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ABSTRACT 

6-Phospho-β-glucosidase (EC 3.2.1.86) is an enzyme involved in the hydrolysis of 

lignocellulose. It cleaves phosphorylated cellobioses to release glucose and glucose-6-

phosphate. Therefore, identifying enzyme candidates with novel properties is crucial for 

enhancing the efficiency of lignocellulose hydrolysis. In this study, we mined 1718 open 

reading frames (ORFs) encoding 6-phospho-β-glucosidase from the DNA metagenome of 

bacteria in soil surrounding white-rot fungi, using the KEGG database. Of these, 1699 ORFs 

were classified as bacteria, 1633 ORFs (96.12%) were classified into three major bacterial 

phyla: Proteobacteria (1494 ORFs, 87.93%), Firmicutes (126 ORFs, 7.42%), and 

Actinobacteria (13 ORFs, 0.77%). Interestingly, the most abundant class was 

Gammaproteobacteria, which accounted for 86.64% of the Proteobacteria phylum, and 

Enterobacterales was the most dominant order (81.40%). Among the 1718 mined ORFs, 

213 were complete, and 210 encoded proteins with functional regions. Of these, 152 ORFs 

contained the GH1 domain (84.87% from Proteobacteria), and 58 ORFs contained the GH4 

domain (94.83% from Proteobacteria). The representative proteins had 28-39% alpha helices, 

12-14% beta strands, and 2-4% disordered regions. The spatial structure models of these 

proteins were based on a published 6-phospho-β-glucosidase template, with 88-95% 

coverage and 100% confidence. The expression levels of the ORFs in E. coli were predicted 

using Periscope software. Two ORFs with the GH1 domain and three ORFs with the GH4 

domain, from the Proteobacteria and Firmicutes phyla, showed high expression levels 

ranging from 904 mg/l to 4714 mg/l. All five selected enzymes were alkaline, with optimal 

enzyme activity at relatively high temperatures. These findings suggest that these enzymes 

hold significant potential for experimental designs aimed at industrial applications. 

Keywords: 6-phospho-β-glucosidase, bioinformatics, DNA metagenome, expression level, 

taxonomy. 

 

INTRODUCTION Cellulose is a key biomass resource for 

industry today. A combination of enzyme 
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groups, including β-1,4-endoglucanase (EC 

3.2.1.4), β-1,4-exoglucanase (EC 3.2.1.91), 

β-glucosidase (EC 3.2.1.21), and 6-phospho-

β-glucosidase (EC 3.2.1.86), is required to 

effectively degrade biomass. Among these, 

the enzymes β-1,4-endoglucanase and β-1,4-

exoglucanase work together to break down 

natural cellulose into the disaccharide 

cellobiose, which can, in turn, inhibit the 

activity of both enzymes (Zhang et al., 2017). 

The enzymes β-glucosidase and 6-phospho-

β-glucosidase are responsible for cleaving 

phosphorylated cellobiose and cellobiose 

into glucose and glucose-6-phosphate 

molecules. When these two enzymes are 

reversibly inhibited by the degradation end 

products, the activities of endoglucanase and 

exoglucanase are also inhibited (Monteiro et 

al., 2020). Notably, in bacteria, 

monosaccharides and disaccharides must be 

phosphorylated before being absorbed via 

phosphate-dependent transport systems. 

Therefore, the bacterial enzyme 6-phospho-

β-glucosidase plays a vital role in releasing 

phosphorylated monosaccharides and 

disaccharides (Deutscher et al., 2006). Many 

studies have explored this enzyme in 

microorganisms to identify genes encoding 

6-phospho-β-glucosidase with high 

industrial potential, such as the BglA-2 gene 

from Streptococcus pneumoniae TIGR4 (Yu 

et al., 2013) and the BlBglH gene from 

Bacillus licheniformis (Veldman et al., 

2020). 

Soil is a rich and diverse ecosystem that 

harbors a wide range of microorganisms 

(Mhete et al., 2020), making it a promising 

source for discovering new enzymes with 

high efficiency in cellulose degradation. 

This is particularly true for humus samples 

collected from areas surrounding white-rot 

fungi, which are capable of effectively 

metabolizing all components of wood (Pinar 

et al., 2024). The hydrolysis of wood by 

white-rot fungi is often linked to enzymes 

produced by bacteria in the same ecosystem. 

