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Abstract

An anaerobic thermophilic bacterial strain, A9 (NITE P-03545), that secretes -glucosidase was newly isolated from waste-
water sediments by screening using esculin. The 16S rRNA gene sequence of strain A9 had 100% identity with that of Ther-
mobrachium celere type strain JW/YL-NZ35. The complete genome sequence of strain A9 showed 98.4% average nucleotide
identity with strain JW/YL-NZ35. However, strain A9 had different physiological properties from strain JW/YL-NZ35, which
cannot secrete B-glucosidases or grow on cellobiose as the sole carbon source. The key p-glucosidase gene (TcBGI) of strain
A9, which belongs to glycoside hydrolase family 1, was characterized. Recombinant p-glucosidase (trTcBG1) hydrolyzed
cellooligosaccharides to glucose effectively. Furthermore, rTcBG1 showed high thermostability (at 60°C for 2 days) and high
glucose tolerance (ICs, = 0.75 M glucose), suggesting that rTcBG1 could be used for biological cellulose saccharification
in cocultures with Clostridium thermocellum. High cellulose degradation was observed when strain A9 was cocultured with
C. thermocellum in a medium containing 50 g/l crystalline cellulose, and glucose accumulation in the culture supernatant
reached 35.2 g/I. In contrast, neither a monoculture of C. thermocellum nor coculture of C. thermocellum with strain JW/
YL-NZ35 realized efficient cellulose degradation or high glucose accumulation. These results show that the B-glucosidase
secreted by strain A9 degrades cellulose effectively in combination with C. thermocellum cellulosomes and has the potential
to be used in a new biological cellulose saccharification process that does not require supplementation with p-glucosidases.

Key points

e Strain A9 can secrete a thermostable f-glucosidase that has high glucose tolerance
e A coculture of strain A9 and C. thermocellum showed high cellulose degradation

e Strain A9 achieves biological saccharification without addition of f-glucosidase
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Introduction

The bioconversion of cellulosic biomass to sugars is a major
bottleneck in the development of methods for the use of cel-
lulosic feedstocks and the commercialization of bio-based
chemicals and biofuels. This bottleneck occurs because cel-
lulosic biomass is resistant to enzymatic degradation and the
hydrolytic enzymes required are expensive. f-Glucosidase is
a hydrolytic enzyme that can produce glucose from cellobi-
ose and cellooligosaccharides (Meleiro et al. 2015). Cellobi-
ose strongly inhibits both endoglucanase and exoglucanase
(Chamoli et al. 2016; Murphy et al. 2013; Zhao et al. 2013),
which is considered to be the main barrier to complete cel-
lulose degradation (Singhania et al. 2013; Sgrensen et al.
2013; Teugjas and Viljamie 2013).

Many microorganisms capable of producing cellulo-
lytic enzymes have been reported and characterized (Lynd
et al. 2002). Clostridium thermocellum (Ruminiclostridium
thermocellum, Hungateiclostridium thermocellum, Ace-
tivibrio thermocellus)—an anaerobic thermophilic bacte-
rium—is the most potent cellulose-degrading bacterium
known to produce “cellulosomes” (Bayer et al. 2004; Lynd
et al. 2002). These cellulosomes contain a large variety of
enzymes, including enzymes with the potential to degrade
cellulosic biomass (Bayer et al. 2004). However, feedback
inhibition of cellulosomes and cellulosomal enzymes
occurs as cellobiose accumulates as the final product
because C. thermocellum is unable to produce extracellu-
lar B-glucosidases. Many efforts have been made to obtain
low-cost p-glucosidases, including screening and engineer-
ing for f-glucosidases with higher activity (Gefen et al.
2012; Pei et al. 2012; Teugjas and Viljamie 2013; Yi et al.
2013) and the development of novel processes for protein
recycling (Waeonukul et al. 2012, 2013). To relieve the
feedback inhibition and promote cellulose saccharifica-
tion, we have demonstrated previously that glucose can be
produced from cellulosic biomass by C. thermocellum cul-
tures supplemented with thermostable -glucosidases in a
process called biological simultaneous enzyme production
and saccharification (Prawitwong et al. 2013). Recently,
Zhang et al. (Zhang et al. 2017) constructed a recombinant
strain of C. thermocellum that produced an exoglucanase
(named CelS) bearing heterologous B-glucosidase (BglA
from Caldicellulosiruptor sp. F32), which was assembled
in the cellulosome through a dockerin module of CelS.
The production of reducing sugars from microcrystalline
cellulose, such as Avicel, was enhanced using this system,
which resolved the issue of feedback inhibition by hydro-
lyzing the accumulated cellobiose into glucose. However,
to use recombinant C. thermocellum, it is still necessary
to optimize suitable p-glucosidases for the cellulosomes.
Additionally, biosafety issues must be considered when
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using genetically modified microbes in industrial applica-
tions (Friehs 2004; Kumar 2014).

Here, we report the newly isolated Thermobrachium celere
strain A9. Strain A9 can secrete -glucosidase into the culture
medium. To the best of our knowledge, there are no reports
on anaerobic thermophilic bacteria that can secrete appreci-
able amounts of p-glucosidase. Coculture of strain A9 and C.
thermocellum has the potential to be used in the development
of a new biological cellulose saccharification process that does
not require any supplemental p-glucosidases or recombinant
techniques.

