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The aim of the present study is the development of a consolidated bioprocess for the production of lysine
with recombinant Corynebacterium glutamicum DM1729 strains expressing endoglucanase and b-
glucosidase genes. Here, the endoglucanase genes from Xanthomonas campestris XCC3521 and
XCC2387 and betaglucosidase gene from Saccharophagus degradans Sde1394 were cloned in C. glutam-
icum DM1729 and expressed either extracellularly or on cell surface. The highest b-glucosidase activity
of 9 ± 0.5 U/OD600 of 1 and endoglucanase activity of 5.5 ± 0.8 U was obtained in C. glutamicum DM
1729 (pVWEx1-TATXCC2387) (pEKEx3-PorC-Sde1394) when cellobiose (20 g/L) alone or in combination
with carboxymethyl cellulose (20 g/L) was used as the carbon sources respectively. The overall efforts
resulted in a lysine titre of 5.9 ± 0.5 mM. The ability of the constructs to utilize carboxymethyl cellulose
and cellobiose for growth and amino acid production proves the concept of utilization of C. glutamicum as
a biocatalyst in the lignocellulosic biorefinery.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Lignocellulosic biomass is considered as the cheap, sustainable
and renewable feed stock of the decade as it generally avoids com-
petition as food and fodder (Saxena et al., 2009). Concentrated
efforts are not given for lignocellulosic biomass generation as it
is usually agricultural, industrial or farmyard waste or forest
forage. Due to the ease of access and low cost, there was always
labored efforts towards utilization of lignocellulosic biomass for
production of bio based fuels and chemicals. Most of the bacterial
bioproduct producers lack the inherent ability to naturally degrade
the cellulose chains to assimilable sugar monomers and hence
lignocellulosic biomass is underutilized in this direction. On the
other hand, the feed stock has to be extensively pretreated and
hydrolyzed so as to be accessible for the microbes. To fully capital-
ize on the available lignocellulosic feed stock for production of
products of interest, the target microbes has to be engineered for
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heterologous expression of cellulose degrading enzymes or cellu-
lases (Lynd et al., 2002).

Cellulose is the water insoluble plant biomaterial which is com-
posed of repeated b-linked D-glucose units and cellulases are
enzymes that degrade cellulose. Cellulases are composed of multi-
ple enzymes acting synergistically in cellulose hydrolysis to gener-
ate monomer units. Cellulases have higher efficiencies in combined
action and higher combined activity than the sum of individual
activities. Endoglucanases, or Endo-1, 4-b-glucanase (EG) cleave
intramolecular b-1, 4-glucosidic linkages in the amorphous regions
of cellulose fiber and produces new chain ends and higher DP or
lower DP cellooligosaccharides. b-Glucosidases cleave the cello
oligosaccharides preferentially cellobiose and form glucose mono-
mer units. It is the key enzyme in relieving product inhibition of
endoglucanases. These enzymes form an important step for the
development of a lignocellulosic biorefinery.

A lignocellulosic biorefinery is where the lignocellulosic
biomass is converted to fuels and chemicals in various steps. An
efficient biocatalyst capable of multiple product production will
be advantageous to the biorefinery. The supreme microbe for
lignocellulosics to bioproduct conversion should have high produc-
tivities, co utilization of different sugars for efficient fermentation,
broad substrate utilization range, tolerance to inhibitors generated
during pretreatment, minimal byproduct formation etc.
(Sukumaran et al., 2010).

Corynebacterium glutamicum is a gram positive, non spore form-
ing rod shaped bacterium isolated from soil and used as the indus-
trial work horse of amino acid fermentation since its discovery in
the 1950 s. The microbe is also versatile in the production of mul-
titude of products including organic acids, fuels, platform chemi-
cals and other bioproducts. C. glutamicm is also engineered for
substrate broadening to utilize lignocelluloses derived sugars
(Gopinath et al., 2012). Under oxygen deprived conditions and high
cell densities, C. glutamicum has also shown resistance to inhibitors
for alcohol fermentation (Inui et al., 2004) which will be an added
advantage in a lignocellulosic biorefinery.

