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Overexpression of a multifunctional B-glucosidase gene
from thermophilic archaeon Sulfolobus solfataricus
in transgenic tobacco could facilitate glucose release and its

use as a reporter
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Abstract The B-glucosidase, which hydrolyzes the
B(1-4) glucosidic linkage of disaccharides, oligosac-
charides and glucose-substituted molecules, has been
used in many biotechnological applications. The
current commercial source of B-glucosidase is mainly
microbial fermentation. Plants have been developed as
bioreactors to produce various kinds of proteins
including B-glucosidase because of the potential low
cost. Sulfolobus solfataricus is a thermoacidophilic
archaeon that can grow optimally at high temperature,
around 80 °C, and pH 2-4. We overexpressed the B-
glucosidase gene from S. solfataricus in transgenic
tobacco via Agrobacteria-mediated transformation.
Three transgenic tobacco lines with B-glucosidase

Chih-Hao Huang and Tzu-Ling Huang contribute equally to
this work.

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s11248-020-00212-z) con-
tains supplementary material, which is available to authorized
users.

C.-H. Huang - T.-L. Huang - Y.-C. Liu -

T.-C. Chen - S.-M. Lin - C.-C. Chang (<)

Department of Biotechnology and Bioindustry Sciences,
National Cheng Kung University, Tainan 701, Taiwan
e-mail: chingcc@mail.ncku.edu.tw

S.-Y. Shaw (<)

Department of Chemistry, National Cheng Kung
University, Tainan 701, Taiwan

e-mail: syshaw @mail.ncku.edu.tw

gene expression driven by the rbcS promoter were
obtained, and the recombinant proteins were accumu-
lated in chloroplasts, endoplasmic reticulum and
vacuoles up to 1%, 0.6% and 0.3% of total soluble
protein, respectively. By stacking the transgenes via
crossing distinct transgenic events, the level of -
glucosidase in plants could further increase. The plant-
expressed B-glucosidase had optimal activity at 80 °C
and pH 5-6. In addition, the plant-expressed B-
glucosidase showed high thermostability; on heat
pre-treatment at 80 °C for 2 h, approximately 70%
residual activity remained. Furthermore, wind-dried
leaf tissues of transgenic plants showed good stability
in short-term storage at room temperature, with -
glucosidase activity of about 80% still remaining after
1 week of storage as compared with fresh leaf.
Furthermore, we demonstrated the possibility of using
the archaebacterial B-glucosidase gene as a reporter in
plants based on alternative B-galactosidase activity.

Keywords f-glucosidase - Sulfolobus solfataricus -
Transgenic tobacco - Bioreactor - Reporter

Introduction
The B-glucosidase can hydrolyze the f(1-4) glyco-

sidic linkage of disaccharides, oligosaccharides and
glucose-substituted molecules and also catalyze the
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synthetic reactions via reverse hydrolytic reaction or
transglycosylation (Ahmed et al. 2017). B-Glucosi-
dase has been used in many biotechnological pro-
cesses. For example, it is among the major hydrolytic
enzymes required for the efficient biotransformation
of lignocellulosic biomass into biofuels (Park et al.
2016). In addition, in the food industry, B-glucosidase
can be used to improve the aroma in wine and release
of aromatic compounds in fruit juices (Gueguen et al.
1996). Additionally, B-glucosidase can be used to
hydrolyze isoflavone glycosides to increase their
absorption by the small intestine in humans (Kim
et al. 2012). Furthermore, B-glucosidase has been used
for detoxification of cassava during food processing
and de-inking of waste paper in the recycling process
(Ahmed et al. 2017). On the basis of its synthetic
activity, B-glucosidase can be used in the biosynthesis
of oligosaccharides and alkyl glycosides, which might
have diverse applications such as growth promoters
for probiotic bacteria (Diez-Municio et al. 2014),
antimicrobial agents (Otto et al. 1998) and therapeutic
agents (Perugino et al. 2004). Currently, the commer-
cial source of B-glucosidases is mainly microbial
fermentation (Ahmed et al. 2017).

Transgenic plants have been extensively studied as
bioreactors to produce various useful bioactive
metabolites or recombinant proteins including
enzymes used in biofuel production because of the
potential low cost. For instance, transgenic maize
overexpressing o-amylase, called Enogen corn
enzyme technology, developed by Syngenta, could
significantly enhance ethanol production in fermenta-
tion (https://www.syngenta-us.com/corn/enogen). In
addition, many hydrolytic enzymes from very diverse
sources that could be potentially used in the hydrolytic
process of lignocellulosic ethanol production have
been overexpressed in transgenic plants. For example,
endoglucanase and exoglucanase of Acidothermus
cellulolyticus have been expressed in tobacco and rice
(Jiang et al. 2017). Leaves of transgenic rice can be
stored at room temperature for a month and still retain
about 80% of the initial activity (Jiang et al. 2017).
The PB-glucosidase and/or the endoglucanase gene
from Thermotoga maritima was expressed in tobacco
with the transgene driven by the rbcS or 35S promoter
and showed various expression levels when the
recombinant proteins were accumulated in distinct
sub-cellular compartments such as apoplast, endo-
plasmic reticulum, chloroplast and vacuole (Jung et al.
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2010, 2013; Kim et al. 2010; Nguyen et al. 2015).
Furthermore, distinct transit peptides used for target-
ing the enzyme to chloroplasts might result in various
levels of recombinant protein accumulation (Kim et al.
2010). Alternatively, B-glucosidase from the fungus
Aspergillus niger, thermophilic bacterium Thermobi-
fida fusca or hyperthermophilic Archaea Pyrococcus
furiosus have been expressed in transplastomic
tobacco with levels ranging from 2 to 60% of total
soluble protein (TSP) without any deleterious pheno-
typic effect (Petersen and Bock 2011; Yu et al. 2007,
Gray et al. 2011; Espinoza-Sanchez et al. 2016; Cas-
tiglia et al. 2016). These studies demonstrate that
transgenic plants could be used as bioreactors to pro-
duce abundant recombinant enzymes at low cost.
Sulfolobus solfataricus, an extreme thermoaci-
dophilic archaeon, grows optimally at 80 °C and pH
2-4 under sufficient metabolizing sulfur environ-
ments. It is one of the most widely studied organisms
in Archaea, and its genome sequence has been
determined and exploited extensively (She et al.
2001). The B-glucosidase (ss03019) from S. solfatar-
icus, a tetramer with molecular weight 60 kD for each
subunit, has been purified to homogeneity and over-
expressed in Escherichia coli, and the biochemical
properties have been extensively characterized (Mo-
racci et al. 1995; Aguilar et al. 1997). The B-
glucosidases from S. solfataricus, including p-galac-
tosidase and xylanase activities, show broad substrate
specificity (Moracci et al. 1995; D’ Auria et al. 1999b).
In addition, the crystal structure of B-glucosidase from
S. solfataricus showed resilience as a key factor in
thermostability (Aguilar et al. 1997). Alcohol, partic-
ularly 1-butanol, has been found to enhance enzymatic
activity by modifying the protein microenvironment
and resulting in a more flexible structure (D’Auria
et al. 1999a). A large ion pair network on the surface
stabilizes B-glucosidase, and its stability is strongly
affected by pH 10, which is correlated with the
perturbed ionic interactions as compared with the
protein at neutral pH (D’ Auria et al. 1998).
Previously, a B-glucosidase (lacS) gene derived
from the archaeon S. solfataricus MT-4 strain were
overexpressed in the cytoplasm of transgenic tobacco,
which could result in the autohydrolysis of plant
polysaccharides into free sugar in the plant extracts
(Montalvo-Rodriguez et al. 2000). The plant-ex-
pressed recombinant proteins in distinct subcellular
compartments had a profound effect on the
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accumulation (Wei et al. 2004; Jiang et al. 2011). In
the present study, we used transgenic tobacco over-
expressing archaeal hyperthermostable glycosyl
hydrolase (ss03019) from the S. solfataricus P2 strain
accumulated in three distinct cellular compartments—
chloroplasts, endoplasmic reticulum (ER) and vac-
uole—to test the feasibility of using plants as a
bioreactor for production of this recombinant enzyme.
Plant-expressed B-glucosidase with accumulation in
chloroplasts could reach up to 1% of total soluble
protein (TSP) and showed higher activity than that
expressed in ER and vacuole. We also explored
additional B-galactosidase and B-glucuronidase activ-
ity for this archaebacterial multi-functional enzyme in
plants. Our results demonstrated that plant-expressed
B-glucosidase conferred high B-galactosidase activity
but no B-glucuronidase activity. The B-galactosidase
is commonly used as a reporter system in mammalian
cells, insects and yeast (Naylor 1999), but not plants
because of high endogenous activity. However, by
heat-pretreatment of plant tissues prior to enzymatic
reaction or increasing the reaction temperature, the
endogenous B-galactosidase activity could be elimi-
nated. Therefore, from the [B-galactosidase activity
findings, in this study, we also demonstrated that the
archaebacterial B-glucosidase (ss03019) might pro-
vide an alternative source of reporter gene in plants.