The interactions between fungi and bacteria 

in these environments can be either 

supportive or competitive (Janusz et al., 

2017). During wood decomposition, fungi 

release secondary metabolites into the 

environment, producing toxins that acidify 

the surroundings quickly due to oxidation 

reactions (Pusztahelyi et al., 2015). As a 

result, environmental conditions become 

highly selective for bacteria, which must 

possess traits suited to these harsh conditions 

in order to survive. 

To efficiently explore and identify genes 

from microorganisms in various ecosystems, 

metagenomics is employed to discover new 

genes encoding enzymes from unculturable 

microorganisms. The combination of 

metagenomics and next-generation sequen- 

cing techniques has generated vast amounts 

of metagenomic data. To maximize the 

potential of this data, bioinformatics tools 

are used to identify and characterize 

candidate genes encoding proteins of interest 

before experimental validation. In this study, 

we demonstrate the use of bioinformatics 

tools to mine genes encoding 6-phospho-β-

glucosidase from the microbial metagenome 

of humus surrounding white-rot fungi in Cuc 

Phuong National Park. 

MATERIALS AND METHODS 

The 51.8 Gb metagenomic DNA data from 

the humus sample surrounding wood-

hydrolyzed white-rot fungi in Cuc Phuong 

National Park were obtained using the HiSeq 

Illumina sequencing system (Illumina, San 

Diego, USA) at BGI, China. A total of 

4,104,872 open reading frames (ORFs) were 

identified using the MGA software 
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(http://metagene.nig.ac.jp/metagene/metage

ne.html). These ORFs were then searched 

against the KEGG (Kyoto Encyclopedia of 

Genes and Genomes) database for the 

identification of ORFs encoding 6-phospho-

β-glucosidase with an e-value threshold less 

than 1e-5 (Le et al., 2022). 

Taxonomic prediction of genes encoding 

6-phospho-β-glucosidase 

Gene classification was performed using 

BLASTp with protein sequences from the 

NR database. The results were then analyzed 

using MEGAN software (version 4.6) 

(Huson et al., 2007). Genes classified at the 

same taxonomic level were aggregated, and 

the classification results were visualized 

using the Krona add-in tool in Excel. 

Prediction of functional regions of ORFs 

using PFAM and HMMER 

To predict the functional regions of ORFs, 

protein FASTA sequences were submitted to 

Pfam using an e-value cutoff of 1.0. A 

personal email address was provided to 

receive the results of the functional regions 

from the HMMer website (https://www.ebi. 

ac.uk/Tools/hmmer/search/phmmer). After 

2–3 days, the results were sent to the 

personal email address. 

Prediction of protein spatial structure 

The three-dimensional structure of proteins 

was predicted using Phyre2 software, based 

on homology modeling (http://www.sbg.bio. 

ic.ac.uk/~phyre2/html/page.cgi?id=index). 

Protein sequences were submitted to 

determine the secondary and tertiary 

structures, domain composition, and model 

quality of the protein. 

Prediction of protein expression level 

using periscope software 

Protein expression levels in E. coli were 

predicted using the free Periscope software, 

available at http://lightning.med.monash. 

edu/periscope/. The expression levels of 

soluble proteins were categorized into three 

levels: high, moderate, and low. The 

software also predicts the amount of soluble 

protein in mg/l. 

Prediction of physical properties of 

proteins 

The acid- or alkali-loving ability of proteins 

was predicted using AcalPred software 

(http://lin-group.cn/server/AcalPred). 

FASTA protein sequences were entered into 

the search box, and the software returned the 

acid- or alkali-loving ability of the protein in 

a few minutes. A maximum of 100 

sequences can be submitted per prediction. 

The optimal enzyme activity temperature 

was predicted using TBI software 

(http://www.tbi.org.tw/tools/). FASTA 

amino acid sequences were input, and the 

results were available after a few minutes. 

Heat resistance was predicted at three levels: 

if the melting temperature (Tm) index is > 1, 

the predicted Tm is above 65°C; if the Tm 

index is < 0, the predicted Tm is below 55°C; 

and if the Tm index is between 0 and -1, the 

predicted Tm is between 55°C and 65°C. 

