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Abstract

Purpose: Gardenia blue is one of the natural food additives used in East Asia for many years. Its biosynthesis relies
on a key rate-limiting cellulase: β-glucosidase (BGL), which mainly exists in Aspergillus niger (A. niger) cells. The
purpose of this study was to obtain active β-glucosidase by cell engineering method and applied to gardenia blue
synthesis, which would help to promote the application and reduce the cost of β-glucosidase and gardenia blue.

Methods: A. niger was identified based on 18S rRNA gene sequencing. β-Glucosidase gene was cloned and
expressed based on PCR and prokaryotic expression. The enzyme activity of β-glucosidase was measured based on
p-nitrophenyl-β-D-glucopyranoside method.

Results: An A. niger isolate (AS3.4523) was identified from soil. The β-glucosidase gene of AS3.4523 was cloned and
sequenced, which encoded a new type of β-glucosidase mutant containing two specific amino acid substitutions
(Asp154Gly and Ser163Pro). Prokaryotic expression of wild-type β-glucosidase in Escherichia coli BL21 showed low
cellulase activity (0.29 ± 0.13 U/mL). However, after removing its signal peptide, the β-glucosidase of A. niger
AS3.4523 exhibited extremely higher activity (25.88 ± 0.45 U/mL) compared with wild type β-glucosidase (12.59 ±
1.07 U/mL) or other A. niger strains M85 (3.61 ± 0.24 U/mL) and CICC2041 (4.36 ± 0.76 U/mL). Furthermore,
recombinant β-glucosidase was applied to geniposide hydrolysis, and gardenia blue pigment was successfully
synthesized with the reaction of genipin and Lys.

Conclusions: This work has discovered a new type of highly active β-glucosidase and provided a theoretical basis
for large-scale producing β-glucosidase, which lays a brand-new foundation for gardenia blue preparation with
high efficiency and low cost.
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Introduction
Gardenia blue, also called genipin blue, is one of the nat-
ural food additives used in East Asia for many years. It
has been widely used in food and printing industry due
to its excellent coloring property. Further investigation

on the preparation of gardenia blue is of great signifi-
cance for its application.
The preparation of gardenia blue has been studied for

years. The substrate of gardenia blue synthesis is genipo-
side, the principle iridoid glucoside in the fruit of Gardenia
jasminoides Ellis (Yang et al. 2012). Geniposide could be
transformed into genipin by hydrolyzing with β-glucosidase
(Fujikawa et al. 1987; Xu et al. 2008). Genipin then re-
acts with amino acids to generate natural blue pigments
(Fig. S1) (Cho et al. 2006). In this process, β-glucosidase
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(EC 3.2.1.21; BGL) is the key rate-limiting cellulase to
transform geniposide into genipin, which determines the
synthesis of gardenia blue (Yang et al. 2011). Since discov-
ered in bitter almond in 1837, β-glucosidase was found to
be widely present in kinds of microorganisms including
Aspergillus, bacteria, and Saccharomyces (Kitagawa et al.
2010; Maki et al. 2013; You et al. 2010). Among these,
Aspergillus niger (A. niger) is one of the most efficient
producers of β-glucosidase (Sternberg et al. 1977). How-
ever, extracting β-glucosidase directly from A. niger was
costly, which would greatly restrict the application of β-
glucosidase and increase the cost of gardenia blue prep-
aration. Nowadays, with the development of molecular
biology and protein engineering technology, investigators
have focused on producing the active A. niger β-glucosidase
by using heterologous system, which significantly enhances
the yield and reduces the cost of enzymes (Ali et al. 2015;
Fang et al. 2014) and also provides new approaches to prep-
aration of natural pigments.
Several studies have reported on the heterologous expres-