Here we constructed endoglucanase and b-glucosidase express-
ing C. glutamicum for the assimilation of carboxymethyl cellulose or
cellobiose for lysine fermentation. Three recombinant strains were
constructed with secreted endoglucanases, and either secreted or
surface displayed b-glucosidase. The rate limiting enzyme in cellu-
lose hydrolysis is b-glucosidase which holds a very important role
in cellulose hydrolysis. The substrate of b-glucosidase is the major
inhibitor of endoglucanase and cellobiohydrolase at concentrations
of 0.3%w/v where hydrolysis efficiencies decrease up to 50% (White
Table 1
Bacterial strains and plasmids used in the study with their relevant characteristics.

Strain Description

E. coli DH5a Fthi-1 endA1 hsdr17 (r-, m-) supE44 _lacU
C. glutamicum DM1729 lysC P458S, homV59A, pyc T311I
Corynebacterium variabile
Xanthomonas campestris
Saccharophagus degradans
DM1729 (pVWEx1-TAT-XCC2387) DM 1729 harbouring (pVWEx1-TAT-XCC
DM1729 (pVWEx1-TAT-XCC3521) DM 1729 harbouring (pVWEx1-TAT XCC
DM1729 (pEKEx3-TAT-Sde1394) DM 1729 harbouring (pEKEx3-TAT-Sde1
DM1729 (pEKEx3-porC-Sde1394) DM 1729 harbouring (pEKEx3-PorC-Sde1

Plasmids
pVWEx1 KanR, Ptac, lacIq
pEKEx3 SpecR, Ptac, lacIq
pVWEx1-TAT-XCC2387 Vector for endoglucancase expression (X
pVWEx1-TAT-XCC3521 Vector for endoglucancase expression (X
pEKEx3-TAT-Sde1394 Vector for b-glucosidase expression (Sde
pEKEx3-porC-Sde1394 Vector for b-glucosidase expression (Sde

using porC anchor protein
and Hindle, 2000). Commercially available cellulases have low
levels of b-glucosidases which necessitate the addition of high
enzyme loads for increased saccharification efficiency
(Sukumaran et al., 2010). Cell surface display of proteins are
reported (Lee et al., 2003; Tanaka et al., 2012) to enhance their
activity than in secreted form. b-glucosidases were hence displayed
on the cell surface in addition to the secreted form. porC anchor pro-
tein was used as the anchor for cell surface display and has been
successfully employed earlier in C. glutamicum. Porins are cell wall
associated proteins in C. glutamicum due to the presence of mycolic
acids (Bayan et al., 2003). Cell surface display of proteins were
employed previously in gram positive and gram negative bacteria
for complex substrate utilization (Adachi et al., 2013; Narita et al.,
2006; Tateno et al., 2007a; Yao et al., 2009). Endoglucanases are
expressed here only in the secreted form.
2. Methods

2.1. Bacterial strains and media

Bacterial strains and plasmids used in the study with their rel-
evant characteristics are listed in Table 1. E. coli DH5a (Hanahan,
1983) was used as the host for DNA manipulation. C. glutamicum
DM1729 (Georgi et al., 2005) and derived strains were used for
recombinant protein expression and lysine fermentation.

E. coli was grown in Luria–Bertani medium at 37 �C and C. glu-
tamicumwas grown in LB medium at 30 �C. For recombinant selec-
tion, Luria–Bertani agar medium with either kanamycin (25–
50 lg/ml) or spectinomycin (100 lg/ml) or in combination was
used.

For lysine fermentation studies CGXII mineral medium
(Eggeling and Bott, 2005) was used with either glucose, cellobiose,
carboxymethyl cellulose as carbon sources or their blends. A loop-
ful of cells from LB agar plates was inoculated in LB media and
incubated at 30 �C and 200 rpm for 18 h. Cells were separated from
this pre-culture by centrifugation and used to seed an inoculum.
The inoculum after 18 h of growth was used to inoculate the CGXII
production medium to an initial OD600 of 1. When appropriate,
IPTG was added in a concentration up to 1 mM.
2.2. Plasmid Construction and general recombination methods

E. coli–C. glutamicum shuttle vectors, pEKEx3 and pVWEx1 were
used as the vector backbone for plasmid construction in the study
Reference

169 (a80lacZ_M15) recA1 gyrA96 relA1 Hanahan (1983)
Georgi et al. (2005)
DSM
ATCC
ATCC

2387) This study
3521) This study
394) This study
394) This study

Peters-Wendisch et al. (1998)
Stansen et al. (2005)

