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Catalytic Efficiency Diversification of Duplicate 3-1,3-1,4-Glucanases
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Four types of 3-1,3-1,4 glucanase (f3-glucanase, EC 3.2.1.73) genes, designated bglA13, bglA16, bglA51, and bgIM2, were found in
the cDNA library of Neocallimastix patriciarum J11. All were highly homologous with each other and demonstrated a close phy-
logenetic relationship with and a similar codon bias to Streptococcus equinus. The presence of expansion and several predicted
secondary structures in the 3’ untranslated regions (3'UTRs) of bglA16 and bgIM2 suggest that these two genes were duplicated
recently, whereas bglA13 and bglA16, which contain very short 3'UTRs, were replicated earlier. These findings indicate that the
B-glucanase genes from N. patriciarum J11 may have arisen by horizontal transfer from the bacterium and subsequent duplica-
tion in the rumen fungus. B-Glucanase genes of Streptococcus equinus, Ruminococcus albus 7, and N. patriciarum J11 were
cloned and expressed by Escherichia coli. The recombinant 3-glucanases cloned from S. equinus, R. albus 7, and N. patriciarum
J11 were endo-acting and had similar substrate specificity, but they demonstrated different properties in other tests. The specific
activities and catalytic efficiency of the bacterial 3-glucanases were also significantly lower than those of the fungal B-glucanases.
Our results also revealed that the activities and some characteristics of enzymes were changed during the horizontal gene trans-
fer event. The specific activities of the fungal 3-glucanases ranged from 26,529 to 41,209 U/mg of protein when barley-derived
3-glucan was used as the substrate. They also demonstrated similar pH and temperature optima, substrate specificity, substrate
affinity, and hydrolysis patterns. Nevertheless, BglA16 and BgIM2, two recently duplicated 3-glucanases, showed much higher
k., values than others. These results support the notion that duplicated B-glucanase genes, namely, bglA16 and bgIM2, increase
the reaction efficiency of -glucanases and suggest that the catalytic efficiency of B-glucanase is likely to be a criterion determin-

ing the evolutionary fate of duplicate forms in N. patriciarum J11.

he mixed-linked 3-1,3—1,4-glucan (-glucan) is the predom-

inant cell wall polysaccharide in the endosperm of cereals,
such as oat, wheat, and barley, and accounts for up to 5.5% of the
dry weight of grains (18). B-1,3-1,4-Glucanase (EC 3.2.1.73;
B-glucanase, lichenase) is able to specifically cleave (3-1,4-glyco-
sidic linkages adjacent to a 3-O-substituted glucose residue in
mixed-linked B-glucans (29). B-Glucanases have received tre-
mendous attention because of their importance in biotechnolog-
ical applications. The addition of B-glucanases not only reduces
brewer mash viscosity and turbidity but also increases yields of
extracts, thereby leading to high-quality brewers malt (5). They
are also added to poultry feed to eliminate the antinutrimental
effects caused by B-glucans in the endosperm of cereals and to
improve the conversion efficiency of feed (1). The synergistic ac-
tion of B-glucanase and B-glucosidase results in improved effi-
ciency of saccharification and fermentation of ethanol from li-
chenan (23). Enzymes with high catalytic activity could reduce the
quantity of enzyme supplements required during industrial pro-
cessing, potentially leading to an increase in enzyme utilization
efficiency through cost reduction. Therefore, the selection of a
B-glucanase with high activity is of significant interest to the brew-
ing industry and animal feed industry, as well as other industries.

Anaerobic rumen fungi are members of the microflora in the
gastrointestinal tracts of herbivores. They are able to penetrate
and weaken plant tissue in vivo and produce a variety of enzymes
that degrade plant materials ingested by the host animals (2).
However, the flow of digesta through the rumen of ruminants is
quick, and studies have demonstrated that large particles in grass
leaves and stems are only retained in the rumen of sheep for 11 to
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12 h (24). The presence of duplicate genes increases the efficiency
of plant debris utilization in the rumen ecosystem because excess
proteins are provided (33). Previous studies have shown that mul-
tiple mannanase genes in Piromyces sp. and cellulase genes in Or-
pinomyces sp. strain PC-2 arose by gene duplication (6); however,
the evolutionary fate of the duplicated genes in rumen fungi has
rarely been examined. In the present study, four duplicate (3-glu-
canase genes with high activities were screened from a ¢cDNA li-
brary of Neocallimastix patriciarum J11. Sequence composition
and phylogenetic analysis were used to compare their evolution-
ary relationships. The characteristics of recombinant B-gluca-
nases were further examined, and the evolutionary fate and char-
acteristic diversification of recombinant enzymes of duplicated
genes is also discussed.