Material and method
Cloning of B-glucosidase gene from S. solfataricus

The archaebaceria S. solfataricus P2 (ATCC 35,092)
was obtained from the BioSource Collection and
Research Center (BCRC), Taiwan. Bacterial DNA
was isolated as described (Hoffman and Winston
1987) with slight modification. The bacterial genome
sequence (accession no. AE006641) was downloaded
from GenBank. The B-glucosidase (ss03019) gene was
PCR-amplified from the total DNA of S. solfataricus
P2 with the specific primer pair 3019-F and 3019-R
(Supplementary Table 1), which also resulted in the
c-Myc tag sequence in the 5’end of DNA fragments.
Then the DNA fragments were cloned into the pT&A
cloning vector (Real Biotech Corp., Taiwan) and
checked with restriction enzyme digestion as well as
further Sanger sequencing to obtain the pBglb
plasmid.

Construction of plant nuclear expression vectors

Archaebacterial B-glucosidase was accumulated in
three distinct subcellular compartments of tobacco
cells—chloroplasts, ER and vacuoles. AFVY located
in the C-terminal of the vacuolar storage glycoprotein
phaseolin was a sorting signal to direct the protein to
the vacuole (Frigerio et al. 2001). To accumulate the
B-glucosidase in the vacuole, the DNA fragment
encoding AFVY was annealed by the 3019AFVY-F
and 3019AFVY-R primer pair (Supplementary
Table 1). Then, the annealed DNA fragment was
ligated with the 1.5-kb DNA fragment from the Notl/
Sacl double-digested pBglb plasmid and the recom-
binant DNA fragment was cloned into the Ncol/Sacl
site of pImpactVector 1.2 to obtain the pBgl-Va
plasmid. To accumulate the protein in ER and
chloroplast, the 1.5-kb DNA fragment from the
Ncol/Notl-digested pBglb plasmid was cloned into
pImpactVector 1.3 and pImpactVector 1.4, respec-
tively (Tu et al. 2014), to obtain pBgl-Er and pBgl-Cp
vectors. The 3.5-, 3.5-, and 3.7-kb DNA fragments
conferring ss03019 gene expression cassettes were
Ascl/Pacl double-digested from pBgl-Cp, pBgl-Er and
pBgl-Va plasmids, respectively, then cloned into the
Ascl/Pacl site of pBINplus binary vectors to obtain the
plant nuclear expression binary vectors pBin-Cp,
pBin-Er and pBin-Va, respectively (Fig. 1).

Plant transformation, selection and screening

Agrobacteria-mediated leaf disc transformation of
tobacco (Nicotiana tabacum L. cv. Petit Havana) was
performed as described (Chang et al. 2007) with slight
modification. In brief, leaf discs infected with A.
tumefaciens strain GV3101 carrying individual pBin-
Cp, pBin-Er or pBin-Va binary vectors were incubated
on TSM medium [0.44% Murashige and Skoog (MS)
medium with vitamin, 3% sucrose, 0.1 mg/L naph-
thalene acetic acid (NAA), 1.0 mg/L benzyladenine
(BA) and 0.3% phytagel, pH 5.7] containing both
timentin (250 mg/L) and kanamycin (100 mg/L) for
selection. Regenerated shoots were transferred to
TRM medium (0.44% MS with vitamin, 3% sucrose,
0.1 mg/L NAA, and 0.3% phytagel, pH 5.7) contain-
ing kanamycin (100 mg/L) for rooting. T, plants were
self-crossed, and T, progenies were selected in MS
medium containing kanamycin to check for Men-
delian segregation. The transgenic lines with the
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pBin-Cp | LB | | Py, | Nptll | Tyos | | Prics | s | c-Myc | 5503019 | Trpes | | RB |

pBin-Er | LB | | Pyos | Nptll | T o | | Pries | S | c-Myc | 5503019 | KDEL | Tries | | RB |

pBin-Va | LB | | Pyos | Nptll | T s | | Pries | S, | c-Myc | 5503019 | AFVY | Trees | | RB |

pET-Bglb | P, | Oy ” T,-tag | 5503019 | His, H Tr |

Fig. 1 Schematic representation of plant nuclear expression
vectors and bacterial expression vector. The pBin-Cp, pBin-Er
and pBin-Va are plant nuclear expression binary vectors with
their backbone derived from pBINplus. 5503019, B-glucosidase
gene of S. solfataricus P2. Py,,, Nos (nopaline synthase gene)
promoter; Ty, Nos terminator; Nptll, Kanamycin resistance
gene; Pgpes, RbeS (ribulose 1, 5-bisphosphate carboxylase/
oxygenase small subunit) gene promoter; Tgp.s, RbcS

segregation ratio of approximately 3-1 between
survived (green) versus dead (albino) seedlings were
taken as single copy transgene insertion in the
genome. In addition, B-glucosidase activity assay
was performed as described in the following section to
screen T; progenies. The selected transgenic plants
with relatively high enzymatic activity were used to
further confirm the transgene integration by PCR
analysis with Bglb-F forward and Bglb-R reverse
primers (Supplementary Table 1). The selected T,
transgenic lines that were kanamycin-resistant, PCR-
positive and with high enzymatic activities were
further self-crossed, and then all progenies resistant
to kanamycin were selected for putative homozygous
T, plants.

