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Abstract
Purpose Xylitol is used in the food and pharmaceutical industries as a sweetener, and its consumption rate has remarkably 
increased over the years. Currently, xylitol is produced through a chemical reduction method. However, considering the 
global climate change issue, the development of eco-friendly, renewable, and sustainable substrates for the production of 
high-value platform chemicals such as xylitol is the need of the hour. Hence, the present study aimed to use a microbial 
process for xylitol production.
Methods Escherichia coli M15 platform was used to overexpress the D-xylose reductase (XR) gene from a mesophilic yeast, 
Candida tropicalis GRA1. The 37-KDa CtXR sequence exhibited a highly conserved active site structure, where a tetrad of 
residues (Tyr51, Lys80, His113, and Asp46) was located at the base of the substrate-binding pocket. To mitigate the rate-
limiting step of cofactor supply in the bioconversion of xylose to xylitol, overexpression of XR genes coupled with auxiliary 
substrates was used toward in vivo cofactor regeneration.
Results In the presence of xylose as the only carbon source, the M15 CtXRΔ produced 2.1 g  L−1 of xylitol. The xylitol titer 
showed a steady-state increase with the addition of auxiliary substrates glucose and glycerol to 3.4 and 6.4 g  L−1, respec-
tively. Further, M15 CtXRΔ as a whole-cell biocatalyst in alkali pretreated detoxified corncob hydrolysate produced xylitol 
titer of 3.7 g  L−1.
Conclusion Therefore, we successfully produced xylitol from corncob hydrolysates using the engineered E. coli M15 as 
whole-cell biocatalysts. Further, this process can be up scaled for the synthesis of eco-friendly high-value green chemicals.
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Statement of Novelty

Xylitol is produced by recombinant whole-cell biocatalysts 
that carry xylose reductase (XR) using corn cob as a sub-
strate. XR is the key enzyme that converts the xylose com-
ponent of corn cob into xylitol.

Introduction

The increasing concern about global climate change and 
the energy crisis has led to the development of sustain-
able and clean sources for the production of high-value 
platform chemicals. Xylitol is a crystalline pentose sugar 
alcohol widely substituted for six-carbon sugars as it has 
almost the same sweetness as glucose and sucrose. Xylitol 
metabolism is insulin-independent, and has low energy 
value (2.5 cal  g−1) compared with sucrose (4 cal  g−1) [1]. 
Therefore, both the food and pharmaceutical industries use 
xylitol as an alternate sweetener [2]. The consumption rate 
of xylitol has increased from 6 million tons to 190.9 million 
tons from 1978 to 2017 and is likely to increase to 266.5 
million tons by 2025 [3, 4].

While searching for renewable substrates for xylitol pro-
duction, lignocellulosic biomass (LCB) has become an eco-
friendly, safe alternative for fossil fuels as it is more abun-
dant and a non-food-oriented resource. LCB is composed 
of key macromolecules: cellulose (30–50%), hemicellulose 
(25–30%), and lignin (15–25%), where hemicellulose is a 
complex heteropolymer that includes xylose, arabinose, 
mannose, and galactose [5]. Xylose represents the second 
most abundant sugar in nature, accounting for 18–30% of 
LCB hydrolysate sugars [6]. Currently, chemical reduction 
of D-xylose is employed for xylitol production from xylan-
rich LC sources such as birch and beech wood. The hydro-
genation process involves a metal catalyst, preferably nickel 
(Ni), temperature ranging 353–413 K, and high pressure up 
to 5 MPa with a xylitol yield of 50–60% [7]. However, the 
nickel catalyzed hydrogenation process has certain demerits, 
such as intensive purification steps, high energy demand, 
wastewater pollution, and expensiveness [7, 8]. In contrast, 
the biotechnological process of xylitol production is environ-
mentally safe, and a higher yield can be obtained with more 
specificity. The two important biotechnological approaches 
for xylitol production developed in recent years are the 
microbial and enzymatic approaches. For the enzymatic 
approach, bioconversion of d-xylose to xylitol is achieved by 
purified d-xylose reductase (XR) from engineered yeasts or 

bacteria. Although the enzymatic approach is more efficient, 
it requires pure d-xylose, which is expensive [9], whereas 
the microbial process involves xylitol production through a 
fermentative pathway by bacteria and yeast strains. Albeit 
of the bacterial species investigated, Corynebacterium sp., 
Enterobacter liquefaciens, or Mycobacterium smegmatis 
[8, 10], several yeast strains are more efficient xylitol pro-
ducers [7, 11]. For instance, natural xylitol producers are 
non-conventional yeasts, Candida sp., Kluyveromyces sp., 
and Meyerozyma guilliermondii [10, 12–14]. Among these 
microorganisms, Penicillium crustosum consumed 76% of 
d-xylose with higher mycelial production [15]. The obtained 
xylitol from these strains ranged from 0.14 to 0.52 g  L−1, and 
substrate consumption varied from 15 to 79%. Metabolically 
engineered S. cerevisiae, Pichia pastoris, C. tropicalis, and 
E. coli have been considered as alternatives for enhanced 
xylitol recovery [16–18]. Considering both biotechnologi-
cal approaches, microbial xylitol production from lignocel-
lulosic is more feasible because the starting material xylose 
need not be in a purified form [7, 8, 14, 19]. However, the 
feedstocks have to be pretreated depending on the microbes 
to be used.