sion of β-glucosidase. Early in 2000, Dan et al. expressed
recombinant β-glucosidase in Saccharomyces cerevisiae and
Pichia pastoris and obtained high levels of secreted en-
zymes. Ali et al. (2015) expressed GH3 family β-glucosidase
in P. pastoris GS115 and transformed cellulosic biomass to
reducing sugars. Fang et al. (2014) successfully cloned and
expressed activated xylanase from A. niger in P. pastoris.
However, all the abovementioned studies focused on ex-
pressing A. niger β-glucosidase in eukaryotes, which had
relatively long expression period and low expression effi-
ciency. Particularly, Dan et al. (2000) attempted to express
recombinant β-glucosidase in Escherichia coli (E. coli), but
no apparent β-glucosidase activity was found in crude
extracts.
The objective of the present study was to express

highly active A. niger β-glucosidase in a prokaryotic
expression system and apply it to gardenia blue prepar-
ation. In this work, an A. niger AS3.4523 was identified,
which contained a new type of β-glucosidase mutant.
The active AS3.4523 β-glucosidase was successfully
expressed in E. coli and applied to gardenia blue prepar-
ation. In this sense, this study has provided an efficient
way for β-glucosidase expression and gardenia pigment
synthesis.

Materials and methods
Isolation and identification of Aspergillus niger
The fungal strain was isolated from soil samples col-
lected from Beijing Technology and Business University,
China (N39°55′ 27.60″, E116°18′ 31.81″). Soil was col-
lected randomly 10–15 cm beneath the surface using
spatula and were packed in sterile poly bags. Czapek’s
medium was used for isolation of fungal strain, and its
composition was as follows (g/L): sucrose 30, NaNO3 3,

K2HPO4 1, MgSO4·7H2O 0.5, KCl 0.5, FeSO4 0.01, agar
20. The strain which produced high-activity β-glucosidase
was selected for further identification. Total DNA of strain
was isolated in DNA extraction reagent according to the
manufacturer’s protocol (TIANGEN, Beijing, China). 18S
rRNA encoding gene was amplified by PCR using univer-
sal primers (NS1: 5′-GTAGTCATATGCTTGTCTC-3′,
NS8: 5′-TCCGCAGGTTCACCTACGGA-3′). The ampli-
fication product was sequenced and analyzed by compari-
son with A. niger species in GeneBank.

RNA extraction, reverse transcription, and PCR
Total RNA was isolated from A. niger AS3.4523 by hom-
ogenizing in Trizol reagent according to the manufacturer’s
protocol (Invitrogen, Carlsbad, CA, USA). The quantity
and quality of RNA was measured by spectrophotometer
(Eppendorf, Germany), and cDNA was synthesized using
M-MLV reverse transcriptase (Takara, Dalian, China). The
β-glucosidase (bgl) gene was obtained by PCR amplification
using specific primers (sense: 5′-CGGGATCCATGAGG
TTCACTTTGA-3′, anti-sense: 5′-CCGCTCGAGTTAGT
GAACAGTAGGCA-3′) encoding the BamH1 and Sac1 re-
striction sites. The amplified product was sequenced by
Invitrogen (Thermo Fisher, Waltham, MA, USA) and ana-
lyzed later.

Enzyme assay
The activity of β-glucosidase was determined by the p-
nitrophenyl-β-D-glucopyranoside (pNPG, Sigma, MO,
USA) method. The crude enzyme was extracted using
ultrasonic method. Briefly, the A. niger AS3.4523 was
cultured in 50 mL liquid fermentation medium (3%
bran, 1% glucose, 1% peptone, 1% KH2PO4, 0.2%
MgSO4, and 0.2% tween) in a 250-mL triangular flask at
30 °C with 200 rpm/min shaking for 5–7 days. Then, the
A. niger AS3.4523 was collected through centrifugation
at 9500 rpm/min for 10 min. The cell precipitate was re-
suspended in PBS, followed by sonication in an ice bath
for 10 s with a 45 s interval between each ultrasonic
cycle until clarified. Then, 0.1 mL crude extract was
added into 1 mL 0.05 mM citrate buffer solution (pH
5.0) for 10 min at 50 °C. The pNPG solution (5 mM, 0.9
mL) was preheated for 10 min at 50 °C, followed by mix-
ing with the treated crude enzyme for 10 min. NaCO3