Bacterial expression and protein purification

To express the B-glucosidase gene of S. solfataricus
P2 in E. coli, the 1496-bp DNA fragments BamHI/
Notl-digested from pBin-Va plasmid (see above) were
cloned into the BamHI/Notl site of the bacterial
expression vector pET24a to obtain the expression
construct pET-Bglb, which could generate a C-termi-
nal histidine-tagged fusion protein in E. coli BL21
(DE3) (Fig. 1). The transformed BL21 cells were
grown at 37 °C to ODg(, approximately 0.5, then the
recombinant [B-glucosidase proteins were induced
with 1 mM IPTG at 37 °C for 5 h. The recombinant
proteins were purified under a native condition by
using a Ni-nitrilo-tri-acetic acid (Ni-NTA) agarose
resin according to the manufacturer’s protocol
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terminator; Sp, signal peptide of secretory pathway; Tp,
chloroplast transit peptide; KDEL, ER retention signal; AFVY,
vacuole sorting signal; c-Myc, c-Myc tag; RB, right border of
T-DNA; LB, left border of T-DNA. The arrows indicate the
gene-specific primer pair used for PCR analysis. The pET-Bglb
is a bacterial expression vector with the backbone plasmid
pET24a. Py, T7 promoter; Oy, Lac operator; His, six His tag;
T, T7 terminator

(Qiagen, Germany). The protein concentration was
determined by using the Bio-Rad Protein Assay Kit
(Bio-Rad, Hercules, CA).

B-Glucosidase activity assay

Approximately 150 mg leaf tissue of T, transgenic
tobacco at various developmental stages as indicated
was ground into powder in liquid nitrogen, and 300 pl
extraction buffer (50 mM Tris—HCI [pH 8.0], 3 mM
PMSF, 1% DMSO, 1% 2-mercaptoethanol, 0.2%
Triton X-100, 0.3 M NaCl, 0.3 M sucrose, 10 mM
ascorbic acid, 0.1% proteinase inhibitor) was added
and further homogenized. After centrifugation, the
soluble fraction was heat pre-treated or not at 65 °C
for 30 min, then centrifuged at 10,000x g for 20 min
at 4 °C to remove the insoluble materials. The
supernatant was stored at — 80 °C. In addition,
aliquots of plant extracts without heat pre-treatment
were used to measure the concentration of TSP by
using bovine serum albumin as a standard as described
above.

The enzymatic activity of tobacco-expressed [-
glucosidase was performed in 150 pl reaction mixture
containing the indicated amount of protein extracts,
5 mM p-nitrophenyl-B-D-glucoside (pNPG) substrate
and 50 mM sodium phosphate, pH 6. The reaction
mixture was incubated at 65 °C for 30 min or as
indicated. The enzymatic reaction was terminated by
the addition of 150 pl of 0.4 M glycine-NaOH.
Enzymatic activity was determined by measuring the
released p-nitrophenol at ODyps,m. In parallel, the
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reaction mixture without protein extracts was a blank
control. The reaction mixture with different concen-
trations (25-800 uM) of p-nitrophenol was used to
establish a standard curve for the quantitation of
unknown sample.

SDS-PAGE and immunoblot analysis

Different amounts of bacteria-expressed proteins and
plant protein extracts from transgenic tobacco lines or
untransformed plant as indicated were separated on
10% SDS-polyacrylamide gels, then stained with
Coomassie brilliant blue, de-stained with 15% metha-
nol plus 7.5% acetic acid, and quantified by using
ImagelJ. Alternatively, protein gels were transferred to
PVDF membranes. Blocking was performed in NET
buffer (0.25% gelatin, 50 mM Tris—HCl pH 7.5,
50 mM NaCl, 5 mM EDTA and 0.05% Tween-20).
Blots were incubated with a monoclonal antibody
against c-Myc (1-1000 dilution) (Hopegen Biotech-
nology, Taiwan) or polyclonal antibody against Hisg
(1-1000 dilution) (Amersham, USA) in NET buffer at
room temperature for 1 h, washed three times with
NET buffer, and reactive bands were detected with
horseradish peroxidase-conjugated secondary anti-
body (Amersham, USA).

Effect of temperature and pH on enzymatic
activity

To test the effect of temperature on enzymatic activity
for tobacco-expressed B-glucosidase, leaf extracts
isolated from the transgenic pBin-Cp line were
incubated with pNPG substrate at 20-100 °C at the
indicated interval for 10 min before measuring enzy-
matic activity. To test the effect of pH on the
enzymatic activity for tobacco-expressed B-glucosi-
dase, leaf protein extracts were reacted with pNPG
substrate at 80 °C for 10 min in buffer with pH 1-10.
The following buffers at a final concentration of
50 mM were used for testing the effect of pH on
activity: KCI-HCI pH 1 and 2; Na-citrate pH 3-6; Na-
acetate pH 4-5.5; K-phosphate pH 6, 7 and 8; Na-
tetraborate pH 9 and 10.

Thermostability and storage stability

To test the thermostability of tobacco-expressed B-
glucosidase, leaf extracts of the transgenic pBin-Cp

line were heat pre-treated under 70, 80 and 90 °C for
0-120 min with a 30-min interval, then the residual
enzymatic activity of each sample was assayed for
10 min by adding pNPG as a substrate as described
above. To investigate the storage stability of tobacco-
expressed B-glucosidase in isolated liquid extracts,
protein extracts were stored at — 80 °C, — 20 °C,
4 °C or room temperature for 3-30 days at the
indicated interval, and then the residual level of
enzymatic activity was measured. To investigate the
storage stability of tobacco-expressed [B-glucosidase
in preserved leaf tissues, mature leaves from the
4-month-old transgenic pBin-Cp line were harvested,
wind-dried and stored for 1-5 weeks at weekly
intervals and at room temperature. Protein extracts
were isolated, the concentration of TSP was measured,
and the residual level of enzymatic activity was
assayed and compared to that of initially harvested leaf
tissues.