Materials and methods
Materials, media, and cultivation methods

Samples of soil and wastewater sediment were collected
from the layer 20 cm under the draining wastewater systems
at different sampling sites at the Pilot Plant Development and
Training Institute, King Mongkut’s University of Technology
Thonburi, Thailand. The soil and wastewater sediment sam-
ples were stored in resealable zipper storage bags. The basal
medium (BM7CO) (Waeonukul et al. 2012) was composed of
(per liter) 2.9 g of K,HPO,, 1.5 g of KH,PO,, 2.1 g of urea,
6.0 g of yeast extract, 4.0 g of Na,CO3, 0.01 g of CaCl,-2H,0,
0.5 g of cysteine-HCI, 0.0005 g of resazurin, and 200 pl of
mineral solution (all from FUJIFILM Wako Pure Chemicals,
Osaka, Japan). BM7CO medium was degassed by boiling,
then bubbled with high-purity CO,, and finally anaerobically
distributed to Hungate tubes (Bellco Glass, Inc., Vineland,
NJ, USA) and/or serum bottles. Clostridium thermocellum
ATCC 274057 was obtained from the American Type Cul-
ture Collection (ATCC) and was grown on BM7CO medium
containing 10 g/l microcrystalline cellulose Sigmacell type 20
(Sigma-Aldrich; St. Louis, MO, USA). T. celere-type strain JW/
YL-NZ35 (DSM8682T) was obtained from the German Col-
lection of Microorganisms and Cell Cultures GmbH (DSMZ).
Strain JW/YL-NZ35 was grown on modified DSMZ616 (YTG)
medium composed of (per liter): 0.36 g of Na,HPO,-2H,0,
0.08 g of KCl, 5.0 g of yeast extract, 10.0 g of Bacto™ tryp-
tone (Thermo Fisher Scientific, MA, USA), 5.3 g of Na,CO;,
0.2 g of cysteine-HCI, 0.2 g of Na,S, and 0.0005 g of resa-
zurin (pH 9.0) containing 5.0 g of D-glucose or cellobiose. The
YTG medium was also degassed, followed by bubbling with
high-purity N,. Escherichia coli BL21 (DE3) and the plasmid
pET19b (Merck KGaA, Darmstadt, Germany) served as the
cloning and expression host and vector, respectively.

Enrichment, screening, and isolation of anaerobic
thermophilic bacteria secreting B-glucosidase

Approximately 1 g of each of the collected samples of soil
and wastewater sediment was inoculated directly into 10
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ml of BM7CO medium containing 0.5% (w/v) cellobiose.
After inoculation, the cultures were incubated at 60°C
for 2-3 days. The cultures were inoculated into the same
fresh medium, and the enrichment culture was repeated
five times. To select cultures with high p-glucosidase
activity, the supernatants of the enrichment cultures were
collected by centrifugation at 10,806 x g at 4°C for 10
min, and the B-glucosidase activity was measured using
p-nitrophenol-B-D-glucoside (pNPG; FUJIFILM Wako
Pure Chemicals) as the substrate (Ahamed and Vermette
2008). Cultures that exhibited high B-glucosidase activity
were selected and the enrichment culture was repeated
three times using the same medium containing cellobi-
ose. Then, single colony isolation from the cultures cho-
sen was carried out using the Hungate roll tube technique
(Hungate 1969) and BM7CO-agar medium with 5 g/l
cellobiose as a carbon source; this medium was supple-
mented with 1 g/l esculin (Tokyo Chemical Industry Co.,
Ltd., Tokyo, Japan) and 2.5 g/l ferric ammonium citrate
(FUJIFILM Wako Pure Chemicals). Colonies producing
extracellular B-glucosidases were detected by the forma-
tion of a dark brown halo (Fig. 1). Colonies that formed
a dark brown halo following degradation of esculin were
individually selected from the roll tubes and inoculated
into the same medium with cellobiose as described above
(Fig. 1). Eventually, strain A9 was identified as the
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Fig. 1 Enrichment, screening, and isolation of anaerobic thermophilic
bacteria secreting p-glucosidase, using esculin. Enrichment cultures
were repeated five times using BM7CO medium containing cellobi-

bacterium producing the highest p-glucosidase activity
in culture supernatants.

Identification and genome features of strain A9

Genomic DNA from strain A9 was extracted using a Nucle-
oSpin® microbial DNA kit (Takara Bio, Shiga, Japan). The
16S rRNA gene was amplified using the bacterial domain-
specific primers 27F and 1525R (Osborne et al. 2005). The
16S rRNA gene sequence was analyzed using the nucleotide
BLAST program and manually aligned with sequences in
the GenBank database using CLUSTAL_X v.1.81 (Thomp-
son et al. 1994). A phylogenetic tree was prepared using
the results of the 16S rRNA sequence comparison by the
neighbor-joining method using the programs BioEdit (Hall
1999) and MEGA (Tamura et al. 2007).

Whole-genome sequence analysis of strain A9 was per-
formed using the Ion GeneStudio S5 system, following the
previously reported analytical method (Nakazono-Nagaoka
et al. 2019). The genome was assembled de novo using CLC
Genomics Workbench 20.0.1 (CLC Bio, Qiagen, Valencia,
CA, USA). The whole-genome sequence was deposited in
GenBank with accession number BMAP00000000. Aver-
age nucleotide identity (ANI) values, digital DNA-DNA
hybridization (dDDH) values, and average amino acid iden-
tity (AAI) were calculated using the ANI calculator (www.
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ezbiocloud. Net/tools/ani) (Yoon et al. 2017), genome-to-
genome distance calculator (GGDC) (http://ggdc.dsmz.de/
distcalc2.php) (Meier-Kolthoff et al. 2013), and AAI calcu-
lator (http://enve-omics.ce.gatech.edu/aai) (Konstantinidis
and Tiedje 2005), respectively.

