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To improve the expression efficiency of recombinant endo-
B-1,4-glucanase in P. pastoris, the endo-p-1,4-glucanase (egl)
gene from Aspergillus niger was synthesized using optimized
codons. Fourteen pairs of oligonucleotides with 15 bp
overlap were designed and the full-length syn-egl gene
was generated by two-step PCR-based DNA synthesis. In
the synthesized endo-B-1,4-glucanase gene syn-egl, 193
nucleotides were changed, and the G+C content was
decreased from 54% to 44.2%. The syn-egl gene was inserted
into pPICIK and transformed into P. pastoris GS115 by
electroporation. The enzyme activity of recombinant P
pastoris stain 2-7# reached 20.3 U/ml with 1% barley B-
glucan and 3.3 U/ml with 1% carboxymethylcellulose
(CMC) as substrates in shake flasks versus 1,270.3 U/ml
and 220.7 U/ml for the same substrates in 50-1 fermentors.
The molecular mass of the recombinant protein was
approximately 40 kDa as determined by SDS—PAGE analysis,
the optimal temperature for recombinant enzyme activity
was 70°C, and the optimal pH was 5.0 when CMC was
used as the substrate.

Keywords: Aspergillus niger, codon optimization, endo-p-1,
4-glucanase, expression, Pichia pastoris

Cellulose, which is one of the most abundant biopolymers
in the world, is the major component of plant cell walls
[18]. Biological degradation of cellulose is catalyzed by a
cellulase complex consisting of three types of enzymes,
endo-B-1,4-glucanase (E.C. 3.2.1.4), cellobiohydrolase (exo-
B-1,4-glucanase, E.C. 3.2.1.91), and B-glucosidase (E.C.

*Corresponding author
Phone: +86-27-87281040; Fax: +86-27-87280670;
E-maijl: fa-lyx@163.com

"These authors contributed equally to this work.

3.2.1.21); the endo-p-1,4-glucanases have strict cleavage
specificity since only they hydrolyze 3-1,4-glycosidic bonds
to decrease the length of the cellulose chains [3, 19]. This
enzyme has many useful applications, such as biopolishing
cotton fabric, improving the processing of paper pulp, de-
inking paper, enhancing the efficiency of laundry detergents,
and increasing the utilization efficiency of plant materials
in animal feed [8, 9].

Endo-f-1,4-glucanase can be produced by a broad range
of organisms, including microbes, plants, and animals [10,
16]. However, production of this enzyme is mostly from
strains of Trichoderma and Aspergillus {4]. Recently,
genes encoding endo-B-1,4-glucanases of several different
fungal species have been studied, such as A. aculeatus
[24], A. kawachii 28], A. niger [13], Fusarium oxysporum
[30, 31], and 7. reesei [29]. For production at the industrial
level, heterologous expression of endo-B-1,4-glucanase
has also been carried out in a number of host organisms,
including Escherichia coli [5,10,16], Saccharomyces
cerevisiae [13, 28, 29], A. niger [27], and Pichia pastoris
[25]. Among these host organisms, the P. pastoris expression
system is an excellent system for expressing secreted
heterologous proteins [20]. However, like most living
organisms, yeasts display general bias towards a subset of
the 61 possible sense codons [22]. This difference in codon
usage between the original and heterogeneous host has a
significant impact on the expression level of recombinant
proteins [6]. Codon optimization is a promising technique
for increasing protein expression level [34]. The optimization
of codon regions encoding a target protein according to the
codon bias of the host cell can usually result in an average
10- to 50-fold increase in target protein production [23, 32].

In this study, we designed and constructed a full-length
synthetic gene by changing the codons to those preferred
by P. pastoris in order to achieve high-level expression of
heterologous endo-f3-1,4-glucanase.
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MATERIALS AND METHODS

Strains, Plasmids, and Medium

E. coli DH5a was stored by our laboratory. P. pastoris expression
vector pPICIK and P. pastoris host strain GS115 (his™ mut) were
purchased from Invitrogen Co., Ltd. Oligonucleotides, Pyrobest
DNA polymerase, DNA marker, T4 DNA ligase, pMDI18-T simple
vector, and restriction enzymes EcoRI, Sacl, and Nofl were purchased
from TaKaRa Biotechnology Co., Ltd. (Dalian, China).

Minimal dextrose (MD) medium, minimal methanol (MM) medium,
buffered glycerol complex (BMGY) medium, buffered methanol
complex (BMMY) medium, fermentation basal salts medium (BSM),
and PTM1 trace salts solution were prepared according to the
instructions for the Pichia Expression Kit [17].