Measurement of glucose release from cellobiose

Approximately 4.3 g leaf tissue of T, transgenic
tobacco and wild type plant was ground into powder
in liquid nitrogen, and 5 ml extraction buffer (50 mM
sodium acetate [pH 5.0], 1 mM EDTA, 10 mM
ascorbic acid, and 12 mM B-mercaptoethanol) was
added and further homogenized. After centrifugation,
the soluble fraction was heat pre-treated or not at
65 °C for 30 min, then centrifuged at 10,000x g for
20 min at 4 °C to remove the insoluble materials. The
protein was precipitated by slowly adding ammonium
sulfate to supernatant until saturation (60%). The
precipitated protein was collected after centrifugation
at 18,000x g for 25 min at 4 °C. In addition, aliquots
of plant extracts prior heat pre-treatment and purified
protein were used to measure the protein concentration
by using bovine serum albumin as a standard. The
indicated concentration of cellobiose (Acros Organics,
USA) as substrate was mixed with protein (or without
protein as a blank control) which was heat-denatured
at 100 °C for 10 min or not. Then the samples were
incubated at 70 °C for indicated time to release
glucose, and followed by boiled the samples at
100 °C for 10 min to terminate reaction. The released
glucose was measured by using a glucose (GO) assay
kit (Sigma, USA) according to the manufacturer’s
procedure. One unit of enzyme activity was defined as
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the amount of enzyme required to release 1 pmol of
glucose per min.

Assay of B-galactosidase and B-glucuronidase
activity

The B-galactosidase and B-glucuronidase activity of
plant protein extracts isolated from transgenic tobacco
or the wild type were tested by using the chemilumi-
nescent substrates Galacton-star and Glucuron (Tro-
pix, USA), respectively, according to the
manufacturer’s procedure. In brief, for measuring B-
galactosidase activity, Galacto-Star substrates were
incubated with or without (negative control) different
amounts of plant protein extracts under the indicated
temperature for 10 min before measuring light emis-
sion by using the Minilumat LB 9506 Luminometer
(Berthold Technologies, Germany). For measuring f3-
glucuronidase activity, Glucuron substrates were
incubated with different amounts of plant protein
extracts under the indicated temperature for 10 min,
and then the light emission accelerator was added
before measurement by luminometry.

Zymography analysis

For zymography analysis of plant-expressed recom-
binant enzymes with B-galactosidase activity, equal
amounts of protein extracts with or without heat pre-
treatment at 70, 80 and 90 °C for 2 h were separated
by 8% native PAGE with 100 V at 4 °C for 90 min.
The gel was immersed in 50 mM Na-phosphate (pH
6.0) buffer containing 0.2% X-gal at 70 °C for 45 min
to develop indigo bands. The reactive bands showing
[-galactosidase activity were quantified by using
Imagel.

Histochemical staining

The 3-week-old seedlings from transgenic or wild-
type tobacco underwent histochemical X-gal staining
for 4 h and GUS staining overnight, respectively,
under 60 °C or room temperature as described (Huang
et al. 2006; Jefferson et al. 1987) with slight
modification.
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Statistic method

The assays of enzymatic activity were performed in
triplicate with the exception as indicated, and the data
was presented as mean =+ standard deviation (SD). In
addition, the Dunnett’s test was applied to statistically
analyze the root length of seedlings.

Results

Construction of plant nuclear expression vectors
and plant transformation

In the present study, we constructed three plant
nuclear gene expression cassettes with -glucosidase
(s503019) gene from archaebacteria S. solfataricus P2
based on the backbone plasmid of pBINplus (Fig. 1).
Binary vectors of pBin-Cp, pBin-Er and pBin-Va
expressing sso3019 gene were driven by the leaf-
specific rbcS promoter. In addition, to accumulate
plant-expressed recombinant proteins in chloroplasts,
for the pBin-Cp construct, the rbcS transit peptide was
5" in frame-fused with ss03019. For protein synthesis
via a secretory pathway, the 5’ end of 5503019 was
fused with a secretory signal for the pBin-Er and pBin-
Va constructs. Also, the ER-retention signal KDEL
was fused to the 3’ end of ss03019 for pBin-Er, so the
expressed protein accumulated in the ER. The vacuo-
lar sorting signal AFVY was fused to the 3’ end of
ss03019 in the pBin-Va construct, so the plant-
expressed recombinant proteins could accumulate in
the vacuole (Fig. 1). The signal sequences used in this
study have been demonstrated to be able to success-
fully direct the heterologous proteins to correct
subcompartments of plant cell (Frigerio et al. 2001;
Tu et al. 2014). Furthermore, to facilitate the detection
of recombinant protein, c-Myc tag was fused to the
N-terminal of B-glucosidase in the expression cas-
settes (Fig. 1).

In total, 54, 44 and 32 kanamycin-resistant putative
Ty transgenic events were selected from pBin-Cp—,
pBin-Er— and pBin-Va-transformed tobacco lines,
respectively. T, transgenic lines were further self-
crossed, and the segregation ratio of T progenies was
analyzed by germinating seeds in 1/2 MS medium
containing kanamycin. Approximately 24 pBin-Cp, 12
pBin-Er and 6 pBin-Va transgenic events followed
Mendelian segregation, and were possible single
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transgene integration events in the genome (data not
shown).

The integration of ss03019 into the nuclear genome
of selected transgenic T, tobacco events was further
checked by PCR assay with a primer pair from
s503019; 749 bp was the expected size. Overall, 21 of
22 T, transgenic events from the pBin-Cp expression
line, all 11 T, transgenic events from the pBin-Er line,
and 12 of 13 T, transgenic events from the pBin-Va
line were PCR-positive and might contain the trans-
gene in the chromosome (Supplementary Fig. 1).

B-Glucosidase activity among transgenic plants

Previous studies have shown that plant-expressed
recombinant proteins in distinct subcellular compart-
ments might have a profound effect on the accumu-
lation (Wei et al. 2004; Jiang et al. 2011). In this study,
the level of B-glucosidase might be distinct among
different transgenic lines with recombinant proteins
targeted to chloroplasts, ER and vacuoles. In addition,
the positional effects might also result in a differential
level of transgene expression among events even in the
same transgenic line (Chang et al. 2007; Lu et al.
2011). On the basis of the conversion of the pNPG
substrate into glucose and p-nitrophenol, B-glucosi-
dase activity was measured by the appearance of
p-nitrophenol at OD4gs,m (Nguyen et al. 2015). The
activity assay was carried out in T; progenies of
3-week-old seedlings to estimate the level of pB-
glucosidase in transgenic tobacco. At least 43 of 50
transgenic events in pBin-Cp line showed higher
enzymatic activity than in transgenic seedlings carry-
ing only empty vector and untransformed plants
(Supplementary Fig. 2a). In particular, transgenic
events of Cp34, Cp35, Cp37, Cp42 and Cp54 from
pBin-Cp-expressed tobacco showed the highest enzy-
matic activity (Supplementary Fig. 2a). However,
only 13 of 35 transgenic events in pBin-Er showed
higher level of enzymatic activity than control plants
(Supplementary Fig. 2b). Additionally, transgenic
events of Er09, Er32 and Er34 from pBin-Er-
expressed tobacco showed the highest enzymatic
activity (Supplementary Fig. 2b). At least 21 of 28
transgenic events in pBin-Va showed higher enzy-
matic activity than control plants (Supplementary
Fig. 2c¢). In addition, transgenic events of Va0l, Vall
and Va23 from the pBin-Va—expressed tobacco line
showed the highest enzymatic activity

(Supplementary Fig. 2c). Overall, transgenic pBin-
Cp line conferred higher enzymatic activity than that
of pBin-Er or pBin-Va. Therefore, the plant-expressed
B-glucosidase from transgenic pBin-Cp line was
mainly used in subsequent experiments.