CC2387 from Xanthomonas campestris) This study
CC3521 from Xanthomonas campestris) This study
1394 from Saccharophagus degradans) This study
1394 from Saccharophagus degradans) This study
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(Peters-Wendisch et al., 1998; Stansen et al., 2005). The betaglu-
cosidase and endoglucanase genes were amplified from the respec-
tive genomic DNA sequences by KOD PCR (KOD, Novagen,
Darmstadt, Germany). For the present study, six betaglucosidase
genes were amplified i.e. Corynebacterium variabile DSM 44702 –
Cvar 2943 (bgl B), Xanthomonas campestris pv. campestris str. ATCC
33913-XCC1090 (bglX) with the secretory signal, XCC1090 (bglX),
XCC1250 (bglX), XCC1404 (bglS), XCC3814 (bgl X) and Saccharopha-
gus degradans str. ATCC 43961–Sde1394 (bglB). Similarly, five
endoglucanase genes were identified from X. campestris pv. cam-
pestris str. ATCC 33913 i.e. XCC0026, XCC0027, XCC0028, XCC2387
and XCC3521. The amplified fragments along with RBS and TAT
secretion signal was cloned in the vector using Gibson assembly
for the expression of enzymes in the secreted form.

Of the endoglucanase and b-glucosidase genes described above,
the plasmids constructed with Sde 1394, XCC2387 & XCC3521
showed quantifiable enzyme activities and were selected for fur-
ther studies. Hence the plasmids for endoglucanase expression
were named pVWEx1-TAT-XCC2387 and pVWEx1-TAT-XCC3521.
The plasmid for bgl expression on the cell surface with the por C
anchor was also constructed similarly, and the resultant plasmid
was named pEKEx3-porC-Sde1394 and the secreted form was
pEKEx3-TAT-Sde1394.

Standard molecular biology reactions including PCR, restriction
digestion and ligation, were executed as described previously
(Sambrook and Russell David, 1989). Gibson assembly in the
isothermal reaction buffer has been applied for the construction
of plasmids, in addition to the ligation reaction (Gibson et al.,
2009). PCR products were purified using PCR purification kit or
Min Elute PCR purification kit (QIAGEN, Hilden, Germany). E. coli
transformation was performed using RbCl method (Hanahan,
1983) and C. glutamicumwas transformed via electroporation
(Van der Rest et al., 1999) at 2.5 kV, 200X, and 25 lF. All cloned
DNA fragments were confirmed by sequencing for integrity.

2.3. Enzyme expression

The cloned enzymes were under the control of IPTG inducible
promoter. The cells were cultured in the CGXII minimal medium
with cellobiose or carboxymethyl cellulose as carbon sources for
96 h and sampled at 24 h intervals. Induction was done at the time
of inoculation, with IPTG up to 1 mM concentration. Either the cell
free supernatant or cell pellet was used for further analysis of
enzyme expression.

2.4. Enzyme assay

2.4.1. Qualitative assay
For qualitative determination of endoglucanase and b-

glucosidase activities, either CMC or cellobiose agar plates were
streaked with the transformants and incubated at 30 �C for 48 h.
Qualitative determination of endoglucanase expression was done
on CMC agar plates showing clearance zone of hydrolyzed polysac-
charide when flooded with 0.1% congo red followed by 1 M NaCl
(Teather and Wood, 1982); or trypan blue (Tsuchidate et al.,
2011). b-Glucosidase activity was determined by formation of
zones with iodine reagent on cellobiose agar plates. Endoglucanase
activity was also determined by CMC agar plates flooded with
iodine (Kasana et al., 2008).

2.4.2. Quantitative assay
For b-glucosidase activity measurement, the C. glutamicum

DM1729 cells were separated by centrifugation at 6000 rpm for
10 min at 4 �C. The cell pellet was washed with 1X PBS twice and
resuspended in 50 mM citrate buffer. The cell pellet fraction and
the cell free supernatant were used to determine b-glucosidase
activity. Endoglucanase activity was determined by measuring
the glucose yield from 2% (w/v) carboxymethylcellulose (CMC)
using a modified protocol (Xiao et al., 2005). The assay was per-
formed at 50 �C for 30 min. b-Glucosidase activity was determined
by measuring the concentration of p-nitrophenol (pNP) liberated
from p-nitrophenyl b-d-glucopyranoside (pNPG) in 10 min at
50 �C. Colorimetric detection was performed with a Shimadzu
UV160 A spectrophotometer at 540 nm for endoglucanase and
400 nm for b-glucosidase, respectively. One unit of enzyme activity
was defined as the amount of enzyme required to liberate 1 lmol
of glucose or p-nitrophenol per minute.