MATERIALS AND METHODS

Microbial strains and media. The anaerobic fungus Neocallimastix patri-
ciarum J11 was isolated from the feces of water buffalo as described by
Chen etal. (8). N. patriciarum J11 was inoculated in rumen fluid contain-
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ing medium supplemented with 0.5% (wt/vol) barley-derived B-glucan
(Megazyme International Ireland, Ltd.) for cDNA library construction
under anaerobic conditions at 39°C for 72 h. Streptococcus equinus BCRC
12578 was purchased from the Bioresource Collection and Research Cen-
tre (Shinchu, Taiwan). Ruminococcus albus 7 was kindly provided by Han-
Tsung Wang (Department of Animal Science, Chinese Culture Univer-
sity, Taiwan) (30). S. equinus and R. albus 7 were batch cultured in brain
heart infusion broth and Scoot & Dehority broth, respectively. Escherichia
coli DH5a (Invitrogen, Carlsbad, CA), grown on LB medium (Difco, De-
troit, MI), was used as the host for the various plasmid constructions. The
resultant vectors were transformed into E. coli BL21(DE3) (Novagen, Inc.,
Germany) for the production of recombinant proteins.

Cloning and analysis of B-glucanases genes. Total RNA was ex-
tracted by TRIzol reagent (Invitrogen), and mRNAs were purified using a
Dynabead mRNA purification kit (Invitrogen). The N. patriciarum J11
cDNA library was constructed using the SMART cDNA library construc-
tion kit (BD Bioscience, Palo Alto, CA) packaged with the Gigapack III
plus the packing extract kit (Stratagene, San Diego, CA) according to the
manufacturer’s instructions. The plaques were grown on LB soft agar
plates containing 0.1% (wt/vol) barley-derived B-glucan, and the cDNA
library was screened for 3-glucanase activity using the results of Congo
red staining (27). The cDNA plasmids used for directional sequencing and
sequential cloning were converted by in vivo excision from the lambda
TriplEx2 recombinants in E. coli BM25.8 (BD Bioscience). To construct
each expression vector, the fragments of 3-glucanases of the rumen fun-
gus were amplified by PCR using the primers Fw (forward, GGATCCAA
AARTWTATTATCTATTGC) and Rev (reverse, CTCGAGRTTTCTTGG
GGCATCA). Two primer sets—SeFw (CCGGAATTCGAATTTCGTAG
CGGAACGATTG)/SeRev (CCGCTCGAGAAATTTATCATAACTAATC
CAGTCAT) and Ra7Fw (CGCGGATCCGAACGTTTCAACGGAAGTTA
TTTC)/Ra7Rev (CCGCTCGAGGTTAACTGCTTCGATATTCCAAAG)
—were designed based the reported sequences of S. equinus (accession no.
792911) and R. albus 7 (accession no. NC_014833.1) and used for the
amplification of the B-glucanase gene from genomic DNA samples of S.
equinus and R. albus, respectively. The underlined sequences are the cut-
ting sites of the restriction enzymes. Each B-glucanase gene was amplified,
purified, digested, and ligated into pET21a (Novagen). The resultant plas-
mids were transformed into E. coli BL21(DE3) to express recombinant
proteins. All recombinant proteins had the T7 tags and six-histidine tags
at their N and C termini.