Synthesis of the syn-egl Gene
syn-egl was synthesized according to the amino acid sequence of A.
niger glucanase (GenBank Accession No. AF331518). Using DNAWorks
[7], 28 oligonucleotides were designed based on the codon usage of
P. pastoris, each having about 53 nucleotides and 15 bp overlaps
within the nucleotide sequence, which gave a theoretical melting
temperature of 55-60°C (Table 1).

The 28 oligonucleotides were assembled by two-step PCR as
shown in Fig. 1 [26]. First, fragment S1 was obtained using primers

Table 1. Primers used in synthesis of codon-optimized B-1,4-
glucanase.

Primer sequence (5'-3")

PD1  ggagaattegttttcgaatggtttggatctaatgaatccggagotgag

PD2  tagtctgtaccccaaacacctgggatgttagtaccgaactcagetecggatte
PD3  gtgtttggpptacagactacatcttcccagacceateegetatttctacattg
PD4  tgaactctgaagaagttcataccettatcaatcaatgtagaaatageggatgg
PD5  gtatgaacttcticagagttcaattcatgatggaacgtttgttgccagattct
PD6  gccaagtactcttcatcgtaagaaccagtcatagaatctggeaacaaacgtte
PD7  acgatgaagagtacttggctaacttaactactgttatcaaggcetgttactgacgg
PD8 tagttgtgtggatcaaccaaageatgageaccaccgtcagtaacagecttgat
PD9 ttggttgatccacacaactacggtagatacaatggtgagatcatctettet
PDI10 ctaagiittcocaganagtctggaaatcagaagtagaagtagaagagatgatctcaccat
PDII1 cagactttctgggaaaacttagetggteagtacaaagataacgacttggtcat
PD12 ccatgtcatggtattcgttgttggtatcaaacatgaccaagtegttatetttg
PD13 caacgaataccatgacatggaccaagatttggicttgaactigaatcaagctg
PD14 agttgcacctgeagetetgatacegttgaiggeagettgattcaagttcaaga
PDIS5 agctgeaggtgcaacttctcagtacattitcgtcgagggtaactectggaceg
PD16 tcatgttatcgttaacatcaacccaggtcecaageaccggtceaggagttacee
PD17 ggttgatgttaacgataacatgaagaaccttactgatccagaagataagattg
PDI8 cagagtctaagtattgatgcatttcgtaaacaatettatcttctggatcagt
PD19 aaatgcatcaatacttagactctgatggticeggtacctcegaaacttgtgtt
PD20 cttcggtaacacgctecttaccaatagtitcagaaacacaagtttcggaggta
PD21 aaggagcgtgttaccgaagctactcaatggtigaaggataacaagaaggttgg
PD22 atcgttggatcctectgegtactcaccaatgaaaccaaccttcttgttatect
PD23 gcaggaggatccaacgatgtttgtagatctgetgtctceggaatgttagagt
PD24 gcacccttccaaacgtcagtgttgtitgecatgtactctaacattccggagac
PD25 acgtttggaagggtecctectggteggcagetggacctiggtggggtgacta
PD26 taggcagtaccatctggtggticcaaggagaagatgtagtcaccccaccaagg
PD27 accagatggtactgectacactggtatgttggatatettggaagectatctgt
PD28 tacgctgaagcttgagtgegocegettacagataggcticcaagatat
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Fig. 1. The strategy for the synthesis and assembly of syn-egl
using a two-step DNA synthesis method.

P1-P14 by a two-step method: the first step was performed with a
mixture of oligonucleotides P1-P14 under the following conditions:
94°C for 2 min; 30 cycles at 94°C, 60°C, and 72°C, each for 30s;
72°C for 10 min. Then, to amplify the target fragment S1, 1 ul of
the product resulting from the first-step PCR was used for the
second-step PCR with forward primer P1 and reverse primer P14.
The fragment S2 was obtained by a similar two-step PCR approach
using primers P15-P28. Then, the two products S1 and S2 were
gel-purified and mixed equally as template for the following PCR,
in which oligonucleotides P1 and P28 were used to amplify the full-

length gene.

Construction of Expression Vectors

The above syn-egl gene was cloned into the pMD18-T simple vector,
generating plasmid pMD18T-syn-egl. The sequence of the gene was
verified by sequencing, and the target fragment was separated from
pMD18T-syn-egl via Nofl and EcoRl digestion followed by gel
extraction and then insertion into pPIC9K to generate recombinant
vector pPICOK -syn-egl.