2.5. Pretreatment of biomass and enzymatic hydrolysis

Rice straw and sugarcane tops, obtained locally were used for
pretreatment. Rice straw is the aerial vegetative part of the rice
plant. After harvesting, it is either burned or left in the field or used
as livestock feed. Sugarcane tops are the leaves of sugarcane plant
and are usually burned after harvesting sugarcane. The milled and
processed biomass was subjected to dilute acid pretreatment with
4%w/w sulfuric acid at 121 �C for 60 min. The biomass so obtained
was neutralized after cooling with 10 N sodium hydroxide and air
dried for hydrolysis. The recombinant strains were incubated in
CGXII medium at 30 �C for 48 h and the supernatant was obtained
by centrifugation at 6000 rpm for 10 min at 4 �C. The supernatant
thus obtained was used as the enzyme mixture for biomass hydrol-
ysis. The reaction mixture consisted of 2%w/v substrate in the
enzyme solution and hydrolysis continued for 72 h at 30 �C. The
reducing sugars were analysed by DNS assay at 540 nm after
obtaining the supernatant by centrifuging at 6000 rpm for 10 min.

2.6. Simultaneous saccharification and fermentation

Pure polysaccharides like carboxymethyl cellulose and cel-
lobiose individually or in combination at a concentration of 2%w/
v were used as carbon source for fermentation in CGXII medium.
Fermentation was carried out in CGXII medium at 30 �C for 72 h
in both cases.
3. Results and discussion

3.1. Recombinant C. glutamicum DM1729 expressing endoglucanase
and b-glucosidase genes

Engineering of microbes for direct substrate utilization by
heterologous expression of enzymes so as to broaden the substrate
spectrum is crucial in the development of a microbial biorefinery.
In this direction, several enzymes has been successfully expressed
in C. glutamicum (Adachi et al., 2013; Seibold et al., 2006; Tateno
et al., 2007b). C. glutamicum is an excellent host for heterologous
protein expression considering the limited extracellular protease
activity and efficient secretion mechanisms for proteins
(Geisseler and Horwath, 2008).

Of the six betaglucosidases Sde1394 gave heterologous expres-
sion in C. glutamicum DM 1729 and among the endoglucanases
XCC2387 & XCC3521 showed heterologous enzyme expression.
Thus in this study, the recombinant strains obtained were, (1) C.
glutamicum DM 1729 (pVWEx1-TAT-XCC2387) (pEKEx3-PorC-
Sde1394) (2) C. glutamicum DM 1729 (pVWEx1-TAT-XCC3521)
(pEKEx3-TAT-Sde1394) and (3) C. glutamicum DM 1729 (pVWEx1-
TAT-XCC2387) (pEKEx3-TAT-Sde1394). All the three recombinant
C. glutamicum DM1729 strains were evaluated for its endoglu-
canase and b-glucosidase expression and lysine fermentation.
Two of the recombinant strains namely C. glutamicum DM 1729
(pVWEx1-TAT-XCC2387) (pEKEx3-TAT-Sde1394) and C. glutamicum
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DM 1729 (pVWEx1-TAT-XCC3521) (pEKEx3-TAT-Sde1394) had both
the enzymes in secreted form and C. glutamicum DM 1729
(pVWEx1-TAT-XCC2387) (pEKEx3-PorC-Sde1394) had endoglu-
canase in secreted form and betaglucosidase in cell surface
expressed form using the porC anchor. Porin for cell surface expres-
sion of heterologous proteins has been successfully demonstrated
earlier (Tateno et al., 2009). C. glutamicum has TAT and Sec secre-
tion systems. TAT secretion system used in the study for the
expression of proteins in the secreted form, transports fully folded
proteins in the cytoplasm (Dilks et al., 2003) and is reported to be
industrially efficient. Moreover the feasibility of choosing the TAT
system is corroborated by the earlier reports stating that
Corynebacteria transports more proteins through the TAT system
than other related genera like Mycobacterium and Streptomyces
(Schaerlaekens et al., 2004).

The expressed cellulases were able to degrade the polysaccha-
rides and produce the reducing sugars for efficient utilization by
the recombinant C. glutamicum DM1729. This shows that the
enzymes were transported out of the cells efficiently. The vector
map for plasmid encoding representative endoglucanase (a) and
betaglucosidase (b) is depicted in Fig. 1a and b respectively.