The computer program Bioedit was used to analyze and align the
sequences of B-glucanase (15). The ORFinder server (http://www.ncbi
.nlm.nih.gov/gorf/gorf.html) was used to estimate the regions of open
reading frames (ORFs). B-Glucanase sequences (EC 3.2.1.73) were re-
trieved from the CAZy database (16). A phylogenetic tree based upon the
neighbor-joining (NJ) algorithm was generated using MEGA 4.0 software
(26). The resultant unrooted tree topologies were evaluated according to
bootstrap analysis of the NJ method based upon 1,000 resamplings using
the Seqboot and consensus programs in the MEGA package. Relative syn-
onymous codon usage (RSCU) is defined as the ratio of the observed
frequency of a codon to the expected frequency if all of the synonymous
codons for that amino acid were used equally (20). The RSCU in the
coding domain sequences was analyzed using the GCUA program (22).
The RNA secondary structure was predicted using the GeneBee server (3).

Recombinant protein expression and purification. The 3-glucanase
gene transformants were grown in 200 ml of LB to an optical density at 600
nm of 0.6 to 0.9 before 0.25 mM IPTG (isopropyl-B-p-thiogalactopyra-
noside) was added for induction. After 3 h of induction at 30°C, the cells
were harvested by centrifugation (4°C, 4,000 X g, 20 min) and resus-
pended in 20 ml of CelLytic B reagent for crude B-glucanase preparation.
Fusion protein purification was performed by liquid chromatography us-
ing CM Sepharose FF and nickel affinity columns (GE Healthcare Bio-
Sciences AB). Desalting and buffer exchange of the eluted fraction were
performed using a HiTrap Desalting column (GE Healthcare Bio-Sciences
AB). The molecular mass and B-glucanase activity of the recombinant
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enzymes were estimated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and zymography (17). Protein concentra-
tions were determined using a Micro BCA protein assay reagent kit (Pierce
Biotechnology, Rockford, IL).

Enzyme activity assays. The activity of B-glucanase was assayed by
measuring the liberation of reducing sugar from 1% (wt/vol) B-glucan
dissolved in citrate buffer (50 mM, pH 6). The mixture was incubated in a
water bath at 50°C for 10 min. Reactions were terminated by adding dini-
trosalicylic acid (DNS) reagent and boiling for 5 min. The absorbance
obtained with different amounts of reducing sugar, liberated as a result of
enzymatic hydrolysis, was measured using a plate reader at 540 nm. One
unit (U) is defined as the amount of enzyme that releases 1 pmol of
reducing sugar per min (9). For the determination of K, and k,, values,
three different assays were performed at pH 6.0 and 40°C with barley
B-glucan as the substrate at concentrations from 0 to 2%. The kinetic
parameters of B-glucanase were derived from Lineweaver-Burk plots con-
structed using the program Enzfitter (version 2.0.18.0; Biosoft, United
Kingdom) (9).

Enzyme properties. The relative activity was determined at several
temperatures and several pH levels. The range of buffers used in preparing
1% B-glucan solution for detecting 3-glucanase activity comprised citrate
buffer (pH 3 to 6), phosphate buffer (pH 6 to 7), and Tris buffer (pH 7 to
9) (10). The buffers mixed with enzyme were incubated at 50°C for 10
min, and the released reducing sugar was measured by the DNS method.
The optimal temperature for enzyme activity was determined by perform-
ing the standard assay procedure at a range of temperatures (10 to 100°C).
All subsequent enzyme assays were performed at the optimum tempera-
ture.

Enzymes were also tested for their specificity to hydrolyze a variety of
substrates, including 1% (wt/vol) oat-spelt xylan, 1% (wt/vol) lichenan,
1% (wt/vol) pachyman (Megazyme), 1% (wt/vol) B-glucan, 1% (wt/vol)
carboxymethyl cellulose (CMC), 1% (wt/vol) starch, and 1% (wt/vol)
Avicel (PH101; Asahi, Japan). These substrates were suspended in citrate
buffer (50 mM, pH 6). The reaction mixture consisting of equal volumes
of substrate solution and enzyme solution was incubated at 50°C for 30
min. Hydrolyzed products were determined by DNS methods (9).