Xylitol production from LCB is greatly limited by the 
selection and engineering of microbial strains resulting in 
the low xylose conversion efficiency and product specificity. 
Very few microbes possess the native xylose metabolic path-
way [20], and the xylose metabolism is inhibited by glucose 
because of a regulatory phenomenon termed carbon catabo-
lite repression (CCR) [21]. CCR routes to diauxic growth, 
impacting xylose metabolism and other LCB-derived sec-
ondary sugars. This phenomenon impedes the xylose con-
version efficiency during the fermentation process. Further, 
the transmembrane transport rate of xylose also terminates 
the metabolic fluxes. Hence, for improving cell growth 
and xylose bioconversion efficiency, an increased xylose 
transport metabolism rate is important [22, 23]. Microor-
ganisms metabolize xylose into xylitol in two ways. Yeast 
and fungi follow a two-step process, whereas bacteria use a 
single step to convert xylose to xylulose [24]. Wild-type S. 
cerevisiae and other yeast strains lack efficient and specific 
xylose transporters and show poor cell growth rates with 
xylose as a sole carbon source [25]. Several researchers have 
attempted to bioengineer yeast, and E. coli strains to enhance 
xylitol production. Among the bioengineered strains, E. coli 
is more preferred as a cell factory for xylitol production. 
Even though the presence of CCR preferentially metabo-
lizes glucose over xylose, E. coli, with its native transporters 
and xylose metabolism pathways, can utilize mixed sugars 
derived from LCB [21, 26]. XylFGH, an ABC transporter, 
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and XylE, a major facilitator superfamily protein (D-xylose/
proton symporter), are the native xylose transporters. 
Besides, AraE, an arabinose symporter, also plays a role in 
transporting xylose across membranes in some specific situ-
ations [27]. XylE exhibits a relatively low affinity for xylose 
and has a Km value of 63 to 169 µM [26, 28]. XylE transports 
xylose by proton-motive force rather than a phosphotrans-
ferase or other direct energy drives. XylF is a periplasmic 
xylose-binding protein, XylG is an ATP-binding protein, and 
XylH is a membrane component of the ABC transporter [29, 
30]. Among the transporter systems, XylFGH is the domi-
nant xylose transporter in E. coli [27].

The natural xylose metabolic pathway enzymes in E. 
coli and yeast are xylose isomerase (XI) and XR- xylitol 
dehydrogenase (XDH) complexes. Xylose metabolic path-
ways have been constructed successfully in S. cerevisiae, E. 
coli, Corynebacterium glutamicum, and Zymomonas mobi-
lis to improve xylose utilization [31–35].

Therefore, the reconstruction of the xylose metabolic 
pathway in microorganisms that do not use xylose natu-
rally can derepress glucose inhibition. Another strategy to 
improve the xylose utilization efficiency is the introduction 
of heterologous xylose metabolic genes in microbes that 
assimilate xylose naturally [33].

The replacement of native cyclic AMP receptor pro-
tein (CRP) E. coli with a cyclic AMP independent mutant 
CRP facilitated a higher xylose uptake from the mixture of 
glucose and xylose in which glucose served as a growth 
substrate [36]. In the overexpression studies, nicotinamide 
adenine dinucleotide phosphate (NADPH)-dependent CtXR 
and xylitol encoding gene XDH increased the xylitol produc-
tion by three folds compared with the wild strain with a yield 
of about 0.837 g  g−1 within 22 h [36, 37]. A coupled system 
using XR from Rhizopus oryzae and glucose dehydrogenase 
(GDH) from Exiguobacterium sibiricum constructed in E. 
coli converted 150 g  L−1 of xylose into xylitol, and the pro-
ductivity was about 21.2 g  L−1  h−1 [38]. Therefore, recom-
binant E. coli co-expressing XR-XDH enzymes will be an 
efficient candidate for xylitol production using xylose.

Furthermore, the cofactor-specificity of XR (preferen-
tially with NADPH) and XDH (strictly with nicotinamide 
adenine dinucleotide  (NAD+) resulted in a limited supply 
of  NAD+ for XDH during the xylitol accumulation [39]. 
Therefore, changing the coenzyme specificity and effec-
tive recycling of cofactors between XR and XDH improves 
the xylose fermentation efficiency. The quadruple mutant 
harboring four mutations such as R276F, S271G, K270S, 
N272P, and indicated a 13-fold improved preference for 
 NAD+ compared with  NADP+ and an 86% decrease in 
unfavorable xylitol accumulation compared with the control 
strain carrying the wild-type XDH [40, 41]. Despite these 
results, the biotechnological production of xylitol from LCB 
is still unsuccessful due to many disadvantages, such as a 

longer fermentation period and co-products, which compli-
cate the downstream process [42].

In recent years, the hemicellulose containing corncob 
biomass hydrolysate and its vital metabolites were explored 
for the production of high-value industrial commodities. 
Corncob hemicelluloses contain 33–35% arabinose, 3–6% 
galactose, 6–16% glucuronic acid, and 48–53% xylose. How-
ever, the presence of inhibitors such as lignin, furfural, and 
hydroxymethylfurfural interfere with xylitol metabolism. 
Consequently, detoxification of the corncob hydrolysate 
before the fermentation step is necessary, which makes 
the process costlier [43]. This study presents a single-step 
xylitol production strategy from corncob hydrolysate using 
a recombinant E. coli strain expressing the XR gene from a 
yeast C. tropicalis GRA1. In our previous studies, the gene 
encoding for XR from a mesophilic yeast strain C. tropicalis 
GRA1 was cloned into a pGEMT vector and maintained in 
E. coli DH5α cells. It exhibited the closest similarity with 
the XR C. tropicalis [44]. The metabolically engineered E. 
coli M15 whole cells were used to convert D-xylose in the 
corncob to xylitol, and the cells were recycled under shake 
flask fermentation. Xylitol produced was further purified 
and crystallized. The biotransformation efficiency of 70% 
was achieved within two hours. We also observed the inter-
nal redox balance where the cells could recycle NADPH 
generated through the glycerol catabolism. The addition of 
glycerol as a co-substrate enhanced the xylitol productiv-
ity. Consequently, in this study, we aimed to manipulate the 
xylitol metabolism in E. coli and evaluate the feasibility of 
the xylitol production from the corncob.

Materials and Methods

Strains, Media, and Culture Conditions

All enzymes, primers, and molecular markers were bought 
from BIO-RAD (India) and Biolabs (New England). 
Molecular reagents were purchased from Sigma-Aldrich 
(St. Louis, MO) and Qiagen (Valencia, CA). The corncob 
biomass was obtained from Central Farm, Tamil Nadu 
Agricultural University (Tamil Nadu, India). The strains 
and plasmids used in this study are presented in Table S1. 
Mesophilic C. tropicalis GRA1, previously isolated 
from grapes by our team, was used as the wild variant 
for genetic manipulation [44]. The expression host E. coli 
M15 used in the study was provided by the Indian Insti-
tute of Science Education and Research, Kolkata, India. 
The E. coli cells (XL1 and M15 strains) were cultured 
in Luria–Bertani (LB) medium (5 g  L−1 yeast extract, 
10 g  L−1 peptone, and 10 g  L−1 NaCl) supplemented with 
100 µg  mL−1 ampicillin and 25 µg  mL−1 kanamycin at 
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37 °C. The xylitol production efficiency of the engineered 
strain was evaluated in a fermentation medium containing 
xylose (100 mM).