was added to the mixtures to terminate the reaction and
measured the amount of p-nitrophenol released at 400
nm. The content of p-nitrophenol was calculated ac-
cording to the p-nitrophenol standard curve. The con-
centration range of the p-nitrophenol standard curve
was from 0.02 to 0.2 mg/mL. One unit of enzyme activ-
ity is defined as the amount of enzyme which released
one μmol of p-nitrophenol per min under the reaction
conditions above (Hong et al. 2009; Kubicek 1982).

Hao et al. Annals of Microbiology           (2020) 70:32 Page 2 of 9



Vector construction and prokaryotic expression
The bgl cDNA and pET28a were subjected to BamH1 and
Sac1 restriction digestion and inserted into the BamH1/
Sac1 site of pET28a (pET28a-bgl) followed by transform-
ation in E. coli BL21. Positive colonies containing the bgl
cDNA were detected by colony PCR method and further
confirmed by enzyme restriction and sequence analysis.
Recombinant BGL was expressed according to the manu-
facturer’s protocol. Briefly, BL21-pET28a-bgl was grown
in 25 mL Luria-Bertani (LB) medium (1% tryptone, 1%
NaCl, and 0.5% yeast extract) at 37 °C and 200 rpm until
the optical density 600 (OD600) of 0.6 to 1.0, followed by
isopropyl-β-d-thiogalactoside (IPTG) addition at the indu-
cing condition of 20 °C and 150 rpm for 16 h. The culture
supernatant and precipitate were collected by centrifuga-
tion, respectively. The bacteria protein was extracted with
ultrasonication. Briefly, the suspension was sonicated in
an ice bath for 10 s with a 45 s interval between each
ultrasonic cycle until clarified, followed by centrifugation
for 30 min at 12,000 rpm. The supernatant protein was
stored before use. Then, 12% SDS-PAGE was used to
analyze the expression results. Proteins were visualized by
Coomassie Brilliant Blue R-250 staining. The protein con-
centration was determined by Braford assay using bovine
serum albumin as a standard.

Renaturation of inclusion bodies
The inclusion bodies were washed with 1% Triton X-100
for 3 times, followed by dissolving with urea buffer (8 M
urea, 0.1 M Tris-HCl, 0.1 M Na2HPO4, pH 8.0) at 4 °C
overnight. The dissolved solution was purified by Ni-
NTA sepharose. Briefly, the Ni-NTA sepharose was
equilibrated with equilibrium buffer (8 M urea, 0.1 M
Tris-HCl, 0.1 M Na2HPO4, pH 8.0). After sample ab-
sorption, Ni-NTA sepharose was washed with washing
buffer (8 M urea, 0.1 M Tris-HCl, 0.1 M Na2HPO4, pH
6.3), followed by sample elution with elution buffer (8 M
urea, 0.1 M Tris-HCl, 0.1 M Na2HPO4, pH 4.0). The
purified β-glucosidase was renatured in renaturation
buffer (0.1 M Tris-HCl, 0.1 M Na2HPO4, 3 mM reduced
glutathione, 0.3 mM oxidized glutathione, and 5% gly-
cerinum, pH 8.0) for 16 h. After renaturation, the sam-
ple was desalted with G25 gel column.

Preparation of gardenia blue
One hundred milligrams geniposide (Weikeqi Biological
Technology, Sichuan, China, ≥ 98% purity) and recom-
binant β-glucosidase (8%, v/v) were dissolved in 10 mL
citrate buffer solution and incubated at 55 °C for 7 h.
Glucose production was analyzed by high performance
liquid chromatography (HPLC) to measure the catalytic
effect. Briefly, the type of the chromatographic column
used was HPX-87H (300 mm × 7.8 mm) (Bio-Rad,
Hercules, CA, USA). The mobile phase was H2SO4 (5