To quantify the level of recombinant B-glucosidase
in transgenic plants, recombinant B-glucosidase was
also overexpressed in bacteria, and then purified with
Ni—NTA resin. Different amounts (150 ng to 1.2 pg)
of bacteria-expressed [B-glucosidase were used to
establish a standard curve for measuring the level of
B-glucosidase in 2-month-old transgenic plants via
SDS-PAGE, followed by staining and quantification
by ImageJ (Fig. 2a). The B-glucosidase could accu-
mulate up to approximately 1%, 0.6% and 0.3% of
TSP in transgenic pBin-Cp, pBin-Er and pBin-Va
lines, respectively (Fig. 2a). In addition, we measured
B-glucosidase activity based on an equal amount of
TSP among Cp42, Cp54, ER32, Vall and wild-type
plants. Cp54 conferred the highest activity (Fig. 2b),
which is consistent with the high expression of B-
glucosidase (Fig. 2a). Because the plant-expressed
recombinant B-glucosidase contains a c-Myc tag in the
N-terminal and bacteria-expressed B-glucosidase con-
tains a Hisg tag in the C-terminal (Fig. 1), the
expression of recombinant -glucosidase in transgenic
plants or bacteria was further confirmed by immuno-
blot analysis with anti-Myc or anti-Hisg antibody.
With anti-Myc antibody, B-glucosidase was detected
in transgenic plants rather than untransformed tobacco
or bacteria (Fig. 2c). In contrast, when anti-Hisg
antibody was used, only bacteria expressed B-glucosi-
dase was detected rather than plants (Fig. 2c). In
addition, to further increase the level of B-glucosidase
in plants, we performed hybridization between trans-
genic pBin-Cp34 and pBin-Cp54 events, and their
progenies showed increased amount of B-glucosidase
up to 1.1% of TSP (Supplementary Fig. 3).

In the present study, the expression of recombinant
B-glucosidase gene was driven by the leaf-specific
rbcS promoter (Fig. 1). To investigate the expression
of B-glucosidase during leaf development, leaves from
the developing phase (top) to senescent phase (bot-
tom) in 4-month-old transgenic pBin-Cp34 plants
were used to assay enzymatic activity. The B-glucosi-
dase activity was about two- to threefold higher in
mature leaves than developing and senescent leaves
(Fig. 3).
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«Fig. 2 Expression level of recombinant B-glucosidase in
transgenic tobacco lines. a Plant protein extracts (equivalent
to 110 pg of TSP) isolated from leaves of 8-week-old plants and
bacteria-expressed and purified B-glucosidase protein (150, 300,
600 and 1200 ng) were subjected to 10% SDS-PAGE and then
stained with Coomassie brilliant blue. The intensity of indicated
bands (arrow head) with predicted size about 60 kD was
quantified by using ImageJ to estimate the amount of plant-
expressed B-glucosidase as shown in the percentage of TSP
(bottom). Cp42 and Cp54 are distinct transgenic events in pBin-
Cp line. Er32 and Vall are transgenic events in pBin-Er and
pBin-Va lines, respectively. Wt, untransformed tobacco. M,
protein marker. b The B-glucosidase activity based on equal
amount of protein (equivalent to 2 pg of TSP) isolated from
distinct transgenic tobacco lines measured by using pNPG as a
substrate at 80 °C for 10 min. Data are mean £ SD (n = 3).
¢ Detection of plant- and bacteria-expressed -glucosidase by
immunoblot analysis of TSP (25 pg) isolated from transgenic
and untransformed tobacco plants with anti-c-Myc (right panel)
or anti-Hisg (left panel) antibody. The indicated amount of
purified bacteria-expressed B-glucosidase fusion protein was a
control. Wt, untransformed tobacco; Cp34, pBin-Cp34 trans-
genic event; Cp54, pBin-Cp54 transgenic event; Cp54 x 34,
progenies from the cross between Cp34 and Cp54 transgenic
events

Optimal temperature and pH

A previous study overexpressing B-glucosidase of the
S. solfataricus strain MT-4 in E. coli showed that the
optimal temperature for bacteria-expressed B-glucosi-
dase activity was 80 °C (Moracci et al. 1995). The
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Relative activity (%)

1 2 3 4 5 6

recombinant protein expressed from different organ-
isms might have distinct properties. In the present
study, tobacco-expressed recombinant B-glucosidase
remained active from 40 to 100 °C, with optimal
temperature at 80 °C (Supplementary Fig. 4a). In
contrast, enzymatic activity was extremely low
(< 3%) at temperatures below 40 °C. This result is
consistent with the previous study (Moracci et al.
1995).

The effect of pH on enzymatic activity was also
tested as described in materials and methods. Plant-
expressed B-glucosidase had a broad pH range from 4
to 10 (Supplementary Fig. 4b). However, the optimal
pH for plant-expressed B-glucosidase was 5.5 with Na-
citrate or Na-acetate buffer and 6 with K-phosphate
buffer in weak acidic condition (Supplementary
Fig. 4b).

Thermostability

To test the thermostability of tobacco-expressed -
glucosidase, leaf protein extract was heat pre-treated
at 70, 80 and 90 °C from 30 to 120 min with 30-min
intervals before measuring its activity. Heat pre-
treatment of plant-expressed B-glucosidase at 90 °C
for 30 min sharply decreased enzymatic activity to
approximately 53%, which continued to decrease to
37%, 20% and 16% after 1, 1.5 and 2 h treatment,
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-
(=¥
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g
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Stages of leaf development

Fig. 3 Activity of plant-expressed B-glucosidase at different
stages of leaf development. The leaves of 4-month-old pBin-
Cp54 transgenic plants at different developmental stages
starting from the top third leaf as first stage down to the 14th
leaf as twelfth stage were used to measure enzymatic activity.
Four leaf discs each 1 cm in diameter were punched from the

middle of each leaf and used to extract proteins for activity
assay. The bars indicate the relative enzymatic activity, with the
highest activity at stage 5 set to 100%. Data are mean + SD
(n = 3). The line indicates the relative amount of TSP, with the
highest amount of protein at stage 2 set to 100%

@ Springer



520

Transgenic Res (2020) 29:511-527

respectively (Supplementary Fig. 5). Heat pre-treat-
ment of plant-expressed enzyme at 80 °C for 30 min
resulted in approximately 94% residual activity,
gradually reduced to about 86%, 87% and 71% after
0.5, 1 and 2 h treatment, respectively (Supplementary
Fig. 5). In contrast, heat pre-treatment of plant-
expressed enzyme at 70 °C for up to 2 h had almost
no effect on enzymatic activity (Supplementary
Fig. 5). Therefore, plant-expressed -glucosidase con-
ferred high thermostability.