Cloning and Characterization of XR of C. tropicalis 
GRA 1

The primers used in the study are listed in Table S2. The 
overnight-grown E. coli DH5α cells harboring CtXR in 
pGEM®-T vector (pGEMTCtXR) knocked out [44] were 
cultured in 50 mL LB broth containing ampicillin and kept 
in a shaker incubator at 200 rpm and 37 °C. The open 
reading frame of Xr (1000 bp size) was amplified from the 
plasmid using CtXR BamH1 F and CtXR Kpn1 R primers 
following an initial denaturation at 95 °C for 1 min, 35 
denaturation cycles at 94 °C for 1 min, annealing at 55 °C 
for 1 min, primer extension at 72 °C for 1 min, and final 
extension at 72 °C for 10 min. The PCR amplicons were 
further sequenced using the M13 primer walk (M/s Scig-
enome Pvt Ltd., India). The homologous regions of CtXR 
were analyzed using the basic local alignment search tool 
(BLAST) (https:// www. blast. ncbi. nlm. nih. gov).

Genetic Modifications of pQE30Xa 
and Transformation of CtXR in E. coli

For knocking out the putative CtXR, pGEMTCtXR was 
amplified by PCR using the primers (CtXR 2F and CtXR 
2R) and cloned upstream and downstream of the Amp-
selection cassette of pQE30Xa to generate pQE30XaCtXR 
under the control of a constitutive T5-lac promoter. The 
knockout cassette was transformed into E. coli XL1 to 
generate CtXR::Tet. The transformants were screened on 
LB plates with Tet 25 µg  mL−1 and Amp 100 µg  mL−1 
(LB + Tet + Amp), resulting in the CtXRΔ strain. The suc-
cessful homologous recombination was verified by PCR 
(primers CtXR 2F and CtXR 2R) and restriction diges-
tion with Bam HI and KpnI enzymes. The presence of 
the CtXR in pQE30Xa was further confirmed by PCR 
amplification of the upstream T5 promoter region using 
T5 specific primers. Sequencing of amplicon confirmed 
successful cloning of the CtXR into pQE30Xa introduced 
in the coding sequence with no mutation. The identity of 
the CtXR sequence was established by performing a simi-
larity search against the GenBank database in NCBI. To 
overexpress putative CtXR, pQE30Xa—CtXR-T5-lac was 
transformed into the E. coli M15 cells. The clones positive 
for CtXR (CtXRΔ) were further used for protein induction. 
Additionally, the pQE30Xa-Amp-T5 cassette transformed 
into M15 without an insert served as a control.

Competent Cell Preparation

The method of Chang et al. [45] was adapted for competent 
cell preparation. The E. coli XL and M15 cells were inocu-
lated in 50 mL LB broth separately and grown at 37 °C to 
obtain an  OD600 of 0.6. The whole E. coli culture (M15 and 
XL separately) was kept on ice for 10 min, and the harvested 
cells were re-suspended in 10 mL of ice-cold 0.1 M  MgCl2. 
After washing the pellet with 0.1 M  CaCl2, the cells were 
incubated on ice for 1 h followed by resuspension in 0.5 mL 
of ice-cold  CaCl2 containing 15% glycerol.  CaCl2 treated E. 
coli M15, and XL cells were stored in aliquots at − 80 °C.

Transformation

The purified CtXR digested with BamH1 and Kpn1 restric-
tion enzymes was ligated into the pQE30Xa vector at a vec-
tor: insert ratio of 1:3. Ten microliters of ligation mixture 
were gently mixed with 100 µL of the competent E. coli 
XL1 cells and incubated on ice for 30 min followed by a 
heat shock at 42 °C for 90 s in a water bath. The tubes were 
immediately cooled on ice for 2–3 min and, after adding 
800 µL of freshly-prepared pre-warmed (37 °C) LB broth, 
incubated at 37 °C for 1 h. Approximately 50 µL of cell sus-
pension was spread on the surface of LB agar plates contain-
ing ampicillin (100 µg  mL−1) and tetracycline (20 µg  mL−1), 
and incubated at 37 °C overnight. To transform pQE30Xa 
–CtXR-T5-lac into the E. coli M15 cells, the cocktail com-
prised of 2 µL recombinant pQE30XaCtXR plasmid and 100 
µL of E. coli M15 competent cells and bacterial transforma-
tion were performed as mentioned for the E. coli XL1 strain. 
After 1 h, 100 µL of the bacterial culture was plated on 
selection plates and incubated overnight at 37 °C for growth. 
Plasmid construction is schematically represented in Fig S1.

Overexpression and Purification of Recombinant XR 
Protein

Three transformants generated from the expression plasmid 
were selected for the protein expression study. The E. coli 
M15 pQE30-CtXR cells (CtXRΔ) were induced to produce 
CtXR by the addition of 1 mM isopropyl-ß-d-thiogalacto-
pyranoside (IPTG) to obtain a final  OD600 of 0.6. The culture 
was kept at 28 °C for 6 h for the induction of XR protein 
with orbital shaking at 220 rpm. The M15 CtXRΔ cells har-
boring pQE30-CtXR without IPTG induction served as a 
control.

Preparation of Crude Cell Lysate

The cells from both uninduced and induced cultures of 
E. coli M15 CtXRΔ were harvested by centrifugation at 
6000 rpm for 5 min and suspended in phosphate-buffered 
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saline (pH 8.0). The cell pellets were sonicated using a 
probe ultrasonicator for 2 min (30 s sonication and 10 s 
“gap” cycle) an amplitude of 40%. After the sonication, the 
cell suspension was centrifuged at 10,000 rpm for 20 min, 
chilled at 4 °C, and the supernatants were loaded onto 12% 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE) gels (Bio-Rad®) for analysis of the XR expres-
sion. The gels were stained in a 0.2% Coomassie Brilliant 
Blue R250 solution with continuous shaking for 2 h followed 
by destaining in methanol:water:acetic acid (2:7:1, v/v/v) 
until clear bands were observed [46].

