as ά-keto-glutarate by the enzymatic action of a-keto glutarate semi-aldehyde dehydroge-
nase (KGSADH). 
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both gluconic acid and xylonic acid from bamboo hydrolysate, where 14 
g/L xylonate and 33 g/L gluconate were produced (Wang et al., 2016a, 
Wang et al., 2016b). G. oxydans the natural xylonate producer that has 
undergone extensive studied for this metabolite’s synthesis reported 
with maximum yield of 586 g/L (Zhou et al., 2015). Miao et al., 2015, 
sequenced the complete genome of G. oxydans NL 71 to understand the 
overall metabolism of xylose as well as the genome sequence elucidation 
paved the basis for both evolutionary studies and in the enhancement of 
the organism’s biotechnological applications. This whole genome data is 
influential in understanding the metabolic mechanism occurring in the 
bacterial cells for the biotransformation of xylose into xylonic acid and 
the cellular resistance towards highly concentrated xylonic acid, xylose 
and inhibitors in the crude lignocellulosic hydrolysate. Table.3 compiles 
the metabolically engineered strains reported for xylonic acid 
production. 

CRISPR-Cas9 technology is a dynamic genome editing tool, the vast 
scope of this technology will change the near future of biotechnology. A 
transitory CRISPR-Cas9 gene editing in Candida glycerinogenes enabled 
the co-production of xylonic acid and ethanol from lignocellulosic hy-
drolysate. For decades, Candida glycerinogenes, a potent industrial yeast 
with strong inhibitor resistance, has been used to produce glycerol. The 
absence of reduction division, whole genome, and the dearth of mo-
lecular tools, however, limited its genetic manipulation. The CRISPR- 
Cas9 system altered the genetic make-up of C. glycerinogenes. Single 
and multiple gene knock-outs were produced by targeting counter 
selectable marker genes (TRP1, URA3), and the auxotroph created 
employed as a background for targeting other genes (HOG1) with an 80 
percent mutation efficiency. Furthermore, by knocking in the xylose 
dehydrogenase gene, a recombinant C. glycerinogenes strain was created, 
co-producing both ethanol (28 g/L) and xylonic acid (9 g/L) from xylose 
rich biomass hydrolysate. This strategy could countersign to unlock the 
application of CRISPR-cas9 genome editing in more organisms paving 
pathways producing diverse biochemicals (Zhu et al., 2019). 

5.3. Improvised bioprocesses and xylonic acid recovery 

Hou et al., (2018) illustrated the cascade hydrolysis and fermenta-
tion (CHF) strategy for the co-production of both gluconic acid and 
xylonic acid from highly viscous corn stover hydrolysate slurry. The 
high fermentation product yields of gluconic and xylonic acid (118.9 g/L 
and 59.3 g/L respectively) were reported exploiting Gluconobacter oxy-
dans DSM 2003. This study signifies the economy and efficacy of CHF 
over traditional distinct hydrolysis and fermentation (SHF) as a practical 
fermentation strategy to be broadly extended to other value-added 
chemicals. Powdered activated carbon treatment improves xylonate 
synthesis from hemicellulose pre-hydrolysate. The use of powdered 
activated carbon lowered the viscosity of concentrated pre-hydrolysate 
and other non-sugar molecules, allowing lignocellulosic xylonic acid 
synthesis to be scaled up in an air-aerated and agitated bioreactor (Dai 
et al., 2020). Using straw pulping solid residue, a unique bio-refinery 
sequence was created, providing a variety of co-products such as 
xylonic acid, nitrogen fertiliser and ethanol. This method employs 
neutral sulfite pretreatment, which resulted in 64.3 % delignification 
and also preserving cellulose and xylan (90 and 67.3%) under optimal 
conditions. Semi-simultaneous saccharification and fermentation (S- 
SSF) and bio-catalysis methods were investigated after pretreatment. 
With various solid loading, nearly 100 % xylonic acid got yielded from 
bio-catalysis of xylose remained in fermentation broth (Huang et al., 
2018). 