The reaction mixture (250 wl), consisting of equal volumes of a 2%
(wt/vol) suspension of B-glucan and the purified enzymes (50 Uml™ ') in
50 mM citrate buffer (pH 6.0) was incubated at 40°C for 4 h. Hydrolysis
was terminated by boiling for 10 min, and the hydrolyzed products were
analyzed by thin-layer chromatography (TLC) on silica gel plates (Merck
AG, Darmstadt, Germany). The TLC plates were developed twice at room
temperature with a solvent system comprising ethyl acetate, acetic acid,
formic acid, and water (9:3:1:4 [vol/vol]). Spots were stained by spraying
the plates with orcinol-sulfuric acid reagent and then heating them at
100°C for 5 min (10). Glucose, cellulobiose, and cello-oligosaccharides
were selected for the TLC standards. Each experiment was conducted in
triplicate. All chemicals in the present study were purchased from Sigma-
Aldrich (St. Louis, MO) unless otherwise stated.

Nucleotide sequence accession numbers. The complete nucleotide
sequences of the 3-glucanase genes were deposited in GenBank, and the
accession numbers are shown in Table 1.

RESULTS

Screening of 3-glucanase genes. The cDNA library consisting of
10° titers was constructed and screened for plaques hydrolyzing
B-glucan. Eighteen plaques showing specific activity to B-glucan
were retained. The plasmids with ¢cDNA sequences encoding
B-glucanase were obtained by in vivo excision from the selected
plaques. Sequencing of both ends of the cDNAs inserted in plas-
mids showed that four types of $-1,3-1,4-glucanase sequences,
designated bglA13, bglA16, bglA51, and bgIM2, were found in the
18 sequenced plasmids. After sequencing, three, six, two, and
seven inserts showed identical results with the sequences of
bglA13, bglA16, bglA51, and bgIM?2, respectively.
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TABLE 1 Composition of N. patriciarum (3-1,3-1,4-glucanase cDNAs

CDS* 5'UTR 3'UTR

No. of

transcript Length G+C Length G+C Similarity” Length G+C Length G+C Poly(A) tail
Gene (accession no.) copies (bp) (%) (bp) (%) (%) (bp) (%) (bp) (%) length (bp)
bglA13 (JN376084) 3 940 29.04 732 35.52 100 154 8.44 24 1.85 30
bglA16 (JN376085) 6 1,405 22.07 732 34.84 97.1 159 7.55 483 8.37 30
bglA51 (JN376083) 2 955 29.11 732 35.56 94.8 172 9.88 58 3.92 26
bgIM2 (JN376082) 7 1,091 25.67 732 34.84 96.7 185 7.61 144 7.61 30

% CDS, coding domain sequence.
b Percent similarity values were calculated according to the similarity to bglA13.

The lack of introns in the B-glucanase genes was confirmed by
size comparison of ORF regions that had been amplified from
genomic DNA and cDNAs, respectively (data not shown). 5-Un-
translated regions (5'UTRs), ORFs, 3'UTRs, and poly(A) tails
present in a complete transcript of eukaryote DNA were found in
the sequences of four B-glucanase genes (Table 1). This finding
indicates that four cONAs were transcribed from different 3-glu-
canase loci and did not arise from alternative splicing of mRNA
transcribed from one 3-glucanase gene (19).

Nucleotide and deduced amino acid sequences of B-gluca-
nase genes. The total length of bgIM2, bglA13, bglA16, and bglA51
ranged from 940 to 1,405 bp. As shown in Table 1, all contained
ORFs encoding 243 amino acids with an estimated molecular
mass of 27 kDa. The sequences encoding 3-glucanase could be
found in the four ORFs, but those encoding the conserved region
of the carbohydrate-binding domain or docking domain did not
locate in these genes. The G+C ratios of the ORFs of the four
genes were close to 35%, as shown in Table 1. Noncoding regions,
including 5'UTRs and 3'UTRs, demonstrated extremely low
G+C nucleotide contents. The sequences of putative coding re-
gions show a particularly high homology with each other. The
highly conserved nucleotide sequence in the coding domain se-
quences suggests that the four B-glucanase genes apparently arose
by gene duplication (32).