Purification of the XR Protein

CtXR extracted from the induced E. coli M15 cells was puri-
fied using the Ni–NTA column (Qiagen, Germany) follow-
ing the manufacturer’s instructions. The different fractions 
collected were analyzed and confirmed in SDS-PAGE gels. 
Protein concentrations in cell extracts were quantified by 
Bradford assay (Bio-Rad) with bovine serum albumin as a 
standard [47].

XR protein Characterization Using Matrix‑Assisted 
Laser Desorption/Ionization‑Time of Flight 
(MALDI‑TOF)

The purified XR protein resolved in SDS-PAGE gels was 
excised using a sterile scalpel and suspended in sterile water. 
Mass spectrometry detection of the trypsin digested protein 
with the AutoFlex MALDI-TOF system (Bruker Dalton, 
Germany) was performed with a cyano-4-hydroxycinnamic 
acid matrix (CHCA; Sigma), where 30 mg of the matrix 
dissolved in 200 µL acetonitrile and 100 µL of 0.3% trif-
luoroacetic acid (TFA). The matrix mixture was vortexed for 
5 min and then centrifuged at maximum speed (16,000×g) 
for 2 min followed by the addition of 100 µL of the superna-
tant to 300 µL of isopropanol and vortexed for 10 s. Approxi-
mately 30 µL of this matrix mixture was spotted to the center 
of the MALDI plate and quickly smeared throughout the 
grid using the pipette tip. The “precoat” was allowed to air 
dry at 37 °C for 3 min. Similarly, the second round of 5 µL of 
the matrix supernatant was added to 5 µL of each sample in 
a 0.2-mL tube and mixed thoroughly. Two microliters of the 
sample mixture were loaded onto the precoated grid spots 
on the MALDI plate and kept to air dry for 3 min. MALDI-
TOF analysis was performed by the Proteomics Facility at 
the Indian Institute of Sciences, Bangalore, India.

MALDI‑TOF Analysis and Database Search

The identification and differentiation of XR proteins were 
done by peptide mass fingerprinting. Search parameters of 
300 ppm mass error tolerance for parent ions and missed 

cleavage of trypsin digestion were used. Oxidation was cho-
sen as a possible modification. The top MASCOT scoring 
hit for each MALDI spot was used to determine the pep-
tide type. The peptide coverage, score obtained, and unique 
peptide matches were also considered for peptide charac-
terization. The m/z values and the peak file obtained from 
MALDI-TOF results were analyzed in the MASCOT server 
(https:// www. matri xscie nce. com).

Bioinformatics Analysis

The XR gene sequences were translated into their respec-
tive amino acids, and then aligned using the multiple 
sequence alignment tools in BioEdit version 7.2.5. The pro-
tein sequences of various XR were retrieved from NCBI 
(https:// www. ncbi. nlm. nih. gov) or RCSB (https:// www. rcsb. 
org) data repositories. The retrieved protein sequences were 
subjected to homology modeling using the SWISS-MODEL 
[48], an automated protein structure homology modeling 
server. The Computed Atlas of Surface Topography of pro-
teins (CASTp) 3.0 was used to predict the active sites in 
the protein structure [49]. This online server was used to 
identify and measure voids in 3D protein structures. The 
modeled protein 3D structure of XR was submitted to the 
server, and the binding site residues were predicted.

XR Activity

XR activity was determined using the protocol described by 
Smiley and Bolen [50] and Veras et al. [51]. E. coli pQE30-
CtXR (M15 CtXRΔ) cells were harvested from an exponen-
tially growing culture and washed with phosphate buffer. 
The cells were lysed in a probe sonicator, and a cell-free 
supernatant was prepared. The total protein in the cell-free 
lysate was determined by the Bradford assay [47]. The XR 
reaction mixture in a 96-well microtiter plate consisted of 
the following components: 20 µL phosphate buffer (pH 7.4), 
20 µL mercaptoethanol (0.1 M), 20 µL enzyme solution, 20 
µL NADPH (3.4 mM), 20 µL d-xylose (0.5 M), and 100 µL 
distilled water. The changes in the optical density at 340 nm 
 (OD340) at an interval of 10 s were detected in a microplate 
reader up to 10 min, which corresponds to a cofactor con-
version. XR activity (U  mg−1 protein) was calculated using 
6.22 mL (µmol  cm−1) as the molar absorption coefficient. 
One enzyme unit (1 U) was defined as 1 µmol of cofactor 
oxidation or reduction  min−1.

Optimization of Assay Conditions

Different assay parameters such as pH, temperature, and 
carbon sources were optimized for XR activity. To deter-
mine the optimal pH for XR activity, the pH of the medium 
was maintained using different buffers in the range of 3–10 
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(citrate buffer pH 3, 4, and 5; phosphate buffer pH 6, 7, and 
8; and carbonate buffer pH 9 and 10). Similarly, tempera-
ture between 20 and 45 °C was used to determine the opti-
mal temperature for XR activity. The optimal substrate was 
determined using different 5-C sugars (xylose, arabinose, 
and rhamnose) and 6-C sugars (glucose, galactose, mannose, 
and mannitol).

Kinetic Parameters

Michaelis–Menten kinetics and Lineweaver–Burk plots for 
a single-substrate reaction were determined for the XR syn-
thesized by M15 CtXRΔ. The Michaelis–Menten equation 
is as follows:

where v is the reaction velocity,  Vmax is the maximum veloc-
ity,  Km is the Michaelis constant, and [S] is the substrate 
concentration.

The apparent kinetic parameters  (Vmax and  Km) of XR 
were determined at different levels of substrate up to 80 mM 
of xylose. Data were analyzed using the Graph Pad Prism 
software (version 5.0). The  Km and  Vmax values were com-
pared with the Lineweaver–Burk plot using reaction rates 
(1/v) and substrate concentrations (1/S). The significance 
and best fit of the plot were obtained using their mean  R2 
values.