Construction of B-glucosidase expression vector
and production of recombinant protein

Two oligonucleotide primers for $-glucosidase (GenBank
accession number: GFR35525.1) designed from the draft
genome sequence data of strain A9, 5'-GGGGATCCA
TGCAAAAATACACTTTCCC-3' with a BamHI site, and
5'-GGCTCAGCTCATTCACAAAGGCTATTAT-3" with
a Bpul102 site, were synthesized to amplify the coding
region of the p-glucosidase gene (TcBGI) by PCR. The
PCR product was digested with BamHI and Bpul102,
and then ligated into pET19b. The recombinant E. coli
clone was inoculated into Luria-Bertani medium supple-
mented with 100 pg/ml ampicillin and incubated at 37°C.
Isopropyl-p-D-thiogalactopyranoside was added to induce
protein expression. The recombinant enzyme was purified
using the Profinia affinity chromatography system (Bio-Rad
Laboratories, Hercules, CA, USA). The homogeneity of the
purified protein was determined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE; ATTO,
Tokyo, Japan). Molecular mass standards were from Bio-
Rad Laboratories.

Enzyme activity and zymogram analysis

B-Glucosidase activity was determined by measuring the
hydrolysis of pNPG. The reaction mixture contained 10 pl
of enzyme and 100 pl of 1 mM pNPG in 100 mM sodium
acetate buffer, pH 6.0. After incubation at 60°C for 10 min,
the reaction was stopped by adding 200 pl of 0.4 M Na,CO;.
The released p-nitrophenol was measured using a spectro-
photometer at 405 nm (Waeonukul et al. 2012). One unit
(U) of p-glucosidase activity was defined as the amount of
enzyme that liberated 1 pmol of p-nitrophenol per min per
ml. The activity of the enzyme toward cellobiose and cel-
looligosaccharides (cellotriose, cellotetraose, cellopenta-
ose, and cellohexaose; Megazyme, Bray, Ireland) was also
assayed at 60°C for 10 min. The reaction mixture contained
50 pl of enzyme and 50 pl of 50 mg/ml cellooligosaccharide
in 100 mM sodium acetate buffer, pH 6.0. The concentra-
tion of glucose released from the cellooligosaccharides was
determined using a glucose oxidase—peroxidase assay kit
(FUJIFILM Wako Pure Chemicals). One U of enzyme activ-
ity was defined as the amount of enzyme that liberated 1
pmol of glucose per min per ml. To determine the mode of
action toward cellooligosaccharides, reaction mixtures were
collected after 10, 20, 30, 40, 50 and 60 s. Each substrate
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(10 mg/ml) was incubated with enzyme (0.5 U) at 60°C.
The hydrolysis products were analyzed using thin-layer chro-
matography. Protein concentrations were determined using
a Coomassie protein assay kit (Thermo Fisher Scientific,
Waltham, MA, USA) with bovine serum albumin as the
standard.

The optimum pH for enzyme activity was determined
at 60°C with pNPG as substrate in buffers with pH values
4.0-9.0. The buffers used were 100 mM sodium acetate for
pH 4.0-6.0, 100 mM phosphate for pH 6.0-8.0, and 100
mM Tris-HCI for pH 8.0-9.0. The optimal temperature for
enzyme activity was determined at pH 6.0 (in sodium acetate
buffer) from 40 to 80°C. Thermostability was determined by
preincubating the enzyme (1 pg protein) without substrate
in sodium acetate buffer (pH 6.0) for 1 h at 50-80°C; the
residual p-glucosidase activity for each condition was then
assayed at 60°C to determine thermostability. Also, enzyme
in sodium acetate buffer (pH 6.0) was incubated at 60°C
for 7 days; a sample of the incubated enzyme was collected
every 24 h to measure the residual p-glucosidase activity.
Glucose inhibition of p-glucosidase activity was measured
by adding glucose at different concentrations (0-1.0 M) to
the standard reaction mixture with pNPG as the substrate.
The glucose concentration required to inhibit 50% of the ini-
tial B-glucosidase activity (the ICs, value) was determined.
The relative activity (%) was defined as the value relative to
the activity in the absence of glucose.

Native PAGE was performed at pH 8.3 using 10% acryla-
mide as the resolving gel with a 5% stacking gel (pH 6.8).
After electrophoresis, the gel was soaked in 100 mM sodium
acetate buffer (pH 6.0) for 10 min at room temperature.
B-Glucosidase activity in the gel was detected by staining
with esculin mixed with ferric ammonium citrate or using
4-methylumbelliferyl-p-D-glucoside (4-MUG; FUJIFILM
Wako Pure Chemicals). For staining with esculin mixed with
ferric ammonium citrate, the gel was incubated in 100 mM
sodium acetate buffer containing 1 g/l esculin and 2.5 g/I
ferric ammonium citrate for 10-30 min at 50°C (Kwon et al.
1994). For the detection of B-glucosidase using 4-MUG, the
gel was incubated in 100 mM sodium acetate buffer contain-
ing 10 mM 4-MUG for 30 min at 50°C. The active bands in
the gel were detected under UV light using a gel documenta-
tion system.

Monitoring of bacterial growth and extracellular
B-glucosidase production

Strain A9 and T. celere-type strain JW/YL-NZ35 were cul-
tured in BM7CO and YTG medium, respectively, contain-
ing 5 g/l cellobiose or other carbohydrates (e.g., xylose and
arabinose). In the YTG medium, cellobiose or other carbo-
hydrates were used as carbon sources instead of glucose.
Cell growth was measured by cell turbidity determined using
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a spectrophotometer at 600 nm (Thermo Fisher Scientific)
and 10-mm pathlength cuvettes. The total cell growth was
determined by measuring the total protein concentration fol-
lowing a previous report (Shikata et al. 2018). The culture
supernatants during cell growth were collected and analyzed
for B-glucosidase activity using zymography.

Cells of strain A9 during the exponential phase were
observed by scanning electron microscopy (SEM; Jeol JSM-
6320F, Tokyo, Japan) in accordance with the manufacturer’s
instructions.