Transformation and Screening for Transformants
pPIC9K-syn-egl DNA (5-10pg) was linearized with Sacl and
electrotransformed into P. pastoris strain GS115 (1.5 kV, 200 ), 25 uF;
Bio-Rad Gene Pulser System). Recombinant clones, grown on MD
medium, were transferred to MM plates to identify the His"Mut®
phenotype. To observe the transparent zone generated by secreted B-
1,4-glucanase, all transformants were spot-inoculated onto a BMMY
plate with 1% CMC and incubated for 48 h at 30°C according to the
method of Teather er al. [33]. Then, clones displaying enzyme
activity were picked from the plates, inoculated into 50ml of
BMGY, and cultured at 30°C in a gyratory shaker at 250 rpm for
48 h. The cells were harvested by centrifugation at 3,000 rpm for
5 min at 4°C and resuspended in 20 ml of BMMY. Subsequently, the
cultures were incubated at 30°C for 48 h; 1% methanol was added
every 24 h to maintain f-1,4-glucanase induction. The clone with
the highest p-1,4-glucanase activity was chosen for testing enzyme
production by fermentation in a fermentor.

High Cell Density Fermentation at Laboratory Scale
A 50-1 fermenter (Biof-6000; Chinabeauty, China) equipped with two
six-bladed disc impellers for aeration and electrodes for measuring
pH and dissolved oxygen was used. The positive strain (No. 2-7#)
with the highest glucanase activity was grown in 20 1 of BSM with
PTMI1 trace salts solution at 30°C and pH 5.0 with the pH adjusted
automatically by addition of ammonium hydroxide.

The initial cultivation terminated when all glycerol was consumed
(about 20 h). Continuous glycerol feeding was carried out for about



6h in the subsequent glycerol-fed phase, and the yield of cellular
wet weight reached about 100 g/l at the end of this phase. After that,
100% methanol was added at 5 mi/hl for 100 h. During fermentation,
the condensed air flow was kept above 20% with an agitation rate
of 1,000 rpm. Samples were collected from the culture every 4 h and
analyzed for cellular wet weight, enzyme activity, and production of
extracellular peptides by 12% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS—~PAGE) as described previously.

Glucanase Assay

The B-1,4-glucanase activity was determined with 1% (w/v) barley
B-glucan (Sigma) and 1% (w/v) CMC (Sigma) as substrates, and the
reducing sugar content was measured using the 3,5-dinitrosalicylic
acid method [21] with p-glucose as the standard. The assay was
carried out in a 2-ml volume containing an appropriate amount of
enzyme solution and 1% substrate (w/v) dissolved in 0.1 mol/l acetic
buffer (pH 5.0) and incubated at 40°C for 30 min. One unit of
enzymatic activity was defined as the amount of enzyme needed to
release 1 pmotl reducing sugar from the substrate per minute.

Characterization of the Recombinant Enzyme
The optimal pH for enzyme activity was determined at 40°C with
CMC. A Na,HPO,/citric acid buffer was used for pH 4.0-8.0 and
a NaOH/glycine buffer was used for pH 8.0-10.0. The optimal
temperature was determined by performing the standard assay at
various temperatures from 40°C to 90°C. Thermal stability of the
enzyme was estimated by determining residual enzyme activity after
incubation at 40-90°C for 30 min.

The EMBL accession number of the sequence reported in this
paper is FN434112.

RESULTS

Synthesis of the syn-egl Gene and Construction of the
Expression Vector

The syn-egl gene was synthesized using a two-step PCR
method (Fig. 1). To reduce errors potentially introduced
during PCR amplification, the designed gene was subdivided
into two fragments: the S1 fragment (477 bp), assembled
with oligonucleotides P1-P14, and the S2 fragment (482 bp),
with oligonucleotides P15-P28. The two PCR products
were then assembled into the full-length syn-egl gene
(948 bp) including restriction sites by overlap-extension
PCR (Fig. 2). The syn-egl nucleotide sequence showed
78.8% identity to the wild-type. Compared with the original
egl gene, 193 nucleotides were changed, which led to the
optimization of 121 amino acid codons (Fig. 3}, and a
reduction in G+C content from 54% to 44.2%, closer to the
average G+C content of other highly expressed genes in P,
pastoris [15].

The syn-egl gene was first cloned into the pMDI18-T
simple vector, generating plasmid pMD18T-syn-egl, and
the gene sequence was confirmed by sequencing. The
target fragment from pMD18T-syn-egl was then digested
with Nofl and EcoRI and the resulting fragment was
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Fig. 2. PCR product of the synthetic fragment of syn-engl
detected by 1% agarose gel electrophoresis.