Storage stability

The storage stability of plant-expressed B-glucosidase
in crude extracts was tested as described in methods.
Almost no loss of enzymatic activity was observed
after 1 month of storage at — 80 °C. In contrast,
enzymatic activity gradually decreased to 78%, 64%
and 55% after 1 month of storage at — 20, 4 °C or
room temperature, respectively (Supplementary
Fig. 6a). Hence, plant-expressed B-glucosidase in the
storage form of liquid crude extracts may be relatively
stable.

Previously, the activity of tobacco-expressed [-
glucosidase from 7. maritima could be preserved in
leaves after lyophilization, but decreased by over 70%
with drying at room temperature (Jung et al. 2010). In
the present study, the storage stability of plant-
expressed B-glucosidase in preserved leaf was inves-
tigated according to the description in methods. After
1 week of storage at room temperature, the enzymatic
activity still retained approximately 88% activity as
compared with fresh harvested leaf, but the activity
rapidly decreased to about 42% after 2 weeks, then
gradually to 25% of initial activity after 5 weeks
(Supplementary Fig. 6b). These results suggest that
short-term storage (about 1 week) of plant-expressed
B-glucosidase in tissue might be feasible.

Plant-expressed B-glucosidase catalyzes
the release of glucose from cellobiose

In previous study, conversion of plant extracts
enriched for endogenous polysaccharides into free
glucose was demonstrated by using plant extracts of
transgenic tobacco lines expressing and accumulating
B-glucosidase in cytosol (Montalvo-Rodriguez et al.
2000). In this study, commercial cellobiose was used
as substrates for tobacco-expressed B-glucosidase,
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purified from transgenic pBin-Cp54 or wild-type
plants as control, and levels of liberated glucose were
determined. Glucose release was significantly
increased in plant-expressed B-glucosidase as com-
pared with that of wild type. In contrast, extremely low
level of glucose was present in reactions when the
protein was heat-denatured (Fig. 4a). In addition, the
initial activity of plant-expressed B-glucosidase could
reach up to 188 units, and with increasing concentra-
tion of cellobiose from 0.5 to 16%, the initial reaction
rate was slightly decreased up to 14% (Fig. 4b). Our
results suggested that plant-expressed -glucosidase is
able to catalyze the hydrolysis of plant saccharide.

Plant-expressed recombinant enzyme conferred -
galactosidase activity but no B-glucuronidase
activity

Previous studies have shown that B-glucosidase of S.
solfataricus exhibited broad substrate specificity such
as PB-galactosidase and xylanase activities (Moracci
et al. 1995), but no reports of B-glucuronidase activity
are available. In the present study, we tested whether
plant-expressed B-glucosidase conferred B-galactosi-
dase and B-glucuronidase activity using the chemilu-
minecent substrates as described in methods. With
Galacton-Star used as a substrate, [B-galactosidase
activity was detected at as low as 10 ng of TSP in
transgenic pBin-Cp54, and with increased amount of
protein, higher enzymatic activity was detected
(Fig. 5a). In addition, the activity of B-galactosidase
was further increased with increasing reaction tem-
perature up to 60 °C but decreased with further
increased reaction temperature probably because of
the instability of substrate (Fig. 5b). In contrast, only
an extremely low level of B-galactosidase activity was
detectable in the leaves of wild-type plants. Alterna-
tively, plant TSP was heat-pretreated or not at 65 °C
for 30 min to get rid of most endogenous plant
proteins. Then the thermostability of heat-pretreated
plant extracts was investigated by incubating samples
under different temperatures (70, 80, 90 °C) for
120 min before separation on 8% PAGE. Zymography
analysis was performed with X-gal as substrate at
70 °C for 45 min, and the intensity of bands was
quantified by using ImageJ. Previous study showed
that the functional archaebacterial enzymes consist of
a tetramer with molecular weight about 240 kD
(Moracci et al. 1995; Aguilar et al. 1997). Our
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zymography analysis and gel filtration chromatogra-
phy revealed B-galactosidase activity of multi-sub-
units complex from TSP of transgenic pBin-Cp54, but
was almost undetectable in wild-type plants (Fig. Sc
and Supplementary Fig. 7). In addition, 79% -
galactosidase activity remained when plant-expressed
recombinant enzyme isolated from pBin-Cp54 trans-
genic plant was heat-pretreated at 70 °C for 120 min
versus no heat pretreatment (Fig. 5c¢). In contrast, the
enzymatic activity was significantly decreased to 16%
on further increasing the pretreatment temperature to
80 °C, and the activity was almost undetectable after
90 °C heat pretreatment. The thermostability of the
plant-expressed recombinant enzyme for B-galactosi-
dase activity is less than that of B-glucosidase activity
(Supplementary Fig. 5). In addition, histochemical
X-gal staining further revealed that B-galactosidase
mainly expressed in leaf tissue of transgenic pBin-

6 8 10 12 14 16

Cellobiose concentration (%)

Cp54 but not wild-type plants, and the activity was
higher with the reaction temperature increasing to
60 °C (Fig. 5d). However, when the Glucuron was
used as a substrate, B-glucuronidase activity was not
detected, even when using 20 pg TSP from leaf tissues
of pBin-Cp54 and wild-type plants (data not shown).
In addition, histochemical GUS staining also did not
reveal any B-gucuronidase activity in leaf tissue of
transgenic pBin-Cp54 or wild-type plants (Fig. 5d).
Overall, our results demonstrated that plant-expressed
B-glucosidase also conferred high B-galactosidase
activity but no B-glucuronidase activity. In addition,
on the basis of B-galactosidase activity, the archae-
bacterial multi-functional B-glucosidase might have
potential as a reporter in plants.
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Fig. 5 Detection of the B-
galactosidase and -
glucuronidase activity in
transgenic plants. Different
amounts of protein extracts
(equivalent to 0.01, 0.1, 0.5,
1, 2 and 4 pg TSP) with or
without heat-pretreatment,
from pBin-Cp54 (Cp54)
transgenic or untransformed
wild-type (Wt) plants were
incubated in triplicate with
chemiluminecent substrate
Glacton-Star at a 40 °C for
10 min or b 30, 40, 50, 60,
70 and 80 °C for 10 min
before measuring light
emission. Data are

mean £ SD (n = 3). ¢ Plant
TSP was with or without
heat-pretreated at 65 °C for
30 min to get rid of most
endogenous plant proteins.
Then the heat-pretreated
plant extracts were further
incubated under 70, 80 or
90 °C for 120 min before
separation on 8% native
PAGE. Zymography
analysis was performed with
X-gal as substrate at 70 °C
for 45 min, and the intensity
of bands was quantified by
using ImageJ as shown in
the bottom. d Histochemical
X-gal staining of 3-week-
old seedlings from
transgenic (Cp54) or
untransformed (Wt) plants
was carried out at room
temperature or 60 °C for4 h
(top). Histochemical GUS
staining of 3-week-old
seedlings from transgenic
(Cp54) or untransformed
(Wt) plants was carried out
at room temperature or