3.2. Enzyme activities of endoglucanases and b-glucosidases

The enzyme activities were qualitatively determined using
chromogenic reaction to iodine, trypan blue and congo red. All
the recombinant strains were able to grow on the respective sub-
strates viz carboxymethyl cellulose and cellobiose. The positive
chromogenic reaction was shown by clear zone of polysaccharide
hydrolysis around the colonies whereas the parent strain was
unable to produce clearance zones. Endoglucanase activity was
shown by clearance zones with congo red, trypan blue and iodine
whereas positive b-glucosidase was shown by reaction with iodine.

The endoglucanase and b-glucosidase activities of the recombi-
nantC. glutamicum strainswere quantitatively evaluatedusing stan-
dard assay protocols. The endoglucanase and b-glucosidase
activities of all the recombinant strains and the parent strain are
depicted in Fig. 2. Generally,C. glutamicum13032andderived strains
lack the ability to assimilate cello oligosaccharides like cellobiose.
Unlike thewild type strain,C. glutamicumR is reported toutilize sali-
cilin, arbutin and methyl b-glucoside by direct uptake through the
PEP-dependant phosphotransferase system (PTSbglF1 & PTSbglF2)
but was unable to utilize cellobiose. Point mutations in the bglF1
gene in the PTS extended the substrate utilization spectrumof C. glu-
tamicum R to cellobiose (Kotrba et al., 2003) and simultaneous uti-
lization of cellobiose, glucose and xylose (Sasaki et al., 2008). We
Fig. 1. (a) The vector pVWEx1 harbouring the endoglucanase gene XCC2
have followed heterologous expression of b-glucosidase genes
for cellobiose utilization. The highest b-glucosidase activity of
9 ± 0.5 U/OD600 of 1 was observed in C. glutamicum DM 1729
(pVWEx1-TAT-XCC2387) (pEKEx3-PorC-Sde1394) in medium con-
taining cellobiose (20 g/L) as the carbon source and in the medium
with both carboxymethyl cellulose and cellobiose in combination,
the b-glucosidase activity dropped to 0.5 ± 0.2 U/OD600 of 1. Consid-
ering the other two strains with secreted b-glucosidases, the activi-
ties are higher in the cell surface expressed form. C. glutamicum has
been engineered for endoglucanase expression and glucan hydroly-
sis using Clostridium thermocellum endoglucanase (Tsuchidate et al.,
2011). In the present study, endoglucanase activitieswerehighest in
DM 1729 (pVWEx1-TAT-XCC2387) (pEKEx3-PorC-Sde1394) having
5.5 ± 0.8 U and for the other two strains highest activities were
obtained in carboxymethyl cellulose basedmedium. In all the cases,
the parental strain did not show endoglucanase or b-glucosidase
activities. The enzyme activities in media where either cellobiose
or carboxymethyl cellulose alone was used as carbon source are
described in Table 2.

3.3. Biomass hydrolysis

The hydrolysis of pretreated biomass with the secreted
enzymes of C. glutamicum recombinants yielded reducing sugars.
Sugarcane tops was more assessable to the recombinant enzymes
than rice straw which is evident from the reducing sugars
produced. The recombinant strain I [DM 1729 (pVWEx1-TAT-
XCC2387) (pEKEx3-PorC-Sde1394) ] and strain III [DM 1729
(pVWEx1-TAT-XCC2387) (pEKEx3-TAT-Sde1394)] showed similar
reducing sugar concentrations (5.2 ± 0.26 mg/g substrate and
5.4 ± 0.27 mg/g substrate) with sugarcane tops as the substrate
and with rice straw the highest reducing sugar concentration
obtained was 4.7 ± 0.23 mg/g substrate. The results are described
in Fig. 3.