Lane M, DNA marker; lane 1, PCR product of the synthetic full-length
syn-engl with restriction sites; lane 2, PCR product of the synthetic
fragment S1 of syn-engl; lane 3, PCR product of the synthetic fragment S2
of syn-engl.

inserted into pPIC9K as an in-frame fusion with the o-
factor signal sequence, yielding pPIC9K -syn-egl.

Screening of Transformants by Shake-Flask Fermentation
The recombinant vector was electroporated into £, pastoris
GS115 competent cells. A set of 46 transformants was
tested by Congo red staining on CMC agar plates, in which
a clear halo can be seen around positive colonies (Fig. 4);
45 transformants showed endo-p-1,4-glucanase activity.
These transformants were all used for a shaker flask test.
After 96 h of induction in a shaker flask, one recombinant
(No. 2-7#) exhibited the highest enzyme activity (20.3 U/
ml with 1% barley p-ghucan and 3.3 U/ml with 1% CMC
as substrates). Therefore, this recombinant was chosen to
study enzyme production in high cell density fermentation.

High Cell Density Fermentation

To obtain a large amount of active protein, fed-batch high
cell density fermentation was performed at a laboratory
fermentor scale with a 20-1 culture. During the initial
glycerol-batch and glycerol-fed-batch phases, the biomass
increased exponentially to 101 g/l and the glycerol was
depleted by 26 h. The induction phase was then initiated
by feeding methanol as the sole carbon source, which
lasted about 100 h longer. The p-1,4-glucanase activity of
the culture was determined every 4 h during induction. As
shown in Fig. 5, the highest level of B-1,4-glucanase
production was reached at 96 h after induction (enzyme
activity was 220.7 U/ml with 1% CMC substrate, and
1,270.3 U/ml with 1% barley B-glucan substrate), whercas
the highest biomass was obtained at 100 h after induction
(393 g/l.
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egl 1 [ERNG]
syn-egl 1
congensus 1 GT

GTET TGAATGGTTMGGATCEAATGAE T CINGCIMGCTGAGT THGGHACSA
GTINTTMGAATGGT TMGGATCRNAATGAMNT Cle GCTGAGT T[EGGUYA CiNA
GT T GG A

T GAATGGTT GGATC AATGAgTC GG GCTGAGTT

CTAT™

egl YRR CSGACTACATCTTCCCY T CleG
syn-egl YRR CI\GACTACATCTTCCCE TCMGCTATY

(YA T C Cpy C] A
CLY§C T

AT CC GG GT TGGGG A

kd > >

AC

ETTGATTGAMAAGGGEATGAACTTCTTCMGEGT
MTTGATTGAMAAGCGGWATGAACTTCT TCEGIAGT

congensgus 71 C GACTACATCTTCCC GACCC TC GCTAT TCTACgTTGATTGA AAGGG ATGAACTTICTIC G GT

egl 141
syn-egl 141
consensus 141

egl 211
syn-egl 211
consensus 211

consensus 281 GATACAA GG GAGATCATCTC

egl KM CAAAGATAACGACETGGTCATGTTTGAM
gyn-egl R NARCAAAGATAACGACWTGGTCATGTTTGAR

JAGETTGWT GCCHMGA M ATGACTGGM
GINT T GET GC CEAG Ajgy ATGACTGGITCINT A

G TTG TGCC GA TC ATGACTGG TC TA GATGAgGAGTA TGGC Aa

GACGGLIGGMGCTCATGCMNTINGTTGAMC CIRCAMAACT ARG G A
GACGGGGWGCTCATGCEMNTEICT T GAfS CAMAACTAMGGENA
T G A

AC GACGG GG GCTCATGC

egl PENRRGCATACAAMGG[MGAGATCATCT Clo¥:Xels
syn~egl PE:FERGATACAANGGHGAGATCATCT Cpidedy