Biotransformation of d‑Xylose to Xylitol Using 
Recombinant E. coli M15

Overnight-grown E. coli M15 CtXRΔ culture was inoculated 
at 2% in a 50 mL minimal medium of pH 7 (3.5 g  KH2PO4, 
5.0 g  K2HPO4, 3.5 g  (NH4)H2PO4, 15 mg  CaCl2·2H2O, 
0.25 g  MgSO4·7H2O, 1 mL trace elements, and 1000 mL 
demineralized water) containing 25 µg  mL−1 kanamycin 
and 100 µg  mL−1 ampicillin and incubated at 37 °C. After 
attaining a 0.6 optical density at 600 nm  (OD600), IPTG was 
added at a final concentration of 1 mM. d-xylose, glucose, 
and glycerol were added separately in the following com-
binations: d-xylose (100 mM); d-xylose (100 mM) with 
glucose (50 mM); and d-xylose (100 mM) with glycerol 
(15 mL  L−1). The inoculated culture was incubated at 30 °C 
for 24 h. The samples were withdrawn every 1 h and centri-
fuged to collect the cell-free supernatant followed by filtra-
tion through a 0.22 µm filter. The supernatant was used for 
further purification. The cell-free supernatants were ana-
lyzed for xylitol production and d-xylose consumption by a 
high-performance liquid chromatography (HPLC) system.

v =
V

max
[S]

K
m
+ [S]

Xylitol Production from Corncob Hydrolysate Using 
Recombinant E. coli

Pretreatment of Corncob Biomass

Approximately 100 g of pulverized corncob was treated 
with 60 mL of 2% 1 M NaOH, incubated in a water bath at 
70 °C for 5 h and then allowed to cool at room temperature. 
The treated alkaline mixture of corncob was centrifuged at 
14,000 rpm for 20 min, and the supernatant was adjusted to 
pH 5 using 6 N HCl. For the precipitation of sugars in the 
supernatant, three-volume of cold ethanol was added and 
centrifuged at 3000 rpm. The obtained pellet was treated 
with 1.5% diluted  H2SO4 and kept in a water bath at 75 °C 
for 30 min. The solution was neutralized with 1 M NaOH 
and detoxified using 2% activated charcoal. The detoxified 
hydrolysate was used as a substrate for xylitol production 
(Kumar et al., 2015). Actively growing E. coli M15 CtXRΔ 
cells were inoculated in the corncob hydrolysate contain-
ing minimal medium with an initial reaction volume of 
5 mL and incubated at 30 °C for 24 h. The cells were reused 
in multiple rounds of reaction and scaled up by ten folds 
(50 mL final volume).

To remove the impurities and discoloration of the fer-
mented broth, 4 g 100  mL−1 activated charcoal was added to 
the fermentation broth and kept for 1 h at 60 °C. After incu-
bation, the fermentation broth was filtered through Whatman 
filter paper grade no. 1.

Xylitol Crystallization

To attain saturation, the purified fermentation broth was con-
centrated in a vacuum evaporator (Eppendorf concentrator 
Plus™) at 60 °C to attain saturation. The concentrated solu-
tion was mixed with four volumes of ethanol, stirred, and 
incubated at − 40 °C at 48 h. After incubation, the solution 
was centrifuged at 4000 rpm for 10 min. The final pellet 
was dried in a vacuum drier, and the crystallized sugar was 
weighed. The crystals containing xylitol were dissolved in 
water, and their purity was analyzed by an HPLC system. 
The xylose to xylitol bioconversion percentage was calcu-
lated using the molar concentration of xylose present at the 
beginning of the reaction and the molar concentration of 
xylitol produced at the end of the reaction.

Xylitol Quantification

Xylitol quantification was carried out in an HPLC using 
an Agilent system equipped with Agilent Technologies 
1260 infinity evaporative light scattering detection (ELSD) 
(Palo Alto, USA). All samples and standards were filtered 
through 0.25 µm (Millipore) filters. The separation was done 
in a Shimadzu-NH2 column (250 mm × 4.6 mm, i.e., 5 µm 
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particle size). The mobile phase consisted of acetonitrile 
and water (80:20 v/v) in an isocratic elution with a flow rate 
of 1.5 mL  min−1. The column temperature was maintained 
at 20 °C. The detection was carried out by the ELSD detec-
tor. The evaporative temperature and nebulizing temperature 
were set at 95 °C and 80 °C, respectively, and the  N2 gas 
flow rate was set at 1.60 standard liters per minute.

Statistical Analysis

All experiments were performed in triplicate. Statisti-
cal analyses were performed using the GraphPad Soft-
ware Prism v8.0.2 (San Diego, California, USA). Data 
were reported as means ± standard deviation. *p < 0.05, 
**p < 0.005 and ***p < 0.005.

Results

To identify the putative XR genes in the mesophilic C. 
tropicalis GRA1 isolated from grapes, investigations on the 
xylose to xylulose reversible pathways of Candida sp., Sac-
charomyces sp., and Hansenula sp. were carried out on the 
Kyoto encyclopedia of genes and genomes platform. BLAST 
analysis revealed 98.76% sequence similarity with the previ-
ously described XR of C. tropicalis (NCBI MF143598.1). 
The activity of NADP-dependent XR (EC 1.1.1.307) in the 
wild C. tropicalis was 355.15 U. In our previous studies 
CtXR gene was knocked out and cloned into pGEMT vec-
tor and maintained in E. coli DH5α cells [44]. Before sub-
cloning, the CtXR gene was authenticated by sequencing and 
similarity analysis (Fig. 1).

Cloning and Overexpression of CtXR in a Prokaryotic 
System

PCR amplification of CtXR from C. tropicalis GRA1 with 
primers CtXR 2F and CtXR 2R exhibited a 1000 bp fragment, 
later cloned in the expression vector pQE30Xa-T5-Amp. 

Successful cloning of the resulting pQE30Xa-CtXR expres-
sion plasmid was confirmed by releasing insert using restric-
tion digestion BamH1 and Kpn1 and performing sequencing 
analysis. Restriction digestion of pQE30Xa–CtXR plasmid 
isolated from the positive transformants with BamH1 and 
Kpn1 restriction sites released the CtXR insert of size 
1000 bp. The PCR amplification of pQE30–CtXR plasmid 
with the T5 upstream promoter region yielded a PCR ampli-
con with an additional 189 bp and CtXR (Fig. 2).