For industrial applications, purity is a key criterion. Activated 
charcoal treatment and solvent extraction are the major downstream 
processes employed for xylonic acid recovery. Charcoal clarified broth is 
concentrated by rotary evaporator (usually at 70 ◦C) and xylonic acid 
precipitate is recovered by ethanol precipitation (3:1 ratio). Another 
recovery process is the use of ion-exchange resin and crystallization, 
where anion exchange resin (D311) is employed for xylonic acid puri-
fication. The resin extracted eluate is concentrated into pure xylonic 
acid crystals (Liu et al., 2012b; Wang et al., 2016a, Wang et al., 2016b; 
Zhang et al., 2020). 

6. Conclusion 

Xylose is the supreme and most attractive sugar obtained from 
hemicellulosic fraction of lignocellulosic biomass. Biological processes 
that use pentose-rich biomass as the sole carbon source will help to 
minimise raw material prices while also ensuring process sustainability. 
The major bio-resource for xylitol and xylonic acid production through 
either chemical or biotechnological paths is pentose-rich hemicellulosic 
hydrolysates. The bottleneck in the complete utilization of xylose in 
many microorganisms is the lack of a well-established xylose utilization 
pathway. Metabolic engineering via rewiring one or two paths enhanced 
xylose assimilation in microbial cells. Novel bioprocessing and innova-
tive production strategies reflected higher titers of xylonic acid and 
xylitol from biomass derived xylose. Xylonic acid as an added value 
chemical will replace gluconic acid in a variety of applications consid-
ering the versatility and novelty of this five carbon sugar acid. Other 
artificial sweeteners will be put back by xylitol in a short time consid-
ering its health benefits. Value addition of biomass derived xylitol and 
xylonic acid will enrich white biotechnology and biorefinery. The pro-
duction of more superlative commodity chemicals from xylose-stream of 
hemicellulose will be a reality in the near future. 
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Table 3 
Metabolically engineered strains reported for xylonic acid production.  

Species Process Yield 
(g/g) 

Titer 
(gL-1) 

Volumetric 
productivity 
(g/l/h) 

Reference 

Saccharomyces 
cerevisiae Xyd1 

Batch 0.4 4  0.03 Toivari 
et al., 
2010 

Saccharomyces 
cerevisiae xylB 

Batch 0.8 17  0.23 Toivari 
et al., 
2012b 

Kluyveromyces 
lactis Xyd1 

Batch 0.6 19  0.16 Nygård 
et al., 
2011 

Kluyveromyces 
lactis Xyd1 
ΔXYL1 

Batch 0.4 8  0.13 Nygård 
et al., 
2011 

Aspergillus niger 
ATCC 1015 

Batch 0.8 10  0.12 VTT 

E. coli W3110 
EWX4 

Batch 0.98 39.2  1.09 Liu et al., 
2012a 

E. coli BL21 
ΔxylAB/pA- 
xdhxylC 

Batch 0.91 27.3  1.8 Cao et al., 
2013 

Corynebacterium 
glutamicum 
(ATCC 13032) 

Batch 1.04 20.71  1.02 Yim et al., 
2017 

Corynebacterium 
glutamicum 
(ATCC 31831) 

Batch 1 56.32  0.93 Sundar 
et al., 
2020 

Zymomonas mobilis Batch 1.04 26.17  1.85 Herrera 
et al., 
2021  
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Bañares, A.B., Nisola, G.M., Valdehuesa, K.N.G., Lee, W.-K., Chung, W.-J., 2021. 
Understanding D-xylonic acid accumulation: a cornerstone for better metabolic 
engineering approaches. Appl. Microbiol. Biotechnol. 105 (13), 5309–5324. 

Baptista, S.L., Cunha, J.T., Romaní, A., Domingues, L., 2018. Xylitol production from 
lignocellulosic whole slurry corn cob by engineered industrial Saccharomyces 
cerevisiae PE-2. Bioresour. Technol. 267, 481–491. https://doi.org/10.1016/j. 
biortech.2018.07.068. 

Bondar, M., da Fonseca, M.M.R., Cesário, M.T., 2021. Xylonic acid production from 
xylose by Paraburkholderia sacchari. Biochem. Eng. J. 170, 107982. https://doi.org/ 
10.1016/j.bej.2021.107982. 

Borokhova, O.E., Mikhailova, N.P., 1996. Microbial conversion of D-xylose. 
Mikrobiologiya 65, 581–588. 
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