GATGAEIGAGTAMT GGCMA ANy
GATGAGAGTATGGCAA

GTTGA CC CA AACTA G

ACHWAACAACCAATAWCAMGACATGGANCAGGATMT G CiE
ACMAACAACGAATAM GACATGGAMCANGATET CThdel

consensus 351 CAAAGATAACGAC TGGTCATGTTTGA AC AACAACGAATA CA GACATGGA CAgGAT T GT TG

egl LV RN A CMTGAAMCAAGCIAGCCATIAACGGHS MGG CHMGCAGETGCEACHXINCAGTACATMTTCGTCGARG
syn-egl LR A CRT EAANCAAGCISGCCAT[MAACGGH GCIGCAGGTGCHACHUNSNCAGTACATINT TCGTCGAEG
congensus 421 AAC T AA CAAGC GCCAT AACGG ATC G GC GCAGGTGCgAC CAGTACAT TTCGTCGAaG

egl [EMRRCEAACTCCTGGACCGGUMGCMTGGACETGGGTMGAMGTMAACGAMAACATGAAGAANNRTEA COGABCCIHGA
syn-egl EXNRRCHAACTCCTGCACCGCGCHTGGACHTGGGTINGAMG TISAACCAWAACATGAAGAAMET 4 GA

consensus 491 G AACTCCTGGACCGG GC TGGAC TGGGT GA GT AACGA AACATGAAGAA T AC GA CC Ga

egl YR GAMAAGATMGTMT AINGAAATGCAWM
syn-~egl LR GAMAAGATING TIRT AIMGAAAT GC AN

ETACMTAGACTCMGAMGGTTCCGGEACCT CHGA A CUT GG T
TACHTAGACTCINGANWGGTTCCGGIACCT CMGALIA CINT GYIG TN

consensus 561 AGA AAGAT GT TA GAAATGCA CAgTAC TAGACTC GA GGTTCCGG ACCTC GA%AC TG GT

egl 631
syn-egl 631

ACAETGGMTCGAAGCGAMAANAAGAAGGTHGGET
ACMGRAGCTAC CA%TGGTTGAAGGATAACAAGAAGGTTGGTT

consensusg 631 TC GAQAC AT GG ARAaGAGCG GT AC GAAGCTAC CAQTGG TGAAGGA AA AAGAAGGT GG T

egl 701
ayn~-egl 701
consensus 701

egl 771
syn~egl 771

e TGCMGTET CHGGEATGMTIEIGAGTACAT
TGCRCTT CMGGLIAT GIWTHIGAGTACAT
TGC GT TC GGGATG TgGAGTACAT

(o]

GGCEAAWAACACHE TGGAAGGGTGCHETCEHTGGTGGECHGCHGGECCINTGGTGGGGIGACTACATEY
GGECIEAAMAACACly TTGGAAGGGTGCCTCCTGGTGGGC%GCTGG;QC TGGTGGGGMGACTACAT S

consensus 771 GGCgAA AACAC GACGT TGGAAGGGTGC TC TGGTGGGCYGC GGgCC TGGTGGGE GACTACAT

egl 841 [eiC e
syn~egl 841 TCMT

WCCAGATGGR GGTATGTGGATATCTGGA*
EE4 2

CCAGATGGACTGCETACACIHGGTATGITGGATAT CINTGGAL
congensgus 841 TTC C TGGAgCC CCAGATGG ACTGC TACAC GGTATG TGGATATC TGGAgGC TATCT Tga

TATCTH
~GCETATCTETL A

Fig. 3. Alignment of 4. niger wild-type egl nucleotide sequence (egl) with optimized egl (syn-egl).
The synthetic sequence was generated by Vector NTI Suite (Invitrogen Co., Ltd.).

SDS—PAGE Analysis

The supernatant (5 pl) was used for SDS~PAGE analysis.
After staining with Coomassie brilliant blue, the target
band exhibited an apparent molecular mass of approximately
40 kDa, which was the mass predicted from the sequence
(Fig. 6). Similar results were reported for expression of the
A. niger endo-1,4-glucanase in S. cerevisiae [13].

Characterization of Recombinant Enzyme

The characteristics of the recombinant enzyme were further
investigated using CMC as the substrate. The optimal pH
for enzyme activity was 5.0 (Fig. 7). The effect of pH on
enzyme stability was studied by incubating the enzyme in
buffers of different pH at 40°C for 30 min. The enzyme
was stable over a wide pH range. More than 90% of the



Fig. 4. Activity staining of secreted synthetic endo-B-1,4-
glucanase on CMC plate observed after induction.