Saccharification of microcrystalline cellulose
by coculture of strain A9 and C. thermocellum

For subculturing, C. thermocellum ATCC274057 stock
culture was inoculated by syringe into 5 mL of BM7CO
medium containing 10 g/l cellulose and was incubated at
60°C in anaerobic conditions. The subculture of C. ther-
mocellum ATCC27405T was inoculated again by syringe
into BM7CO medium containing 50 g/l Sigmacell type 20
at 60°C for 2 days. To avoid the possibility of competitive
growth inhibition of C. thermocellum in the coculture, the
subculture of strain A9 or T. celere-type strain JW/YL-NZ35
was inoculated after cultivation of C. thermocellum for 2
days. The cocultures of C. thermocellum and strain A9 or
type strain JW/YL-NZ35 were incubated at 60°C for 10 days
in anaerobic conditions. The B-glucosidase activity and the
concentration of accumulated glucose in the culture superna-
tants were monitored by an enzymatic assay using pNPG and
high-performance liquid chromatography (Shimadzu Corp.,
Kyoto, Japan), respectively.

Repositories

National Institute of Technology and Evaluation
(NITE): KM-A9 (NITE P-03545)

The GenBank accession numbers for the genome sequences
of Thermobrachium celere strain A9 and T. celere type strain
JW/YL-NZ35 are BMAP00000000 and CAVN000000000,
respectively.

Results

Enrichment, screening, and isolation of anaerobic
thermophilic bacteria producing extracellular
B-glucosidases

More than 100 samples of soil and wastewater sediment
were collected and individually cultured in BM7CO medium
containing 5 g/l cellobiose as the sole carbon source in

thermophilic growth conditions (i.e., 60°C). The cultures
grew well on the cellobiose medium. To isolate bacteria that
produced high B-glucosidase activity in the culture superna-
tants, enrichment culturing was performed at least five times.
Single colonies were separated by the anaerobic Hungate roll
tube technique using cellobiose as the sole carbon source
in an agar medium supplemented with esculin and ferric
ammonium citrate. Generally, pNPG and 4-MUG are used
to screen for microbes producing p-glucosidase; however,
these chemicals are unstable over long periods of incuba-
tion at >50°C, and, therefore, they are not suitable for use
as substrates for the screening of thermophilic microbes pro-
ducing B-glucosidase. Thus, esculin, which is stable during
incubation at high temperatures, was used as the substrate.
The principle of the assay is the formation of a dark brown
color, which is a result of the chelation of esculetin, pro-
duced from esculin by p-glucosidase, with ferric ions in the
medium (Fig. 1). Therefore, it is expected that bacteria that
secrete B-glucosidase will show a dark brown halo around
their colonies (Fig. 1). A dark brown halo was observed
around many of the colonies in the roll tubes (Fig. 1). Colo-
nies that formed a dark brown halo were picked up from the
roll tubes and inoculated again into BM7CO liquid medium
containing cellobiose. To confirm whether these colonies
could secrete B-glucosidase into the culture medium, the
B-glucosidase activity in the supernatants from each culture
was measured. Approximately 20 cultures were observed
to have relatively high p-glucosidase activity in the culture
supernatant; strain A9 showed the highest B-glucosidase
activity of all the cultures. To confirm the bacterial purity,
strain A9 was verified by repeated single colony isolation
from roll tube cultures and its morphology was investigated
using microscopic analysis.

The full-length 16S rRNA gene sequence of the isolated
strain A9 (GenBank accession number: OK_036794.1) was
compared with other sequences from the GenBank data-
base. Homology and phylogenetic analyses of sequences
showed that the 16S rRNA gene of strain A9 had 100%
identity with that of 7. celere type strain JW/YL-NZ35
(DSM86827) (Engle et al. 1996) (GenBank accession num-
ber: NR_026352.1), 99.0% identity with that of Calorama-
tor indicus strain IndiB4 (Chrisostomos et al. 1996) (Gen-
Bank accession number: NR_026134.1), and 98.0% identity
with that of Calo. coolhaasii strain Z (Plugge et al. 2000)
(Fig. 2). The most similar bacterium, 7. celere type strain
JW/YL-NZ35, isolated from hot spring sediments in New
Zealand, has been reported to produce hydrogen at high
yields, and can produce an appreciable amount of ethanol
depending on the growth conditions (Ciranna et al. 2011,
2012; Engle et al. 1996).

The whole-genome sequence of strain A9 was deposited
in GenBank with accession number BMAP00000000. ANI
values, dDDH values, and AAI were calculated between

@ Springer



2138

Applied Microbiology and Biotechnology (2022) 106:2133-2145

strain A9 and T. celere type strain JW/YL-NZ35. The
ANI and dDDH values, which were based on the genomic
sequences of strain A9 and type strain JW/YL-NZ35 (Gen-
Bank accession no. CAVN000000000), were 98.4% and
85.8%, respectively; these are above the defined thresh-
olds for species delineation of 95-96% for ANI and 70%
for GGDC (Goris et al. 2007; Richter and Rossell6-Moéra
2009). T. celere strain A9 was deposited as KM-A9 (NITE
P-03545) in the National Institute of Technology and Evalu-
ation (NITE), Chiba, Japan.