The pQE30Xa–CtXR expression cassette was transformed 
in M15 E. coli. The transformants that grew successfully on 
the selection plates containing X-gal were selected based on 
beta-galactosidase alpha-complementation and further con-
firmed using CtXR specific colony PCR analyses. To char-
acterize CtXR, E. coli pQE30–CtXR cells were induced to 
produce CtXR protein by adding 1 mM IPTG (0.6  OD600).

CtXR Characterization by MALDI‑TOF

To characterize CtXR protein, SDS-PAGE and enzyme 
activity assays with crude cell lysates of E. coli M15 
strains overexpressing CtXR were performed. SDS-PAGE 
of the cell lysates showed the presence of 37 kDa CtXR 
in the induced E. coli M15 cells harboring pQE30-CtXR, 
which was absent in the uninduced cells (Fig S2). In 
addition, pQE30-CtXR harboring E. coli M15 contained 

Fig. 1  Phylogenetic analysis of CtXR gene

Fig. 2  Confirmation of CtXR gene inserts in pQE30Xa. M—1  Kb 
DNA ladder, L1—pQE30CtXR plasmid amplified with T5 and CtXR 
KpnI R primer gave expected amplicon of 1189 bp
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5.32 mg  mL−1 protein. MALDI-TOF results reported peptide 
coverage, m/z value, and area coverage of peptides (Fig. 3 
and Table S3). The m/z and peak files analyzed in the MAS-
COT server (https:// www. matri xscie nce. com) reported pep-
tide match, score, and other functional properties (Fig. S3). 
CtXR of C. tropicalis XYL1 showed a higher score value of 
101 and 23 peptide matches. The results provide evidence 
that CtXR encoded the predicted XR enzymes.

Bioinformatics Analysis of XR

The three-dimensional structure of XR was developed by 
the SWISS-MODEL server. The binding site of XR was pre-
dicted by the CASTp server by submitting the three-dimen-
sional structure of XR to their protein data bank file format. 
The active site residues were determined from the predicted 
binding site (Fig. 4). The XR consisted of the following 18 
amino acids in its binding site: TRP, LEU, SER, GLN, VAL, 
MET, LYS, THR, GLY, PRO, ILE, ASN, GLU, TYR, CYS, 
PHE, ALA, and ASP.

XR Activity of CtXR E. coli

The XR activity was analyzed using the purified recombi-
nant CtXR. The assay conditions were optimized with pH 
ranging from 3.0 to 9.0 (Fig. 5). The maximum XR activity 
was observed at pH 7 (244.24 U  mg−1), followed by pH 6 
(188.52 U  mg−1), and a minimum XR activity was observed 

at pH 3 (52.76 U  mg−1). Similarly, the lysates showed maxi-
mum XR activity (270.15 U  mg−1) at 35 °C followed by 
40 °C (183.77 U  mg−1), which declined after that. How-
ever, CtXR activity was considerably reduced at psychro-
philic temperature, which was 44.46 U  mg−1 at 20 °C. When 
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xylose and NADPH were provided as the substrates, lysates 
of E. coli M15 CtXRΔ showed a 195% increase in NADPH 
to  NADP+ conversion. The relative activity with galac-
tose as a substrate showed a 462.8% increase, followed by 
mannitol 295.5% and xylose 206%. Lysates of E. coli M15 
CtXRΔ exhibited a decreased conversion when mannose and 
NADPH were provided. This provides clear evidence that 
CtXR encoded the predicted, which converted the expected 

substrates and cofactors (xylose and NADPH for CtXR) 
(Fig. 5).

Kinetic Analysis

XR was assayed with the substrate D-xylose in limiting con-
centrations and NADPH in non-limiting concentrations. The 
Michaelis–Menten plot (Fig. 6) showed the best fit values 
of  Km and  Vmax in the range of 193 to 221 mM and 7.6 to 
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and 3.4 mM of NADPH. c Substrate specificity was carried out using 
0.5 M substrate at pH 7, temperature 35 °C and 3.4 mM of NADPH. 
Arabinose was the preferred substrate registering maximum activity 
followed by xylose and rhamnose. d Relative activity was measured 
for all the substrates
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11.9 µmol  min−1, respectively at a 95% confidence interval 
(Table 1). The optimized  Vmax and  Km values for M15 CtXRΔ 
are 207.4 mM D-xylose and 9.77 µmol  min−1, respectively. 
The Lineweaver–Burk plot considers the rate of reaction where 
the  Vmax and  Km values are 58.44 mM and 27.39 µmol  min−1, 
respectively. Both the models reported the best fit with an  R2 
value of 0.96 and 0.92, respectively (Fig. 6).

Xylitol Production by Genetically Engineered M15 
Strain

Xylitol production by M15 CtXRΔ whole cells was analyzed 
in a shake flask fermentation using different glucose, D-xylose, 
and glycerol combinations. Overexpression of CtXR synthe-
sized XR protein in the cytoplasm upon IPTG induction. Both 
the wild strain and uninduced recombinant did not produce 
xylitol. Xylitol production was detected periodically by HPLC. 
A minimum quantity of xylitol (1.5 g  L−1) at 12 h of fermenta-
tion with very low xylose was observed. When the fermenta-
tion duration was increased up to 20 h, the xylose utilization 
rate also gradually increased. However, the conversion rate 
of xylitol was relatively low (2.1 g  L−1). The second combi-
nation containing glucose as an NADPH generating source 
(xylose + glucose) ensued a two-fold increase in xylitol accu-
mulation after 24 h of fermentation, yielding a xylitol titer 
of 3.4 g  L−1. E. coli M15 CtXRΔ cells continued to grow 
utilizing xylose when glucose was depleted in the fermentation 
medium. Therefore, the initial uptake of xylose was lower than 
that of glucose. Glucose was completely utilized after 24 h of 
fermentation, and unutilized xylose was left in the fermenta-
tion medium. Xylose, along with glycerol as a co-substrate, 
significantly increased xylose consumption, which resulted in 
a higher yield of xylitol. After 24 h of fermentation, production 
of xylitol increased by three folds yielding 6.4 g  L−1 with the 
specific productivity of 0.67 g  L−1 xylose and the volumetric 
productivity of 0.28 g  L−1  h−1 by consuming all the xylose and 
glycerol present in the fermentation medium (Table 2). The 
authors have previously studied the process curve for xylitol 
production from different carbon sources using engineered 
M15 cells [31].
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Table 1  Kinetic parameters 
of xylose reductase from M15 
CtXRΔ using D-xylose as a 
substrate (concentration varying 
from 0–80 mM)