3.4. Lysine fermentation by endoglucanase and b-glucosidase
expressing C. glutamicum

Lysine fermentation was carried out in CGXII medium with cel-
lobiose and carboxymethyl cellulose either in combination or alone.
The lysine titres and growth of the recombinants were depicted in
Fig. 4. Therewas ageneral decline in the lysine titre after 48 h, except
in C. glutamicum DM 1729 (pVWEx1-TAT-XCC2387) (pEKEx3-TAT-
Sde1394), where themaximumproductionwas in 96 h of fermenta-
tion reaching 5.9 ± 0.5 mM. The highest lysine titres for the other
two strains were 2.8 ± 0.5 mM under the same fermentation condi-
387 (b) The vector pEKEx3 harbouring b-glucosidase gene Sde1394.
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Fig. 2. Ezyme activities of the C. glutamicum recombinants in CGXII medium with
20 g/L CMC and 20 g/L cellobiose. The solid column represents the endoglucanase
activity and open column represent the b-glucosidase activity. The strains I-IV
represents C. glutamicum DM 1729 (pVWEx1-TAT-XCC2387) (pEKEx3-porC-
Sde1394), C. glutamicum DM 1729 (pVWEx1-TAT-XCC3521) (pEKEx3-TAT-Sde1394),
C. glutamicum DM 1729 (pVWEx1-TAT-XCC2387) (pEKEx3-TAT-Sde1394) and empty
vector control. The enzymes activities are represented in U except for strain I, where
the b-glucosidase activity is represented as U/OD600 of 1.

Table 2
Enzyme activities and lysine titre in the media supplemented with either 20 g/L CMC
or 20 g/L cellobiose.

Bacterial strains Strain I Strain II Strain III

Fermentation in CGXII supplemented with 20 g/L CMC
b-glucosidase activity (U or U/OD600 of 1) 8 ± 0.4 0 ± 0.5 5 ± 0.3
Endoglucanase activity (U) 2.5 ± 0.5 4.5 ± 0.2 3.2 ± 0.8
Lysine titre (mM) 2.1 ± 0.12 1.7 ± 0.09 2.1 ± 0.12

Fermentation in CGXII supplemented with 20 g/L cellobiose
b-glucosidase activity (U or U/OD600 of 1) 9 ± 0.5 0 ± 0.5 3 ± 0.5
Endoglucanase activity (U) 1.5 ± 0.4 1.5 ± 0.1 2 ± 0.13
Lysine titre (mM) 2.8 ± 0.12 1.4 ± 0.1 4.8 ± 0.2

Fig. 3. Reducing sugars produced from the conversion of pretreated sugarcane tops
and rice straw. The closed column represent the reducing sugars produced per gram
of acid pretreated sugarcane tops and open column represent reducing sugars
produced per gram of acid pretreated rice straw after hydrolysis at 30 �C for 72 h.
The strain I, II, III & IV are C. glutamicum DM 1729 (pVWEx1-TAT-XCC2387)
(pEKEx3-porC-Sde1394), C. glutamicum DM 1729 (pVWEx1-TAT-XCC3521) (pEKEx3-
TAT-Sde1394), C. glutamicum DM 1729 (pVWEx1-TAT-XCC2387) (pEKEx3-TAT-
Sde1394) and empty vector control.

Fig. 4. Lysine fermentation and growth of C. glutamicum mutants in20 g/L
cellobiose and 20 g/L carboxymethyl cellulose. Closed diamond represent lysine
produced and open diamond represent growth at OD600 of strain I [C. glutamicum
DM 1729 (pVWEx1-TAT-XCC2387) (pEKEx3-porC-Sde1394)]; closed square repre-
sent lysine produced and open square represent growth at OD 600 of strain II [C.
glutamicum DM 1729 (pVWEx1-TAT-XCC3521) (pEKEx3-TAT-Sde1394)]; closed
triangle represent lysine produced and open triangle represent growth at OD600

of strain III [C. glutamicum DM 1729 (pVWEx1-TAT-XCC2387) (pEKEx3-TAT-
Sde1394)].
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tions. Lysine production by the other strains in the media supple-
mented with either carboxymethyl cellulose or cellobiose alone is
shown in Table 2.
4. Conclusion

C. glutamicum strains co-expressing cellulases were constructed
which demonstrated lysine fermentation. The strains also effi-
ciently saccharified pretreated biomass like sugarcane tops and
rice straw to reducing sugars depicting that the heterologous cellu-
lases functioned in synergy. For better utilization of cellulose for
high yields of bio products, cellulases like cellobiohydrolases need
to be co expressed. Since the hemicelluloses fractions in the ligno-
cellulosic biomass produces pentose sugars as the monomeric
units, introduction of the cellulases into pentose utilizing con-
structs that we already developed will lead to the complete utiliza-
tion of lignocellulosic biomass leading towards C. glutamicum
based biorefinery for lysine production.
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