T. celere is also known as Caloramator celer (Baena and
Patel 2009; Ciranna et al. 2013); however, there is clear taxo-
nomic reason for using this alternative name. When type
strain 7. celere JW/YL-NZ35 was isolated by Engle et al.,
there was a known relationship between 7. celere and Calo.
fervidus, which is formally named Clostridium fervidus

0.100000
Caloramator boliviensis (NR_108460.1)
Caloramator viterbiensis (NR_025044.1)

Caloramator mitchellensis (NR_117542.1)
Caloramator fervidus (NR_025899.1)
Caloramator australicus RC3 (NR_044489.1)
— Caloramator coolhaasii (NR_024955.1)

—— Caloramator proteoclasticus (NR_026265.1)

Caloramator indicus (NR_026134.1)
Thermobrachium celere (NR_026352.1)
Strain A9

Fig.2 Neighbor-joining phylogenetic tree generated using 16S rRNA
gene sequences. The tree was constructed using a distance-matrix
analysis of 16S rRNA gene sequences. Bootstrap percentages were
obtained from 1000 resamplings. The bar represents 0.100 nucleotide
changes per sequence position

Fig.3 Time course of cell
growth and extracellular
B-glucosidase (BGL) activity of
strain A9 and Thermobrachium
celere type strain JW/YL-NZ35
grown on media containing
cellobiose (A) or glucose (B)
as carbon sources, respectively.
BM7CO and YTG media were
used as the basal media for
strain A9 and type strain JW/
YL-NZ35, respectively. The

>

Cell growth (OD 600 nm)

(Patel et al. 1987), from 16S rRNA sequence analysis; how-
ever, there was no mention of Calo. celer. Additionally, type
strain JW/YL-NZ35 is still listed as T. celere in the List of
Prokaryotic Names with Standing in Nomenclature (https://
Ipsn.dsmz.de/species/thermobrachium-celere) and BacDive
(https://bacdive.dsmz.de/strain/2516), which are popular
worldwide databases for standardized bacterial information.
We have used T. celere as the species name of strain A9 in
this report to avoid confusion between genera.

Characterization of extracellular B-glucosidase
from strain A9

To determine whether strain A9 could produce and secrete
B-glucosidase into the culture medium during growth, the
cell growth and extracellular B-glucosidase activity of
strain A9 in BM7CO medium containing cellobiose as a
carbon source were monitored (Fig. 3A). f-Glucosidase
activity of 1.0 U/ml was detected in the culture medium
after 4 h and this increased to 8.5 U/ml (8.29 U/mg pro-
tein) after 20 h (Fig. 3A). In contrast, no growth or extra-
cellular B-glucosidase activity of 7. celere type strain JW/
YL-NZ35 was observed in cellobiose-containing medium
based on YTG medium (Fig. 3A). One study reported that
type strain JW/YL-NZ35 cannot use cellobiose as a carbon
source (Engle et al. 1996). Strain JW/YL-NZ35 grew on the
glucose medium; however, no extracellular B-glucosidase
activity was observed in the culture medium (Fig. 3B). In
contrast, in the glucose medium, the B-glucosidase activity
and cell density of strain A9 were 7.17 U/ml (8.07 U/mg
protein) and ODg ., = 0.51, respectively, which are similar
values to when strain A9 was grown on cellobiose medium
(Fig. 3A). These results suggest that the expression of extra-
cellular B-glucosidase by strain A9 may not be affected by
the carbon source present in the medium.
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To visualize the presence of f-glucosidases in the culture
medium, colonies in roll tubes were analyzed using stain-
ing with esculin and ferric ammonium citrate, and culture
supernatants of strain A9 during the logarithmic (4 h of
cultivation) to stationary (16 h of cultivation) phases were
analyzed for p-glucosidase activity by zymography with the
same stain (Fig. 4A and B). A large, dark halo surrounded
colonies of strain A9, indicating that this strain can grow
in cellobiose medium and secrete p-glucosidase (Fig. 4A-
1). Meanwhile, no colonies of 7. celere type strain JW/
YL-NZ35 were observed on YTG-agar containing cellobi-
ose (Fig. 4A-2), and no halos were observed around colo-
nies of T. celere type strain JW/YL-NZ35 grown on glucose
medium (Fig. 4A-3). Zymogram analysis clearly showed the
presence of secreted p-glucosidase (Fig. 4B) in the culture
supernatants of strain A9, and the activity increased with
cultivation time. To investigate whether strain A9 produced
and secreted p-glucosidase from cells without cell lysis, cells
of strain A9 during the exponential phase (16 h of cultiva-
tion) were imaged by SEM. The SEM results showed that the
cells of strain A9 had a complete structure and did not show
lysis or any other disruption (Fig. 4C). These data indicate
that strain A9 secretes p-glucosidase into the culture medium
without cell lysis.

Characterization of B-glucosidase (TcBG1)
from strain A9

According to draft genome sequence analysis, strain A9
and T. celere type strain JW/YL-NZ35 have predicted
B-glucosidases belonging to glycoside hydrolase (GH) fam-
ilies 1 (GenBank accession number: GFR35525.1) and 30
(GenBank accession number: GFR35524.1), and GH fami-
lies 1 (GenBank accession number: CDF59168.1), 3 (Gen-
Bank accession number: CDF57462.1), and 30 (GenBank

M

Fig.4 Confirmation of P-glucosidase activity using esculin (A, B)
and morphology (C) of strain A9. p-Glucosidase activity in the cul-
ture supernatants of strain A9 and 7. celere type strain JW/YL-NZ35
was confirmed by roll tube (A) and zymogram analysis (B) using
esculin. A-1: Colonies of strain A9 on BM7CO medium containing
0.5% cellobiose. A-2: Colony formation of type strain JW/YL-NZ35

kDa
75 —

50
37 —

accession number: CDF59169.1), respectively. However,
p-glucosidase activity is primarily found in GH families
1 and 3, and is less common in GH family 30 (Salgado
et al. 2018). f-Glucosidases that belong to GH family 3 are
strongly inhibited at low glucose concentrations. In contrast,
most enzymes of GH family 1 show tolerance to glucose
and have higher hydrolytic activity toward cellobiose than
enzymes in GH family 3 (Srivastava et al. 2019). To under-
stand the properties of the extracellular f-glucosidase from
strain A9, we characterized the pf-glucosidase (GFR35525.1)
that had a molecular mass of approximately 50 kDa by
zymogram analysis (Fig. 4B). The gene encoding this
p-glucosidase was cloned and recombinant protein was
produced.