Model Vmax Km R2 SE Sum of squares 95% Confidence intervals

Michaelis–Menten 207.4 9.77 0.96 6.716 1379 Vmax = 193.1–221.7
Km = 7.619–11.92

Lineweaver–Burk 58.14 27.39 0.92 – – –

Table 2  Xylitol yields from xylose along with other co-substrates

Monomers Yield (g  L−1) Vol. pro-
ductivity 
(g  L−1  h−1)

Specific produc-
tivity (g xylitol per 
g xylose)

Xylose 2.1 ± 0.12 0.08 ± 0.01 0.21 ± 0.03
Glucose + Xylose 3.4 ± 0.23 0.14 ± 0.02 0.34 ± 0.08
Xylose + Glyc-

erol
6.4 ± 0.47 0.28 ± 0.01 0.67 ± 0.07
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Enhanced Xylitol Production from Corncob 
Hydrolysate Using M15 pQE30CtXR Whole Cells

To better assess the potential of M15 CtXRΔ for xylitol pro-
duction using lignocellulosic biomass on a laboratory scale, 
a mini bioreactor with optimized conditions was used for 
fermentation. Proximate compositional analysis of corncob 
reported the total cellulose, hemicellulose, and lignin con-
tents as 35.86%, 31.1%, and 19.87%, respectively. Corncob 
hydrolysate with glycerol as a co-substrate was used as a fer-
mentation medium for CtXRΔ cells. The xylitol production 
rate increased after 12 h, and a yield of 3.7 g  L−1 hydrolysate 
was obtained after 24 h of fermentation with specific produc-
tivity of 0.57 g  L−1 xylose. The conversation rate of xylose 
to xylitol in the corncob hydrolysate was 57.8%. Finally, the 
xylitol pellets obtained after purification were dried, and the 
yield after the crystallization process was 3.2 g  L−1 with a 
recovery of 70.27% (Fig. 7).

Discussion

Corncob hydrolysate is an abundant feedstock and biomass 
byproduct in India, which can be optimized to overpro-
duce xylitol using engineered whole cells of E. coli M15 
using a suitable co-substrate. The natural metabolic path-
way of xylose isomerization to xylitol and conversion to 
xylulose 5-phosphate is well known in E. coli and other 
bacteria. The conversion of xylose to xylitol by XR is the 
first step of the pentose phosphate pathway-dependent 
xylose metabolism in yeast and fungi. The two-step path-
way in yeast and fungi is mediated by the enzyme XR and 
XDH accompanied by cofactor consumption and regenera-
tion [52]. Yeast shows a slow growth rate because of the 
higher affinity of hexose transporters to glucose than that 

with xylose [25, 53]. Metabolic reconstruction of xylose 
metabolism in E. coli is one of the important strategies 
because of the fast growth, easy genetic manipulation, 
and low cost of E. coli. More importantly, E. coli has 
native xylose transporters, and the CRP-cAMP complex 
positively regulates the catabolic operons for secondary 
sugars derived from lignocellulosic biomass under glu-
cose-limited conditions [53–55]. Even so, the presence 
of CCR makes E. coli preferentially metabolize glucose 
over xylose [21]. The XR of a mesophilic yeast strain, C. 
tropicalis GRA1 was overexpressed in E. coli M15 cells 
to improve xylitol productivity.

In this study, we analyzed the XR nucleotide sequence 
and provided data that reported the function of XR in 
xylose metabolism by MALDI-TOF. The XR gene was 
cloned, and the heterologously expressed XR encoded 
for a putative XR protein. Overexpression of XR in M15 
CtXRΔ enabled higher xylitol production in the minimal 
medium supplemented with xylose. Moreover, lysates of 
XR overexpressed in E. coli strain M15 CtXRΔ exhibited 
the higher enzymatic activity with xylose as a substrate 
and NADPH as a cofactor. The CtXR yield synthesized 
by the recombinant M15 CtXRΔ was about 5.32 mg  mL−1 
and the protein size was 37 kDa. CtXR contained a highly 
conserved active sites region with a tetrad of residues 
(Tyr51, Lys80, His113, and Asp46) situated at the sub-
strate-binding pocket base. A side-stereochemistry of 
transferred hydride from NADH and a positional con-
served catalytic tetrad residue of aldo–keto reductase 
(AKR) (Tyr51, His113, Lys80, and Asp46 in XR from C. 
tenuis CBS 4435) were in good agreement with the clas-
sification of XR in the AKR superfamily. Starting from 
a common tyrosine, yeast XRs contained two conserved 
sequence motifs corresponding to the catalytic signatures 
of the single-domain reductases/epimerases/dehydroge-
nases and AKRs. AKR2B5 (XR from C. tenuis) is a well-
characterized member of the AKR superfamily. Members 
of the AKR superfamily and single-domain reductase/
epimerase/dehydrogenase superfamily do not show detect-
able similarities at their primary structure level and three-
dimensional scaffold [9]. MALDI-TOF results reported a 
higher score of 101 with 23 peptide matches with C. tropi-
calis 5842 NADPH-dependent XR (EC = 1.1.1.307) [56].