RESULTS AND DISCUSSION 

Taxonomic prediction of ORFs encoding 

6-phospho-β-glucosidase 

Using the KEGG database and MGA 

software, a total of 1718 ORFs were 

predicted to encode 6-phospho-β-glucosi- 

dase. A total of 1718 genes were identified 
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to encode 6-phospho-β-glucosidase, of 

which 1700 genes (98.85%) were annotated 

in the NR database. These genes were 

classified using MEGAN analysis. Among 

them, bacteria were the dominant group, 

with 1699 ORFs (99.94% of the total) 

classified as bacteria, while the remaining 

gene was from Eukaryota (0.06%). Within 

the bacterial group, 1633 ORFs (96.12%) 

were identified as belonging to three phyla: 

Proteobacteria, Firmicutes, and Actino- 

bacteria. Proteobacteria was the most 

abundant bacterial phylum, comprising 1494 

ORFs, (87.93%), which was 11.85 times 

greater than the abundance of Firmicutes 

126 ORFs (7.42%) and Actinobacteria 13 

ORFs (0.77%). The dominance of 

Proteobacteria suggests its significant role in 

the cleavage of phosphorylated cellobioses. 

This result aligns with studies by Pang et al. 

(2021), who found Proteobacteria and 

Acidobacteria to be the dominant phyla in 

soils surrounding sugarcane plants under 

continuous monoculture cultivation. 

Similarly, Haq et al. (2022) observed that 

Proteobacteria was the most dominant 

phylum in the bacterial community around 

fungal rot on dead birch trunks. 

Table 1. Results of classification of the 1700 ORFs. 

Sources Gene 
number 

Percentage 
(%) 

Phylum Class Order Family Genus Species 

Bacteria 1699 99.94 3 5 12 19 44 3 

Eukaryota 1 0.06 1 1 1 1 1 1 

Sum 1700 100 4 6 13 20 45 4 

At the class level, 1608 ORFs (94.64%) were 

classified, including Gammaproteobacteria 

1472 ORFs (86.64%), Bacilli 93 ORFs 

(5.47%) and Clostridia 25 ORFs (1.47%), 

other classes represented less than 1%. The 

high abundance of Gammaproteobacteria in 

the soil microbial sample surrounding white-

rot fungi suggests that the fungi created a 

selective environment conducive to the 

growth of this class. This finding is 

consistent with studies suggesting that 

Gammaproteobacteria thrive in environ- 

ments affected by pollutants, such as those 

found in polluted soils (Zhang et al., 2021). 

Furthermore, Gammaproteobacteria are 

known to survive under extreme conditions, 

such as high pressure or salinity, as found in 

deep-sea environments (Franco et al., 2017). 

The most dominant order was 

Enterobacterales, which accounted for 

81.40%, followed by Lactobacillales 

(4.36%), Clostridiales (1.47%), and 

Aeromonadales (1.47%), with the remaining 

orders representing less than 1%. 

Enterobacterales are known to thrive in 

extreme environments, such as those 

polluted with heavy metals or containing 

antibiotics (Glushakova et al., 2022). The 

results of this study also show that 

Enterobacterales dominate the soil 

environment surrounding white-rot fungi. 

The most abundant family was 

Enterobacteriaceae (54.33%), followed by 

Erwiniaceae (6.24%) and Yersiniaceae 

(3.83%). Other families represented less 

than 3%. This finding aligns with previous 

research by Degelmann et al. (2009), who 

suggested that Enterobacteriaceae, as 

facultative anaerobic bacteria, participate in 

the anaerobic degradation of mono- 
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saccharides in forest soils, where 

competition for nutrients is high. At the 

genus level, 627 ORFs (36.90%) were 

identified, with Enterobacter (7.88%) and 

Kluyvera (6.18%) being the most common 

genera. At the species level, only 3 identified 

ORFs (0.18%) were classified, including 

Enterobacter cancerogenus, Enterobacter 

cloacae, and Cedecea davisae. The low 

number of identified species reflects the 

limitations of current databases (Table 1 and 

Figure 1). 

 

Figure 1. Classification of ORFs into phylum, class and order level.

Analysis of functional domains and 

spatial structure of ORFs 

Proteins typically consist of one or more 

functional regions known as domains, which 

are critical for understanding their function 

(Mistry et al., 2021). To further explore the 

functions of enzymes, the functional 

domains of ORFs encoding 6-phospho-β-

glucosidase were analyzed using the Pfam 

and HMMER databases. Of the 1718 

predicted ORFs, 213 (12.40%) were 

complete genes, while 454 ORFs were 

missing the 3' end, 397 ORFs lacked the 5' 

end, and the remaining 654 ORFs lacked 

both ends. The complete ORFs encoding 6-

phospho-β-glucosidase were further 

analyzed for their functional domains. Of the 

213 complete ORFs, 210 contained 

functional domains: 152 ORFs (71.36%) had 

the GH1 domain, and 58 ORFs (27.23%) had 

the GH4 domain. The GH1 domains were 

449–477 amino acids in length, interspersed 

with gaps of 3–10 amino acids, while GH4 

domains were smaller, approximately 170 

amino acids, with gaps of about 270 amino 
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acids. These findings are consistent with 

previous research showing that 6-phospho-

β-glucosidase enzymes in bacteria typically 

belong to the GH1 family (Veldman et al., 

2020). 