The nucleotide sequence of the f-glucosidase gene
(TeBG1) was 1,347 bp, encoding 448 amino acids with a
calculated protein mass of 52 kDa. In SDS-PAGE analy-
sis, the molecular mass of the recombinant f-glucosidase
(rTcBG1) (Fig. 5-1 and -2) agreed with the molecular mass
of the native p-glucosidase of strain A9 (Figs. 4B and 5-2).
Zymogram analysis (Fig. 5-3, -4 and -5, -6) of rTcBG1 and
the native f-glucosidase showed dark brown and white bands
from the hydrolysis of esculin and 4-MUG, respectively.
rTcBG1 exhibited its maximum enzymatic activity at pH
6.0-7.0 and 60-70°C. rTcBG1 was stable at 60°C for 72 h,
retaining almost 100% of the initial activity (half-life 168 h)
(Fig. 6A); after incubation at 70°C for 1 h, rTcBG1 retained
65% activity, but after incubation at 80°C for 1 h, >90% of
the activity was lost (Fig. 6B). rTcBGl1 retained 50% of the
initial activity in the presence of a high glucose concentra-
tion (1 M) (Fig. 6C), which suggested that the extracellular
B-glucosidase of strain A9 had a higher tolerance to glucose
than GH1 B-glucosidases from other thermophilic anaerobic
bacteria (Table 1). rTcBGI also exhibited specific activity
toward the cellooligosaccharides cellobiose, cellotriose,

could not be observed on YTG medium containing 0.5% cellobiose.
A-3: Colonies of type strain JW/YL-NZ35 on YTG medium contain-
ing 0.5% glucose. (B) Lane M, standard protein molecular weight
markers (kDa). (C) Scanning electron microscopy image showing the
morphology of strain A9 after cultivation for 16 h. Scale bar, 1 pm

@ Springer



2140

Applied Microbiology and Biotechnology (2022) 106:2133-2145

kDa
250

150
100
75

50

37

25

Fig.5 SDS-PAGE and zymogram analyses of recombinant
B-glucosidase from strain A9 expressed in Escherichia coli (fTcBG1).
Lane M, standard protein molecular weight markers. Lane 1, crude
extract from recombinant E. coli-expressing rTcBG1; Lane 2, purified
rTcBG1; Lanes 3 and 4, and 5 and 6, zymogram analysis of rTcBG1
and culture supernatant of strain A9 stained by esculin mixed with
ferric ammonium citrate (lanes 3 & 4) or 4-methylumbelliferyl-p-D-
glucoside (lanes 5 & 6)

cellotetraose, cellopentaose, and cellohexaose with activities
of 49.8, 47.6, 43.6, 30.7, and 28.8 U/mg protein, respectively
(Table 2), suggesting that rTcBG1 can hydrolyze short-chain
cellooligosaccharides faster than long-chain cellooligosac-
charides (Fig. 7). These results for rTcBG1 indicate that the
extracellular B-glucosidase of strain A9 has favorable prop-
erties as a supplemental enzyme source for the biological

saccharification of high concentrations of cellulose using
C. thermocellum.

Cellulose saccharification using a coculture of strain
A9 and C. thermocellum

Studies have demonstrated that the cellulose degradation
ability is drastically enhanced, and glucose is accumulated
in the culture medium, when C. thermocellum cultures are
supplemented with thermostable pB-glucosidases (Gefen
et al. 2012; Prawitwong et al. 2013). This enhancement
occurs because feedback inhibition caused by cellobiose
can be resolved by supplementation with extracellular
B-glucosidases. To evaluate whether strain A9 can replace
this supplementation with p-glucosidase, a coculture of
strain A9 and C. thermocellum was investigated using a
medium containing a high concentration of microcrystalline
cellulose (Fig. 8). When strain A9 was cocultured with C.
thermocellum in BM7CO medium containing 50 g/l micro-
crystalline cellulose, cellulose was effectively converted to
glucose, and a high concentration of glucose accumulated
in the culture supernatant. The saccharification profile of
the coculture of strain A9 and C. thermocellum showed effi-
cient cellulose degradation, and glucose accumulation was
increased after 3 days. The cellulose was degraded almost
entirely within 8 days and the glucose accumulation reached
35.2 g/l in the culture supernatant (70.4% of the theoretical
glucose yield based on the loading of microcrystalline cel-
lulose) (Fig. 8A and B), which was almost the same yield as
that obtained with purified B-glucosidase supplementation to
culture of C. thermocellum (Prawitwong et al. 2013).
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Fig.6 Enzymatic characterization of rTcBG1. rTcBG1 was puri-
fied and its thermostability and glucose tolerance were determined.
The stability of rTcBG1 was measured at 60 °C over time (A) and at
different temperatures after incubation for 1 h (B). The glucose tol-
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erance of r'TcBG1 was measured at different glucose concentrations
(C). The activity of the enzyme in the absence of glucose was defined
as 100%. The data are the means of three independent experiments.
Error bars represent the standard deviation (<0.35%)
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Table 1 Characterization of rTcBG1 from strain A9 compared with that of family GH1 f-glucosidases from other anaerobic thermophilic bacte-

ria

Enzyme Optimum temperature Thermostabil-  Glucose inhibition: Reference
for reaction (°C)? ity (%)° IC5, M)©
TcBG1 (Thermobrachium celere strain A9) 60-70 99 0.75 +£0.01 This study
CglIT (Thermoanaerobacter brokii) 60-70 97 0.45 +0.01 ‘Waeonukul et al. (2012)
Bgl (Thermoanaerobacterium thermosaccharolyti- 60-70 10 0.65 + 0.01 Prawitwong et al. (2013)
cum Noi-1)
BglA (Clostridium thermocellum ATCC27405T) 50-60 10 0.40 + 0.01 Prawitwong et al. (2013)