Most regions of the four B-glucanase genes are similar, but
they vary significantly in the lengths of the 3'UTRs. The 3'UTR
lengths in bglA16 and bgIM2 were much longer than those in
bglA13 and bglA51 (Table 1). The terminal codon sequences of the
four B-glucanase genes were aligned, and differences in the
3’UTRs among the four B-glucanase genes were found. Prema-
ture stop codons (PSCs), stop codons in the second and third
reading frames of a protein-coding region, were found in the 5’
terminals of each 3'UTR of the -glucanase genes (see Fig. S1 in
the supplemental material). The poly(A) tails of the mRNAs were
very similar to the PSC regions of bglA13 and bglA51, whereas the
PSC regions and poly(A) tails of bglA16 and bgIM2 were separated
by 474- and 132-bp sequences, respectively. Several complemen-
tary sequences such as the regions shown in Fig. S1 in the supple-
mental material were found in the 3'UTRs of bglA16 and bgIM?2,
and RNA loops possibly involved in translational regulation were
predicted in these regions. In contrast, the lengths between the
stop codon and the poly(A) tail are short in the 3'UTRs of bglA13
and bglA51, and no secondary structure formation could be pre-
dicted in these regions. These results indicate that duplicate 3-glu-
canase genes might be regulated diversely.

Analysis of B-glucanase relatedness. Minimum-evolution-
based algorithms were used in the phylogenetic analyses as men-
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tioned above. Figure 1 depicts the relationships between 16 3-glu-
canase amino acid sequences found in bacteria and fungi. As
shown in Fig. 1, B-glucanases from rumen fungi are more phylo-
genetically related to those of bacteria such as S. equinus and R.
albus 7 than to that of Aspergillus niger, an aerobic fungus. The
results suggest that four B-glucanases of N. patriciarum J11 have a
bacterial origin.

The values of RSCU in the coding regions of four 3-glucanase
genes from N. patriciarum J11 and the genes from S. equinus and
R. albus 7 are listed in Table S2 in the supplemental material. The
codon bias is significant and the codon usage shows a higher cor-
relation with A+T abundance in the genome of Neocallimastix, as
described previously (4). Four 3-glucanase genes demonstrated
highly similar preferences for one of the several codons that
encode the same amino acid. The B-glucanase genes from N.
patriciarum J11 and S. equinus demonstrated similar codon
bias; nevertheless, codon bias differed significantly between the
B-glucanase gene from R. albus 7 and the B-glucanase genes from
N. patriciarum J11 and S. equinus. These results indicate that the
B-glucanase genes of N. patriciarum J11 are more closely related
to that of S. equinus than to the R. albus 7 gene.

The B-glucanases belonging to N. patriciarum were clustered
together in a specific clade and were divided into two groupings
for the analysis presented in Fig. 1. BgIM2 and BglA16 were
grouped in one subgroup, while BglA13 and BglA51 were grouped
into another subgroup. Moreover, 3-glucanase obtained from an-
other isolate of N. patriciarum also belonged to the subgroup con-
taining BglA13 and BglA51. The result indicates that evolutionary
divergence was generated in these two subgroups of duplicate
B-glucanase genes from N. patriciarum J11 and that the level of
divergence exceeded the individuality between strains of the same
species.

Activities of recombinant {3-glucanases. The recombinant
B-glucanases were expressed by E. coli BL21(DE3). The crude en-
zyme was collected from the cell lysate by centrifugation and then
purified. After cation exchange and affinity chromatography, frac-
tions containing 3-glucanase activity were collected and separated
by SDS-PAGE, resulting in distinct bands with an estimated mo-
lecular mass of 27 kDa in each gel (Fig. 2). The sizes of BglA13,
BglA16, BglA51, and BgIM2 were all close to their predicted mo-
lecular masses. The crude enzymes also demonstrated B-gluca-
nase activities against 3-glucan in the zymogram analyses (Fig. 2)
and formed distinct bands with apparent molecular masses of 27
kDa. These results indicated that four 3-glucanases were success-
fully expressed and purified from transformants.