Combining the domain analysis results with 

taxonomic classification revealed that the 

majority of ORFs with GH1 and GH4 

domains belonged to the Proteobacteria and 

Firmicutes phyla. Among the ORFs with the 

GH1 domain, 129 (84.87%) were from 

Proteobacteria, which was 8.6 times greater 

than the number from Firmicutes. Similarly, 

among the ORFs with the GH4 domain, 

94.83% were from Proteobacteria, which 

was 18.34 times higher than that from 

Firmicutes. These findings highlight that the 

majority of genes encoding 6-phospho-β-

glucosidase with the GH1 domain are 

derived from Proteobacteria (representative 

genes with GH1 and GH4 domains from 

different phyla are shown in Figure 2). 

Since the structure of proteins tends to be 

more conserved than their amino acid 

sequences during evolution, the spatial 

structure of the five representative genes was 

predicted using Phyre2 software. The results 

showed that the secondary structure of the 

five genes consisted of 28-39% alpha helices, 

12-14% beta strands, and 2-4% disordered 

regions. The spatial structure models of the 

five identified genes were based on the 

published 6-phospho-β-glucosidase tem- 

plate, with a coverage range of 88-95% and 

a confidence level of 100% (Table 2 and 

Figure 3).  

A                                                                   B 

 

Figure 2. Diagram showing the functional and phyla domains of representative proteins. (A) Proteins 
with the GH1 domain. (B) Proteins with the GH4 domain. 

Table 2. Detailed template information of spatial structure model of the five proteins. 

ORFs 6-phospho-β-glucosidase template 

GL0494307 c6wgdB_crystal structure of a 6-phospho-beta-glucosidase from B. licheniformis 

GL0182588 c6wgdB_crystal structure of a 6-phospho-beta-glucosidase from B. licheniformis 

GL0335762 c1up7A_structure of the 6-phospho-beta glucosidase from Thermotoga maritima 

GL0413390 c1up7A_structure of the 6-phospho-beta glucosidase from T. maritima 

GL0436665  c5c3mB_crystal structure of gan4c, a GH4 6-phospho-glucosidase from 
Geobacillus stearothermophilus 
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Figure 3. Structural model of the 5 proteins using Phyre2 software. 

Prediction of expression levels of genes 

encoding the enzyme 6-phospho-β-

glucosidase 

E. coli is widely regarded as the most 

popular recombinant protein expression 

system. The expression of soluble proteins 

not only facilitates the purification of target 

proteins but also enhances the ability to 

obtain structurally intact and biologically 

active proteins. Therefore, to provide a 

foundation for experimental studies, the 

expression levels of soluble proteins were 

predicted using Periscope software.  

A total of 210 domain-containing complete 

ORFs were further evaluated for expression 

in E. coli. ORFs with high expression levels 

are shown in Table 3. The gene expression 

analysis revealed that two ORFs containing 

the GH1 domain, with secondary structures 

consisting of 28-32% alpha helices, 12% 

beta strands, and 3% disordered regions, 

exhibited the highest expression levels, 

ranging from 904 to 4714 mg/l. Three ORFs 

containing the GH4 domain, with secondary 

structures consisting of 37-39% alpha 

helices, 12-14% beta strands, and 2-4% 

disordered regions, showed relatively high 

expression levels above 1000 mg/l. The 

predicted expression levels of ORFs were 

consistent with the experimental expression 

results of 6-phospho-β-glucosidase (Yang et 

al., 2013; Yu et al., 2013). According to 

Yang et al. (2013), in the presence of IPTG, 

6-phosphoglucosidase from Black Liquor 

Sediment was mainly expressed in the 

soluble fraction, with a molecular mass 

consistent with its theoretical molecular 

mass. Therefore, these predictions can be 

trusted as a relative ranking of gene 

expression level. 
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Table 3. Prediction of expression level of 6-phospho-β-glucosidase proteins in E. coli. 