“The range reported is where >90% of the maximal activity was maintained

"Thermostability was determined as the percentage of remaining p-glucosidase activity after incubation of the enzyme at 60°C for 24 h

“The glucose concentration required to inhibit 50% of the initial $-glucosidase activity. Results for glucose inhibition are provided as the mean +

standard deviation (n = 3)

Table 2 Specific activity of rTcBG1 from strain A9 toward cellooli-
gosaccharides

Substrate Specific activity
(U/mg protein)*
Cellobiose 49.78 £ 0.15
Cellotriose 47.60 +0.25
Cellotetraose 43.61 +£0.26
Cellopentaose 30.68 + 0.18
Cellohexaose 28.76 + 0.58

2One unit (U) of enzyme activity was defined as the amount of
enzyme that liberated 1 pmol of glucose in 1 min. Results are the
mean =+ standard deviation (n = 3)

In contrast, monoculture of C. thermocellum or cocul-
ture of C. thermocellum with T. celere type strain JW/
YL-NZ35 did not efficiently hydrolyze cellulose and had
low p-glucosidase activity (Fig. 8A and B). The accumulated
glucose concentration was <11.7 g/l (23.4% glucose yield),
and cellulose substrate remained in the culture medium after
8 days (Fig. 8A, B). Strain A9 alone could not be grown in

the cellulose medium (Fig. 8 A and B). These results indi-
cate that the extracellular f-glucosidase of strain A9 can
cooperate with C. thermocellum cellulosomes and efficiently
resolve feedback inhibition of the cellulosomes by cellobi-
ose. Thus, strain A9 may be useful in combination with C.
thermocellum to achieve biological cellulose saccharifica-
tion without any enzyme supplementation.

Discussion

When C. thermocellum is grown on a medium containing
a high cellulose concentration supplemented with a ther-
mostable -glucosidase, glucose is accumulated as an end-
product at a high concentration in the culture supernatant.
This direct saccharification of cellulose may result from
resolution of the feedback inhibition of cellulosomes and
cellulases by cellobiose, and the low affinity glucose uptake
and the kinetics of cellobiose and cellooligosaccharide use
by C. thermocellum (Nataf et al. 2009; Strobel et al. 1995;
Zhang and Lynd 2005). The high cellulose degradation

Cellobiose Cellotriose Cellotetraose Cellopentaose Cellohexaose
-
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Ll A BB o9®  waen
GB ' . 1
G4 8 N N . "
G5 | . »
G6 ' ‘ . .
(7]

— =r

i = — — e

St 0 10s 20s 30s 60s 0 10s 20s 30s 60s

0 10s 20s 30s 60s

0 10s 20s 30s 60s 0 10s 20s 30s 60s

Fig.7 Thin-layer chromatography of the hydrolysis products from cellooligosaccharides hydrolyzed by rTcBG1. Glucose (G1), cellobiose (G2),
cellotriose (G3), cellotetraose (G4), cellopentaose (G5), and cellohexaose (G6) were used as standards (shown at the left-hand side)
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Fig.8 Cellulose saccharification using cocultures of strain A9 or T.
celere type strain JW/YL-NZ35 with C. thermocellum ATCC27405T.
The glucose concentration and f-glucosidase activity in the culture
supernatants were measured by high-performance liquid chromatog-
raphy and by using pNPG, respectively (A). The arrow indicates the
inoculation point of strain A9 or type strain JW/YL-NZ35. Cellulose
saccharification by cocultures shown in cultivation pictures taken
after 8 days (B). Lane 1, BM7CO containing 5% (w/v) cellulose inoc-

ability and high glucose accumulation capacity of the com-
bination of C. thermocellum and p-glucosidase are promis-
ing as a direct cellulose saccharification technology without
the need for supplementation of any cellulases or hemicel-
lulases. Recently, a method to avoid the extra addition of
B-glucosidases, using a recombinant C. thermocellum that
can secrete B-glucosidase, has been developed (Qi et al.
2021; Zhang et al. 2017). This method of cellulose sacchari-
fication, termed whole-cell catalysis, is a useful technology
for supplementation with p-glucosidases.

The complexity of biomasses with components such as
hemicellulose means that it may be challenging to promote
efficient degradation using recombinant C. thermocellum
alone. Compounds such as xylooligosaccharides have been
shown to cause a reduction in cellulolytic activity and a
reduction in the maximum saccharification rate of crystalline
cellulose (Beri et al. 2021). Cocultures of C. thermocellum
with hemicellulose-consuming microbes using high concen-
trations of corn fiber exhibited lower levels of unfermented
hemicellulose hydrolysis products and the maximum sac-
charification rate was increased, compared with culture of
C. thermocellum alone (Beri et al. 2021). Strain A9 can use
pentoses, such as xylose, arabinose, and xylan (Table S1).
According to the draft genome sequence, strain A9 and T.
celere type strain JW/YL-NZ35 possess an enzyme from GH
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. BGL activity (C.thermocellum+ strain JW/YL-NZ35)

ulated with strain A9; lane 2, BM7CO containing 5% (w/v) cellulose
inoculated with C. thermocellum only; lane 3, BM7CO containing 5%
(w/v) cellulose inoculated with strain A9 and C. thermocellum; lane
4, BM7CO containing 5% (w/v) cellulose inoculated with type strain
JW/YL-NZ35 and C. thermocellum. The data are the means of three
independent experiments. Error bars represent the standard deviation
(n=3)

family 30 (GenBank accession numbers: GFR35524.1 and
CDF59169.1), which is a relatively novel xylanase that can
be exo-acting and liberates xylose and xylobiose from the
non-reducing end of xylan (Puchart et al. 2021). Type strain
JW/YL-NZ35 could not use xylose or xylan (Table S1).
However, strain A9 may be an excellent partner for coculture
with thermophilic microbes for biological saccharification.
Thus, it is desirable to develop not only C. thermocellum
metabolically engineered by recombinant techniques, but
also microbes that are applicable in coculture systems.