60 °C for 20 h (bottom).
The ruler is 5 mm
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Discussion

The B-glucosidase has great potential to be used in
many biotechnological applications such as in biofuels
and the food and beverage and pharmaceutical indus-
tries. The B-glucosidases of S. solfataricus show broad
substrate specificity, which include B-glucosidase, B-
galactosidase, B-fucosidase and B-xylosidase activi-
ties (Grogan 1991; Nucci et al. 1993; this study).
Besides its broad substrate specificity, with high
thermostability and good catalytic kinetics, B-glucosi-
dase of S. solfataricus is useful in the industrial
hydrolysis of phytochemicals such as oleuropein,
ginsenoside and isoflavone glycosides (Briante et al.
2000; Noh et al. 2009; Kim et al. 2012). Despite the
current commercial source of B-glucosidases mainly
from microbial fermentation (Ahmed et al. 2017),
transgenic plants have been developed as bioreactors
for alternative production of B-glucosidases because
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of the potential low cost (Park et al. 2016). In the
present study, the B-glucosidase gene from S. solfa-
taricus was overexpressed in the three distinct
subcompartments, chloroplasts, ER and vacuoles of
transgenic tobacco.

The conversion of cellobiose by B-glucosidases is a
critical step to reduce cellobiose inhibition and
enhance the efficiency of cellulolytic enzymes in
lignocellulosic ethanol production (Ahmed et al.
2017). However, the cost of hydrolytic enzymes is a
major limitation in the lignocellulosic biofuel industry
(Park et al. 2016). For application in the bioconversion
of lignocellulosic biomass and others, many [B-glu-
cosidase genes from diverse sources such as fungi,
mesophilic bacteria or thermophilic archae have been
expressed in plants for cost-effective production of
recombinant enzymes. In addition, the accumulation
of B-glucosidase in different subcellular compart-
ments of plants could significantly affect their
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expression. For example, the expression of the [-
glucosidase gene from A. niger in five different
subcellular compartments such as cytoplasm, cell
wall, ER, vacuole and chloroplast of transgenic
tobacco, with the vacuole-targeted transgenic plant
having highest activity, reached up to 2.3% of TSP
(Wei et al. 2004, 2007). In addition, when the B-
glucosidase (BglB) gene from Thermotoga maritima
was expressed in tobacco and the recombinant enzyme
was targeted to the cytosol and chloroplasts, it
accumulated up to 4.5% and 5.8% of TSP, respectively
(Jung et al. 2010), or even up to 9.3% of TSP when the
same gene was driven by the alfalfa rbcSK-1A
promoter and the recombinant protein accumulated
in chloroplasts (Jung et al. 2013). In another study,
BgIB of T. maritima driven by the 35S promoter was
overexpressed in tobacco and effectively targeted to
cytosol or vacuole, with vacuole-targeted transgenic
plants having the highest activity (Nguyen et al. 2015).
When the B-glucosidase (lacS) gene of S. solfataricus
strain MT-4 driven by a CaMV 35S promoter was
overexpressed in cytosol of transgenic tobacco, the
accumulation of recombinant enzyme could reach up
to 0.15% of TSP (Montalvo-Rodriguez et al. 2000).
Taken together, many factors could potentially affect
the steady state protein level such as transcription,
translation, protein targeting, folding, assembly and
degradation. Previously, the regulatory 5’ and 3’ non-
translated regions of rbcSI were engineered to drive
heterologous expression of various genes in tobacco,
and the foreign protein expression could reach up to
10% of TSP (Outchkourov et al. 2003a). In the present
study, the same rbcS1 regulatory elements were used
to drive the expression of B-glucosidase gene
(s503019) of S. solfataricus strain P2 in tobacco, and
subsequently the recombinant proteins were accumu-
lated in chloroplasts, endoplasmic reticulum and
vacuoles, respectively. Therefore, we assumed that
these three transgenic lines have the same transcrip-
tion rate. Plant-expressed B-glucosidase with accumu-
lation in chloroplasts could reach up to 1% of TSP,
significantly higher than that in the ER and vacuole
(Fig. 2 and Supplementary Fig. 2), but far less than
previously reported to express GusA in tobacco
(Outchkourov et al. 2003a). On the basis of the
assumption of no difference in protein translation,
folding and assembly, under different subcellular
compartments, a wide variety of proteases might be
involved in the processing and degradation of proteins
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(Outchkourov et al. 2003b). Therefore, differentially
proteolytic degradation of heterologously expressed
B-glucosidase might be one of the major limiting
factors for the steady-state protein expression level in
specific compartments in plants.

By stacking the transgenes via crossing among
different transgenic events in the pBin-Cp and pBin-Er
lines, we could further increase the level of [-
glucosidase in plants (Supplementary Fig. 3). There-
fore, the p-glucosidase level could be further
improved by stacking the transgenes via crossing
among different transgenic lines or events in the
future, although gene-silencing might be encountered
when transgenes are driven by the same promoter.
Alternatively, transgene integration into the plastid
genome for expression by chloroplast transformation
is particularly attractive, because of the high-level
accumulation of foreign protein in chloroplasts,
absence of gene silencing and improved transgene
containment. Previously, the expression of the p-
glucosidase gene from the thermophilic bacterium 7.
fusca or fungus A. niger expressed in transplantomic
tobacco was 2% to 5% of TSP without causing any
deleterious phenotypic effect (Petersen and Bock
2011; Yu et al. 2007; Espinoza-Sanchez et al. 2016).
To further increase the transgene level in transplas-
tomic tobacco, the B-glucosidase from 7. fusca was
fused with different downstream box regions, and the
recombinant enzyme accumulated up to 9.6% of TSP
(Gray et al. 2011). In a recent study, the expression of
B-glucosidase gene from a hyperthermophilic species
of Archaea, Pyrococcus furiosus, in transplastomic
tobacco could reach up to 75% of TSP (Castiglia et al.
2016). These examples demonstrate that using
transplastomic plants is useful to produce recombinant
B-glucosidase proteins. Therefore, the level of f-
glucosidase gene from S. solfataricus might be further
increased in transplastomic plants in near future.