M15 CtXRΔ lysates reported more relative enzymatic 
activity with xylose as a substrate and NADPH as a cofac-
tor than other sugars. XR preferentially uses NADPH as a 
cofactor, and a conserved Isopentenyl Phosphate Kinases 
(IPKs) amino acid motif determines its specificity [57–59]. 
CtXRΔ lysates exhibited a decreased conversion when man-
nose and NADPH were provided. These results reported that 
different metabolic patterns due to different carbohydrates 
such as glucose or mannose and not xylose strongly regu-
late the sugar metabolism genes through CCR. The specific 
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XR activity was maximum at pH 7 and 35 °C. Thus, CtXR 
encoded the predicted XR, which converted the expected 
substrates and cofactors (xylose and NADPH for CtXR). 
Previous reports suggest that NADPH-linked XR activity 
linearly increased when the temperature increased from 20 
to 38 °C and when the pH increased from 3 to 9 [60–62]. 
Further, the affinity of M15 CtXRΔ is greater for 6-C sugars 
than for 5-C sugars. Such variations in the substrate specific-
ity of CtXR can be due to minor modifications in the surface 
active sites (aldo–keto residues). The structure of XR also 
decides the substrate affinity.

The NADPH/NADP+ cofactor plays a major role in 
xylitol production by oxidizing NADPH to  NAPD+ in 
recombinant organisms. An enzyme system (such as 
NADPH) that oxidizes a co-substrate is normally used in 
whole-cell biocatalytic processes involving oxidoreductases 
to regenerate NADPH. Two different cofactor regeneration 
systems were used with xylose (100 mM) as a control to 
study the xylitol production kinetics. The xylose catabolic 
reaction by M15CtXRΔ whole cells diverts the flux through 
xylose isomerization and pentose phosphate pathway so that 
the overexpression of CtXR substantially increases the intra-
cellular NADPH availability. When xylose was the sole car-
bon source, the xylitol yield was 0.21 g. The  Vmax and  Km 
values for D-xylose are 207.4 mM and 9.77, respectively. 
The enzyme exhibited a greater cofactor specificity for 
NADPH and preferred xylose as a carbon source among all 
the investigated 5-C sugars [62]. While augmenting glucose, 
it increased the cell biomass yield compared with xylose as 
the sole C source, with the simultaneous increase in xylitol 
yield. Inhibiting xylose by glucose significantly reduces 
the xylitol production rates in C. mogi [63]. Interestingly, 
M15CtXRΔ whole cells in the synthetic medium augmented 
with the combination of glucose and xylose yielded more 
xylitol compared with only xylose. At low glucose concen-
trations, the negative effect of glucose had not affected the 
xylitol productivity and NADP + accumulation. As shown 
in Fig. 7, M15CtXRΔ cells utilized glucose more prefer-
entially compared with xylose. A similar phenomenon was 
previously reported in Kluyveromyces marxianus [64], S. 
cerevisiae [65], and C. tropicalis [18]. The present study 
also reported that the recombinant CtXR exhibited an oxi-
doreductase coupling system in the presence of NADPH for 
the conversion of xylose to xylitol. Previous studies have 
reported the cytosolic NADPH/NADP + ratios in the range 
of 15–60, which drives the synthesis of nucleic acid and 
fatty acids [66, 67]. Glycerol as an auxiliary substrate along 
with xylose significantly improved the xylitol yield by three 
folds. Previous reports suggest that glycerol as a substrate 
can increase NADPH supply [68]. Co-expression of P. stipi-
tis glycerol dehydrogenase genes in C. tropicalis BSXDH-3 
facilitated the abundant supply of NADPH cofactor and 
increased xylitol productivity by ∼30% [69]. The glycerol 

addition is hypothesized to increase xylose to xylitol con-
version by NADPH regeneration and diverting the entire 
XR pathway toward the xylitol synthesis. The cells must 
recycle NADPH generated through glycerol catabolism for 
the efficient utilization of xylose in the presence of glycerol.

Hemicellulosic hydrolysates from different lignocellu-
losic biomasses such as corncob, sugarcane bagasse, wheat 
straw, rapeseed straw, brewer’s spent grain, cashew apple, 
and many other substrates are the most common renewable 
substrates for xylitol production [14, 70, 71]. The pretreat-
ment and costly steps of detoxification are the major bot-
tlenecks for biorefineries that produce xylitol. Other draw-
back includes the low tolerance of yeast toward inhibitory 
compounds such as acetic acid, furfural, and hydroxymeth-
ylfurfural [71, 72]. In this study, the production of xylitol 
from alkali pretreated corncob hydrolysate yielded 0.57 g 
xylitol for 1 g xylose and 0.15 g  L−1 h−1 volumetric produc-
tivity. After crystallization and purification, we achieved 
a total recovery of 70%. The xylitol yield and productiv-
ity from corncob hydrolysate by different yeast strains are 
given in Table 3. Cofactor regeneration is a rate-limiting 
step in the valorization of biomass hydrolysate to xylitol. 
Here, E. coli strain M15 reconstructed by heterologous 
recombination with XR from C. tropicalis GRA1 lead to 
the carbon flux toward the pentose phosphate pathway/
transhydrogenase activity on NADPH generation.

Previous studies have reported the significance of direct 
NADPH supply by  NADP+-utilizing enzymes for driving 
the heterologous NADPH-dependent reactions (Table 3). 
Our study also attempted strain modifications to improve 
the coupling between glucose catabolism (oxidation) and 
xylose reduction. Our results also indicated that co-utili-
zation of cellobiose and xylose in the hydrolysate could 
improve xylitol production through increased xylose 
uptake and efficient cofactor regeneration [73]. As promis-
ing results were obtained from this two-step bioconversion 
of corncob to xylitol, upscaling the production in opti-
mized bioreactors will pave the way for xylitol production 
from lignocellulosic biomass on an industrial scale.

Conclusion

Overexpression of the endogenous XR from C. tropica-
lis GRA1 in the robust E. coli M15 with inherent xylose 
transporters resolved the limitations of xylose bioconver-
sion to xylitol in yeast. Genetic modifications coupled 
with glucose catabolism followed by xylose reduction 
and cofactor regeneration increased the xylitol productiv-
ity. The auxiliary substrate glycerol in the fermentation 
medium diverted the carbon flux toward pentose phosphate 
pathway/transhydrogenase activity on NADPH generation. 
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Under the optimized conditions, the metabolically engi-
neered E. coli M15 biocatalyzed the production of xylitol 
in shake flask fermentation. In addition, we also obtained 
a remarkable yield of xylitol from alkali pretreated and 
detoxified corncob. The step-wise engineering strategy and 
xylitol production process from corncob hydrolysate can 
be further up scaled for the synthesis of ecofriendly and 
high-value green chemicals.
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