To develop an efficient saccharification system using
natural biomass for practical applications, it is necessary
to investigate anaerobic thermophilic microbes that can
secrete f-glucosidases into the culture supernatant to work
in cooperation with cellulosomes and cellulases. To date,
few reports have investigated the screening and isolation of
aerobic microbes that can produce p-glucosidase (Ahamed
and Vermette 2008). Most anaerobic thermophilic bacteria
possess intracellular B-glucosidases (Ait et al. 1982; Katayeva
et al. 1992; Yang et al. 2015). One study has reported that
C. stercorarium can partially secrete f-glucosidase into the
culture medium when grown on cellobiose; however, most of
the p-glucosidase activity remained cell-bound, with secre-
tion only of a low quantity of f-glucosidase into the medium
(Bronnenmeier and Staudenbauer 1988). To the best of our
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knowledge, the present study is the first report of the isolation
of an anaerobic thermophilic bacterium capable of secreting
B-glucosidase. The presence of a signal sequence is essential
for the secretion of enzymes outside of the cell wall. Accord-
ing to the signal peptide predictor tool SignalP-5.0 (http://
www.cbs.dtu.dk/services/SignalP/), the p-glucosidases
(GFR35525.1 and CDF59168.1) of strain A9 and T. celere
type strain JW/YL-NZ35 have a signal peptide sequence at the
N-terminus; however, at least one other f-glucosidase listed
in Table 1 does not have this feature. The p-glucosidases of
strains A9 and JW/YL-NZ35 were 100% identical in amino
acid sequence. Strain A9 may have more useful properties
for cellobiose culture and f3-glucosidase production than type
strain JW/YL-NZ35. Type strain JW/YL-NZ35 has shown
only poor B-glucosidase activity and low growth on cellobi-
ose medium, even though JW/YL-NZ35 possesses the same
GH family 1 p-glucosidase gene with the same amino acid
sequence as strain A9. It is still unclear what the differences
are between strain A9 and type strain JW/YL-NZ35; however,
further characterization of strain A9 may provide more infor-
mation regarding the expression and control of endogenous
B-glucosidases in anaerobic microbes.

According to the Carbohydrate-Active Enzymes database
(CAZy; http://www.cazy.org), B-glucosidases are mainly
found in GH families 1 and 3 (Singh et al. 2016). However,
this classification based on amino acid sequence similar-
ity and conserved motifs does not consider many important
functional aspects of p-glucosidases, such as glucose toler-
ance and glucose stimulation. Recently, categorization of
B-glucosidases based on the effect of glucose on catalytic
activity has been proposed (Cao et al. 2015; Srivastava et al.
2019). This functional classification divides -glucosidases
into four classes: (I) p-glucosidases that are strongly inhib-
ited by low concentrations of glucose; (II) p-glucosidases
that are glucose tolerant; (III) B-glucosidases that are stim-
ulated by low concentrations of glucose and inhibited by
high concentrations of glucose; and (IV) pB-glucosidases
that are not inhibited by high glucose concentration. The
B-glucosidases from strain A9 and other anaerobic thermo-
philic bacteria (Table 1) may belong to class II (Cao et al.
2015; Salgado et al. 2018). Most of the -glucosidases cat-
egorized as class II that have been characterized to date
belong to GH family 1 and they have been isolated from a
wide variety of sources, including bacteria, fungi, and from
screening metagenomic DNA libraries (Salgado et al. 2018).

The maximum f-glucosidase activity of strain A9 was
6.02 + 0.18 U/ml (17.7 + 0.2 U/mg protein) when cocul-
tured with C. thermocellum, while the production of extra-
cellular f-glucosidase by recombinant C. thermocellum was
4.91 + 0.44 U/ml in medium containing 50 g cellulose/I (Qi
et al. 2021). It is desirable to determine whether the extra-
cellular p-glucosidase activity of strain A9 is sufficient for
the complete degradation of cellulose at high concentrations

(such as 100 g cellulose/l). p-Glucosidase activity of 30-50
U/g cellulose was necessary to completely degrade 100 g/l
cellulose when C. thermocellum S14 was cultured with
the addition of CgIT (Table 1) (Prawitwong et al. 2013). If
strain A9 can consistently produce 6 U/ml of f-glucosidase
in coculture with C. thermocellum in medium containing
100 g/l cellulose, the p-glucosidase activity will reach 60
U/g cellulose; if this activity can be achieved, coculture with
strain A9 may be able to provide sufficient B-glucosidase
activity for the complete degradation of 100 g/l cellulose.
A B-glucosidase secreted from recombinant C. thermocel-
lum [a different enzyme (BglA of Caldicellulosiruptor sp.
F32) (Qi et al. 2021) than those produced by strain A9 and
CglIT (Table 1)], had sufficient B-glucosidase activity in sac-
charification tests using 50 g/l microcrystalline cellulose
to degrade an estimated 50 U/g glucan. Although higher
B-glucosidase activity than that of BglA might be obtained
if the gene from strain A9 were used in recombinant C. ther-
mocellum, supplementation of recombinant BglA with >50
U of p-glucosidase resulted in no further enhancement of
glucose accumulation (Qi et al. 2021). Using strain A9 can
relieve the inhibitory effect of cellobiose on cellulosomes
during the biological saccharification process. Thus, cocul-
ture of strain A9 and C. thermocellum has potential in the
development of a new biological cellulose saccharification
process that does not require supplementation with external
B-glucosidases.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00253-022-11818-0.
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