The human B-glucocerebrosidase (acid B-glucosi-
dase) has been overexpressed in plant cells for the
enzyme replacement therapy of Gaucher disease, and
N-linked glycosylation was required for the enzymatic
activity (Tekoah et al. 2013, 2015). We predicted the
presence of a potential N-linked glycosylation site
(Asn-Ser-Ser) in theB-glucosidase of S. olfataricus by
using NetNGlyc 1.0 Server (https://www.cbs.dtu.dk/
services/NetNGlyc/). The N-linked glycosylation of
proteins first processed in ER, and then further modi-
fied in Goigi apparatus through the secretory pathway
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in plants (Strasser 2014). Therefore, in the present
study, the B-glucosidase in ER- or vacuole-expressed
lines might be glycosylated, but not that of chloro-
plast-expressed line. However, we did not observe any
change of molecular weight in B-glucosidase via the
SDS-PAGE among chloroplast-, ER-, or vacuole-ex-
pressed lines (Fig. 2a). In addition, the enzymatic
activity of plant-expressed P-glucosidase was posi-
tively co-related with their expression level among
transgenic lines (Fig. 2a and b). Our analysis sug-
gested that plant-expressed B-glucosidase conferred
no glycosylation.

The PB-glucosidase has been shown to play an
important role in regulating homeostatic levels of
plant hormones by converting the glucose-conjugated
inactive form to an active form. Therefore, overex-
pression and accumulation of -glucosidase in differ-
ent subcellular compartments not only has a profound
effect on their expression level, but also might
influence plant growth and development as well as
respond to the environment. For example, transgenic
tobacco plants overexpressing [-glucosidase from
maize showed a substantial increase in cytokinin level
by releasing active cytokinin from the conjugated
form, although the plants showed no apparent alter-
ation in phenotype (Kiran et al. 2006). However,
overexpression of B-glucosidase from Arabidopsis in
creeping bentgrass resulted in higher abscisic acid
levels and enhanced drought tolerance but a dwarf
phenotype as compared with the wild type (Han et al.
2012). In addition, overexpression of B-glucosidase
and accumulation in the vacuole of Artemisia annua
could increase trichome density to 20% and 66% in
leaves and flowers, respectively, which also enhanced
artemisinin yield in transgenic plants (Singh et al.
2016). Furthermore, expression of the B-glucosidase
gene from A. niger in transgenic tobacco had a
significant effect on volatile emissions from leaves
(Wei et al. 2004). Expression of the [B-glucosidase
gene from A. niger in apoplasts rather than other
compartments significantly delayed seed germination
and flowering and increased the insecticidal effect and
density of secretory glandular trichomes in leaf (Wei
et al. 2007). Additionally, expression of a B-glucosi-
dase gene from the ruminal bacterium Butyrivibrio
fibrisolvens in transgenic tobacco increased salicylic
acid levels and conferred more resistance to tobacco
mosaic virus (Yao et al. 2007). Furthermore, the -
glucosidase gene of 7. maritima driven by 35S

promoter and overexpressed in tobacco effectively
targeted the vacuole. The recombinant enzyme could
liberate the conjugated form of abscisic acid, indole-3-
acetic acid, and cytokinin stored in the vacuole to
enhance growth, development, and stress tolerance in
transgenic plants (Nguyen et al. 2015). Moreover,
transplastomic tobacco plants expressing the B-glu-
cosidase gene from Trichoderma reesei showed
increased biomass, height, trichome density, and leaf
area; the elevated levels of gibberellin, cytokinin and
auxin might have contributed to the phenotypic effect
in plants (Jin et al. 2011). In the present study,
hyperthermophilic B-glucosidase rather than meso-
philic or thermophilic enzymes selected for overex-
pression in tobacco could minimize the enzymatic
effect resulting from residual activity at plant growth
temperatures. Indeed, transgenic seedlings expressing
the PB-glucosidase gene from S. solfataricus and
accumulated in subcompartments of chloroplast, ER
or vacuole showed no obvious developmental defects
in shoot growth (Supplementary Fig. 8a), but slightly
suffered the growth retardation in root (Supplementary
Fig. 8b and ¢).

The uidA encoding B-glucuronidase (GUS) from
E. coli has been commonly used as a reporter gene in
plants, because the intrinsic GUS activity of plant
tissues is often rarely present and can be easily
distinguished from the introduced activity (Jefferson
et al. 1987). Despite the broad substrate of -glucosi-
dase (ss03019) from the archaebacterium S. solfatar-
icus (Grogan 1991; Nucci et al. 1993), in the present
study, we found that the plant-expressed archaebacte-
rial B-glucosidase did not confer GUS activity (Fig. 5d
and unpublished data). However, plant-expressed [-
glucosidase also conferred high B-galactosidase activ-
ity (Fig. 5), which might provide additional advan-
tages for the hydrolysis of complex sugars in biofuel
conversion. In addition, B-galactosidase is commonly
used as a reporter system in mammalian cells, insects
and yeast (Naylor 1999) but not plants because of high
endogenous activity. In the present study, the plant-
expressed archaebacterial enzyme could hydrolyze the
substrate under a broad range of temperature and pH
(Supplementary Figs. 4 and 5). By heat-pretreatment
or increasing the reaction temperature, the background
noise of intrinsic P-galactosidase activity in plants
could be greatly reduced or completely eliminated
(Fig. 5). Therefore, the multi-functional archaebacte-
rial B-glucosidase (ss030719) might be an alternative
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source as a reporter gene in plants. Besides, the cost of
assays might be significantly decreased because the
substrate X-gal for B-galactosidase is much cheaper
than the substrate X-gluc for B-glucuronidase.

In conclusion, the B-glucosidase gene from .
solfataricus was driven by the rbcS promoter and
overexpressed in transgenic tobacco. Recombinant f3-
glucosidase was accumulated in chloroplasts, ER and
vacuoles. The plant-expressed [-glucosidase has
optimal activity at 80 °C and pH 5-6. Plant-expressed
B-glucosidase with accumulation in chloroplasts could
reach up to 1% of TSP and showed higher activity than
that in the ER and vacuole. Transgenic seedlings
showed no obvious developmental defects in shoot
growth, but slightly conferred the growth retardation
in root during early development. To further increase
the expression of f-glucosidase in plants, stacking the
transgenes by crossing the plants among different
transgenic events in the pBin-Cp line or different
transgenic lines such as pBin-Cp, pBin-Er and pBin-
Va might be feasible. In addition, on the basis of -
galactosidase activity, the archaebacterial B-glucosi-
dase (ss03019) might provide an alternative source as
a reporter gene in plants.
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