The specific activities of purified BglA13, BglA16, BglA51, and
BgIM2 were calculated to be 32,095, 39,524, 26,529, and 41,209 U
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FIG 1 Relatedness tree based upon conserved amino acid sequences of 16 3-1,3-1,4-glucanases from bacteria and fungi. An unrooted consensus tree was
generated using the minimum-evolution algorithm. The percentages of replicate trees in which the associated taxa clustered together in the bootstrap test
(1,000 replicates) are shown above the branches. The accession numbers of amino acid sequences are listed at the end of the scientific name of the

microorganisms.

mg of protein~ ', respectively, when reacted with 3-glucan (Table
2). B-Glucanase genes cloned from S. equinus (designated bglS)
and R. albus 7 (designated bgIR) were also expressed. The specific
activities of the purified BglS and BgIR were 405 and 267 U mg of
protein” ', respectively.

The results of kinetic analysis are listed in Table 2. A compar-
ison of the K, values suggested that BglA13, BglA16, and BgIM2
were similar for barley B-glucan, indicating a similar affinity. Nev-
ertheless, the k_, value for BgIM2 was considerably higher than
the k., values for other B-glucanases, indicating more rapid hy-
drolysis by BgIM2. This also leads to greater catalytic efficiency of
BgIM2 toward B-glucan when judged by the k. /K,, values.

cat

BglA16 also demonstrated higher k., and k. /K,, values than
(a) (b)
kba 1 2 3 4 kDa
100 ° 100
75 w— ol 75

50

50 e S

37 37

25 e T 25

20 20

T

BglA13 and BglA51. Values of 2.78 mM ml™" and 378.6 min "
were determined for the K,,, and k,, of B-glucanases from S. equi-
nus. Values of 4.45 mM ml ™' and 381.5 min ™' were calculated for
K,, and k_,, of B-glucanases from R. albus. These results revealed
that the substrate affinity and catalytic rate of the recombinant
bacterial B-glucanases were significantly lower than those of the
recombinant fungal -glucanases.

Properties of recombinant 3-glucanases. The effects of tem-
perature variation upon the activity of six recombinant (3-gluca-
nases are illustrated in Fig. 3. BglA13, BglA16, and BglA51 exhib-
ited maximum activity at 45°C in a 30-min assay with B-glucan as
the substrate, and the activity was significantly decreased when the
temperature was higher than 50°C. BgIM2 showed an optimal

(d)
4 kba 1 2 3 4

100 '
75 -

50
37

25

20

et

——

FIG 2 Coomassie blue-stained gels and zymograms of recombinant 3-glucanases expressed by E. coli BL21(DE3) harboring pET21a vectors containing
bglA13 (a), bglA16 (b), bglA51 (c), and bgIM2 (d) genes. Lane 1, protein standards; lane 2, cell lysate of E. coli BL21(DE3); lane 3, purified B-glucanase; lane
4,location of the B-glucanase activity of crude enzymes expressed by E. coli transformants on the zymogram gel. Proteins were separated on the same 10%
acrylamide gels with additional 1% barley B-glucan. The gels for zymogram analysis were stained with 0.1% Congo red solution after citrate buffer (50
mM, pH 6) equilibration.
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TABLE 2 Enzymatic activity and kinetic parameters of 3-1,3-1,4-glucanase genes expressed in E. coli

Enzyme
Parameter BglA13 BglAl6 BglA51 BgIM2 BglS BgIR
Enzyme sp act (U mg of protein™ ") 32,095 39,524 26,529 41,209 405 267
Kinetics
K, (mMml™) 0.86 0.90 1.19 0.94 2.78 4.45
Vinax (MM min™") 1.26 1.30 1.85 1.57 0.41 0.50
ko (min™") 3,783.6 5,033.4 4,091.3 7,996.4 378.6 381.5
kK, (mlmg™ ' min~") 439.6 559.7 342.6 848.7 136.2 85.8

activity at 50°C, and the activity was markedly decreased when the
temperature was >55°C. The optimal reaction temperatures of
BglS and BgIR were 40 and 50°C, respectively. The activity was
quickly reduced when the temperature reached above 60°C. Ex-
amination of the effect of pH upon B-glucanases activities re-
vealed the following features: the optimum pH values were pH 6.0
for BglA13, BglA16, and BgIM2, and the pH value for optimal
reaction was pH 6.5 for BglA51 (Fig. 4). The optimal reaction pH
value for BglS and BgIR was pH 5.