No Number of 
ORF 

Domain Phylum Representative 
ORF 

Expression level 
(mg/l) 

1 152 GH1 Firmicutes GL0494307 4714 

Proteobacteria GL0182588 904 

Firmicutes GL0393514 733 

Proteobacteria GL0535097 649 

Proteobacteria GL0262858 589 

2 58 GH4 Proteobacteria GL0335762 1549 

Proteobacteria GL0413390 1092 

Proteobacteria GL0436665 1078 

Proteobacteria GL0280854 761 

Proteobacteria GL0318352 35 

Prediction of some physical properties of 

proteins 

For the convenience of experimental studies, 

some physical properties of the five genes 

were also predicted. The AcalPred software 

was used to predict whether the proteins were 

acidic or alkaline. This free analytical system 

distinguishes the ability of enzymes to 

withstand acidic or alkaline environments. 

AcalPred is based on data from 150,000 

different temperature-resistant proteins in the 

NCBI database, predicting heat tolerance 

based on similarity principles. After inputting 

the FASTA amino acid sequences of the five 

selected genes into AcalPred, the results were 

obtained as shown in Table 4. According to 

the predictions of this tool, an enzyme with a 

predictive index between 0.5 and 1 is 

considered alkaline, while an enzyme with a 

predictive index below 0.5 is acidic. The 

results indicated that all five selected genes 

encoded alkaline enzymes. This finding is 

consistent with previous studies, which 

showed that 6-phospho-β-glucosidase genes 

function effectively under neutral pH 

conditions (Yang et al., 2013). Soil 

microorganisms often operate under very 

specific pH conditions, and this alkaline pH 

is suitable for the growth of Proteobacteria, 

particularly the Gammaproteobacteria class. 

Table 4. Results for discriminating between the acidic and alkaline enzymes. 

No ID of genes Type of enzyme Probability 

Acidic enzyme Alkaline enzyme 

1 GL0494307 Alkaline enzyme 0.326 0.674 

2 GL0182588 Alkaline enzyme 0.469 0.531 

3 GL0335762 Alkaline enzyme 0.151 0.849 

4 GL0413390 Alkaline enzyme 0.112 0.888 

5 GL0436665 Alkaline enzyme 0.069 0.931 
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The enzyme's heat resistance, according to 

TBI, is classified into three levels: if the Tm 

is greater than 1, the enzyme can withstand 

temperatures above 65°C; if Tm is between 

0 and 1, the enzyme's heat resistance ranges 

from 55°C to 60°C; and if Tm is less than 0, 

the heat resistance is below 55°C. The 

results of the heat tolerance analysis for the 

five genes are shown in Table 5. The 

findings indicated that the optimal 

temperature for enzyme activity was 

relatively high, with four out of the five 

selected genes exhibiting heat resistance 

above 65°C. These results not only 

demonstrate the potential of these enzymes 

for industrial applications but also assist in 

determining the appropriate temperature and 

pH conditions for experimental research. 

According to Yang et al., (2013) the optimal 

temperature for a novel metagenome-

derived 6-phospho-β-glucosidase from 

black liquor sediment was found to be 37°C. 

Table 5. Results for melting temperature prediction. 

No ID of genes Tm Temperature 

1 GL0494307 1.044 Higher than 65°C 

2 GL0182588 2.010 Higher than 65°C 

3 GL0335762 0.964 55°C-65°C 

4 GL0413390 1.008 Higher than 65°C 

5 GL0436665 1.275 Higher than 65°C 

CONCLUSION 

We mined 1718 ORFs encoding 6-phospho-

β-glucosidase from bacterial DNA 

metagenome data surrounding white-rot 

fungi based on the KEGG database. A total 

of 1699 ORFs (99.94%) were classified as 

bacterial, belonging to three common phyla: 

Proteobacteria, the most dominant phylum, 

with 1494 ORFs (87.93%), which was 11.85 

times more abundant than the second 

phylum, Firmicutes (7.42%), and 

Actinobacteria (0.77%). The most prevalent 

class was Gammaproteobacteria, which 

accounted for 1472 ORFs (86.64%). Domain 

prediction revealed 152 ORFs encoding the 

GH1 domain (84.87% of Proteobacteria) and 

58 ORFs with the GH4 domain (94.83% of 

Proteobacteria). The secondary structure of 

the representative proteins consisted of 28-

39% alpha helices, 12-14% beta strands, and 

2-4% disordered regions. The spatial 

structure model of the five identified 

proteins was based on the published 6-

phospho-β-glucosidase template, with 

coverage ranging from 88% to 95% and a 

confidence level of 100%. Proteins 

containing the GH4 domain exhibited 

secondary structures with 37-39% alpha 

helices, 12-14% beta strands, and 2-4% 

disordered regions, and showed relatively 

high expression levels above 1000 mg/l. The 

6-phospho-β-glucosidase enzymes were 

alkaline, and their optimal temperature for 

activity was relatively high.  
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