The transformants were spot-inoculated onto a 1% CMC plate, grown for
48 h at 30°C and stained by 0.1% Congo red for 30 min, and then washed
with 1 mol/l NaCl to remove unbound dye and then immersed into 0.5%
acetic acid for fixation.

total activity was retained after incubation at pH 3-9 (Fig. 7).
The optimal temperature was about 70°C (Fig. 8). The
enzyme was stable at high temperatures. More than 95% of
enzyme activity was retained after treatment at 60°C for
30 min, and more than 90% was retained after treatment at
70°C. However, only 20% of the activity was retained at
80°C for 30 min (Fig. 8). These results indicate that the
recombinant enzyme produced in yeast is relatively stable
at high temperature, in accordance with Hong et al. [13],
who expressed A. niger egl in the yeast S. cerevisiae and
found that the optimal temperature for the recombinant
enzyme activity was 70°C and the optimal pH was 6.0.

DISCUSSION

P. pastoris has become an important host organism for the
production of recombinant proteins [20]. It is easy to
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Fig. 5. Secretion of recombinant endo-B-1,4-glucanase in high-
density P, pastoris fermentation cultures.

The fed-batch fermentation was performed in a laboratory 50-1 fermentor.
The B-1,4-glucanase activity was determined by incubating at 40°C for
30 min in pH 5.0 with 1% (w/v) CMC (Sigma) as the substrate.
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Fig. 6. Analysis of recombinant endo-f3-1,4-glucanase by SDS—
PAGE.

A 5-ul aliquot of culture supernatant was loaded at different induction
times. Lane M, protein molecular marker; supernatants in lanes 1, 2, 3, 4,
5, and 6 were induced for 16, 32, 48, 64, 80, and 96 h, respectively.

cultivate, and its mechanism of posttranslational modification
and disulfide bond formation enables proper folding of
molecules [34]. In this study, we have successfully expressed
an A. niger endo-f3-1,4-glucanase in P. pastoris to a high
level via codon optimization and batch fermentation.

In recent years, the codon optimization technique has
been widely used to increase the expression of foreign
proteins in P. pastoris [14, 15, 20, 34]. Generally, this is
accomplished by replacing all rare codons with preferred
codons, eliminating AT-rich stretches, and adjusting the
G+C content to match that of other highly expressed genes
in P. pastoris [15]. Various experimental procedures for
PCR-based codon optimization have been developed —
from the modification of a few codons about 5' codon
adaptation [36], to the extensive rewriting of up to 1,000 bp
of DNA by overlap PCR [11]. More recently, Xiong et al.
[36] reported a simpler, rapid, high-fidelity, and cost-
effective two-step PCR-based DNA synthesis method for
long gene sequences. With this strategy, we have designed
and synthesized the full-length syn-egl gene (909 bp) and
then expressed it in P. pastoris.

—e— pH optimum

---m--- pH stability

100

80

60

40

Relative enzyme activity (100%)

Fig. 7. Effect of pH on recombinant endo-f-1,4-glucanase activity.
The enzyme stability was determined at 40°C for 30 min with CMC.
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Fig. 8. Effect of temperature on recombinant endo-B-1,4-glucanase
activity.
The enzyme stability was determined in pH 5.0 for 30 min with CMC.

The endo-B-glucanase family includes several types,
such as endo-p-1,4-glucanase (E.C. 3.2.1.4), endo-B-1,3(4)-
glucanase (E.C. 3.2.1.6), endo-f3-1,3-glucanase (E.C. 3.2.1.39),
and endo-f-1,3-1,4-glucanase (E.C. 3.2.1.73) [12]. Endo-
B-1,4-glucanase catalyzes the endohydrolysis of B-1,4-p-
glucosidic linkages in cellulose. It also hydrolyzes 1,4-
linkages in B-p-glucans that also contain 1,3-linkages [2].
The recombinant enzyme of 4. niger in this study has higher
specific activity on soluble -1,3-1,4-glucans (1,270.3 U/ml)
than the endo-P-1,3-1,4-glucanase from B. licheniformis
(333.7 U/ml) [34], but endo-f-1,3-1,4-glucanase activity
was lower than that from Paenibacillus sp. (4,554 U/ml)
[26]. This is in agreement with the reports by Bauer ef al.
[2] and Ajithkumar et al. [1], in which endoglucanases
from the hyperthermophilic archaeon Pyrococcus furiosus
hydrolyze B-1,4 bonds in mixed-linkage (1—3),(1—4)-B-
D-glucans, and endoglucanases from the mesophilic fungus
T. reesei hydrolyze cellulose, respectively [1,2]. To our
knowledge, the level of endo-B-1,4-glucanase production
achieved in this study is the highest ever reported, and the
properties of the recombinant enzyme also show great
potential for industrial production, especially for utilization
in animal feed additives and beer brewing. Further studies
will focus on pilot scale-up fermentation of P. pastoris
expressing the recombinant glucanase.
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