The hydrolysis products released from barley B-glucan by re-
combinant B-glucanases were separated by TLC. A series of cel-
lulo-oligosaccharides were found on the TLC plate. The predom-
inant products of 3-glucan hydrolysis were cellobiosyltriose and

(a) 120
—e—BgIA13
100 A —0—BgIA16
3 —v—BglA51
2 ——BgIM2
> 80 A
2
S 60
[
=
s 40
S
20
0 - : - - .
0 20 40 60 80 100
temperature(°C)
(b) 120
—=— BgIR
100 - —o— BgIS
9
2 80 H
2
S 60 |
]
=
& 40 A
[
20 A
0 - T . :
0 20 40 60 80 100
temperature (°C)

FIG 3 Optimal temperature of recombinant P-glucanases. (a) BglA13,
BglA16, BglA51, and BgIM2; (b) BgIR and BglS. Purified enzymes in substrate
solution were reacted at a range of temperatures (10 to 100°C) in order to
examine the pH optima. Enzyme activities are compared to the largest activity
value attained (i.e., 100%).
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cellotriosyltetraose. Cellotetrasylopentaose, cellopentasylhexaose,
cellopentaose, and cellohexaose were also found on the TLC plate.
Glucose could be found in the reaction mixture hydrolyzed by
BglS (see Fig. S2 in the supplemental material). The hydrolysis
patterns revealed that the mode of action of all recombinant
B-glucanases belongs to endo-type 3-glucanases (29).

The substrate specificity of recombinant (3-glucanases against
different polysaccharide substrates is listed in Table S2 in the sup-
plemental material. BglA13, BglA16, BglA51, BgIM2, BglS, and
BglR had the highest activity against barley B-glucan. Lichenan
was also hydrolyzed by these B-glucanases. All B-glucanases were
inactive against pachyman, laminarin, starch, CMC, Avicel, and
xylan. According to previous studies of substrate specificity, the
four recombinant -glucanases specifically act on substrates with
B-1,4-glycosidic linkages adjacent to a 3-O-substituted glucose
residue in mixed-linked B-glucans. These results reveal that the
properties of enzymes appear to be insignificantly altered accord-
ing to the variations in the sequences of B-glucanases, although
their original function persists.

DISCUSSION

The glycosyl hydrolases (GHs) of rumen fungi play important
roles in the degradation of plant polysaccharides. Most GH genes
from rumen fungi are intronless, and sequences of these genes are
also homologous to those of GH bacterial genes (13). Thus, GH
genes from rumen fungi have been suggested to be acquired by
horizontal gene transfer events (14). The introduction of novel
genes could permit the rapid exploitation of new environmental
niches (14). The high microbial population density, the bacterio-
phage population of the rumen, and the existence of communities
attached to substrate particles or the gut epithelium or inside the
protozoal food vacuoles could provide favorable environments
for gene transfer between a wide range of microorganisms within
the rumen (13). S. equinus is the main amylolytic bacterium in the
rumen. The strain could produce B-glucanase to degrade (3-glu-
cans in the endosperm of cereals and to improve its acquirement
of starch (25). In the present study, genes encoding B-glucanase
were cloned from rumen fungi. The deduced amino acids of four
B-glucanases are phylogenetically more closely related to the
B-glucanases in S. equinus than to A. niger or H. jecorina, aerobic
fungi (Fig. 1). A bacterial B-glucanase motif “DEIDIE” also exists
in B-glucanases (7). The RSCU values of B-glucanase genes from
rumen fungi and S. equinus are quite similar (see Table S1 in the
supplemental material). These results suggest that B-glucanase
genes of rumen fungi have a bacterial origin and might be ob-
tained from S. equinus. This gene transfer contributed beneficial
phenotypic capabilities that allowed these fungi to colonize
among different plant tissues intake by ruminants.
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FIG 4 Effects of pH on B-glucanases expressed by Escherichia coli BL21(DE3) harboring pET21a vectors containing the bglA13 (a), bglA16 (b), bglA51 (c), bgIM2
(d), bglS (e), and bgIR (f) genes. The optimal reaction pH values of the B-glucanases were analyzed in different buffers with specific pH values (pH 3 to 10).
Enzyme activities are compared to the largest activity value attained (i.e., 100%).

The length of the 3’ UTR increased with evolutionary age and
with organism complexity. This evolutionary expansion of the
3'UTR suggests that there is substantial potential for 3'UTR-
based translational regulation and that such control mechanisms
might be significant in determining differences between species
(21). In the present study, the presence of expansion in the
3'UTRs of bglA16 and bgIM2 was noted, and several predicted
secondary structures were also embedded within the 3'UTRs of
bglA16 and bgIM2 (see Fig. S1 in the supplemental material). Ac-
cording to the results of relativity analysis as depicted in Fig. 1, the
subgroup containing BglA16 and BgIM2 also demonstrated evo-
lutionary divergence with the subgroup containing BglA13 and
BglAS51. These results indicate that although four B-glucanase
genes may have originated from bacteria, bglA16 and bgIM2 might
have been duplicated more recently than bglA13 and bglA51. Dif-
ferences in composition (Table 1) and in the predicted secondary
structures (see Fig. S1 in the supplemental material) in the 3'UTR
of duplicate B-glucanase genes reveal a divergence in the regula-
tory network.
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Gene duplication has generally been regarded as a major
source for the enrichment of genetic novelty in the genomes of
organisms. In addition, expression of duplicated genes results in
extra amounts of protein products (11, 33). Protein pairs derived
from gene duplication events make up 13% of all yeast proteins
(31). Thioredoxin isoforms were encoded by a triplicated gene set
in the ascomycete fungus Podospora anserine, showing that gene
duplications can indeed generate new genes in P. anserine (12). In
the present study, four duplicate 3-glucanase genes with high sim-
ilarity were found in the cDNA library of N. patriciarum J11, and
the acceleration of 3-glucan utilization for a rumen fungus might
be achieved via gene duplication. Duplicate genes could be re-
tained or lost during evolution. Furthermore, many fixed dupli-
cated genes become nonfunctional pseudogenes. The fate of du-
plicated genes can be judged by their functions in evolution (33).
In our study, four recombinant enzymes expressed by E. coli har-
boring B-glucanase genes demonstrated similar pH and tempera-
ture optima (Fig. 3), substrate specificity (see Table S2 in the sup-
plemental material), substrate affinity (Table 2), and hydrolysis
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patterns (see Fig. S2 in the supplemental material). However,
BglA16 and BgIM2, two recently duplicated B-glucanases, pos-
sessed significantly higher k., values than other B-glucanases.
These results indicated that the two B-glucanases, BglA16 and
BgIM2, evolved toward increased efficiency with substrates and
suggested that enzyme efficiency is a criterion for determining the
evolutionary fate of duplicate B-glucanase genes in N. patriciarum
J11.

Anaerobic fungi are responsible for degrading plant structural
polysaccharides in the digestive tracts of ruminants (28). The
B-glucanases from N. patriciarum J11 demonstrated high effi-
ciency in the hydrolysis of B-glucan (Table 2). The reaction con-
ditions of B-glucanases are close to the rumen environment (Fig. 3
and 4). These properties could help N. patriciarum J11 to survive
and function well in the rumen. The reaction conditions of 3-glu-
canases from N. patriciarum J11 are also similar to the environ-
ments of malt saccharification and the digestive tracts of livestock.
Therefore, the B-glucanase genes from rumen fungi provide an
attractive candidate to be applied in the brewer and feeding en-
zyme industries (1, 5).

In the present study, four types of B-glucanase genes were
screened from the cDNA library of N. patriciarum J11. The highly
conserved nucleotide sequences in the coding regions of four
B-glucanase genes and their close phylogenetic relationship to S.
equinus suggest that the genes originated in rumen bacteria and
were subsequently duplicated in the fungus. Gene duplication re-
sults in limited biochemical divergence; however, the recently du-
plicated B-glucanases demonstrated a significantly better effi-
ciency than the B-glucanases duplicated early, which suggests that
the evolutionary fate of duplicate B-glucanase genes in N. patri-
ciarum J11 may be determined according to their catalytic effi-
ciency.
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