mmol/L), and the flow rate was 0.5 mL/min with an
injection volume of 20 μL. The glucose was analyzed ac-
cording to the standard curve. The concentration range
of the glucose standard curve was from 0.2 to 2.0 mg/
mL. Ten millimolar genipin was reacted with 10 mM
amino acids in 100 mL distilled water at 80 °C for 10 h,
followed by boiling water bath for 20 min. The reaction
solution was centrifuged at 9500 rpm for 10 min. The
content of gardenia blue was measured by ODmax (Mul-
tiskan Sky, Thermo Fisher). The hue (L, a, and b value)
of pigments was measured by colorimeter (CHN Spec,
Hangzhou, China).

Statistical analysis
The experimental data were shown as mean ± standard
deviation (SD), the significance of difference was ana-
lyzed according to the two-tailed Student’s t test, and
the statistically significant was determined when p <
0.05 (*) or p < 0.01 (**).

Results and discussion
Identification of Aspergillus niger
The experimental strain was previously isolated from
soil around Beijing Technology and Business University.
The genomic DNA of strain was extracted from the iso-
lated strain. The 18S rRNA encoding gene was amplified
and obtained based on genomic DNA template using
universal primers (Fig. 1a). Sequencing and bioinformat-
ics analysis of 18S rRNA encoding gene indicated that
the experimental strain belonged to A. niger (Fig. 1b),
and it was named as A. niger AS3.4523 in this study.

Analysis of β-glucosidase gene in A. niger AS3.4523
A specific target gene from A. niger AS3.4523 was ampli-
fied and obtained (Fig. 2a) by using primers targeting β-
glucosidase gene (GQ471881.1) in the database. The open
reading frame (ORF, 2583 bp) and amino acid sequence
(860 amino acids) are shown in Fig. S2 and S3, respectively.
Sequence comparison showed that it shared high hom-
ology with bgl gene GQ471881.1. Importantly, four substi-
tutions (A713G, T739C, T744C, and C807T) were
discovered in target gene (Fig. 2b). As a result, two specific
amino acids were changed (Asp154Gly and Ser163Pro) in
the corresponding protein (Fig. 2c), indicating a β-
glucosidase mutant existed in A. niger AS3.4523. It is worth
mentioning that Gräbnitz et al. (1991) reported that the ac-
tive site of β-glucosidase in Clostridium thermocellum was
located within approximately 200 amino acids of the N
terminus of the protein, possibly suggesting the mutated
amino acids (Gly154 and Pro163 are both located in the
N-side of protein) might have an effect on its enzymatic
activity. To confirm the hypothesis, pNPG assay was per-
formed to analyze the enzymatic activity in crude enzyme
extract. Interestingly, compared with A. niger GQ471881.1
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(6.15 ± 0.15 U/mL) and other two types of A. niger strains
M85 (3.61 ± 0.24 U/mL) and CICC2041 (4.36 ± 0.76 U/
mL) (the BGL protein sequences in A. niger M85 and
CICC2041 are shown in Fig. S4 and S5, respectively), A.
niger AS3.4523 possessed a higher enzyme activity (13.19 ±
0.27 U/mL, Fig. 2d). Meanwhile, the extracellular activity
of β-glucosidase was also detected, and the results showed
no enzyme activity in the medium (data not shown), sug-
gesting that β-glucosidase is an intracellular enzyme in A.
niger AS3.4523. Taken together, these findings revealed
that a new transcript of bgl gene in A. niger AS3.4523
could express β-glucosidase with higher activity.

Prokaryotic expression of β-glucosidase from A. niger
AS3.4523 in E. coli
To efficiently express β-glucosidase of A. niger AS3.4523, a
recombinant plasmid pET28a-bgl was constructed and
transformed into E. coli BL21. β-Glucosidase was induced
by IPTG. Figure 3a indicated that the expression of β-
glucosidase was dose-dependent on IPTG concentration.
High concentration of IPTG (0.5, 0.6, and 0.7 mM, marked
by arrows) induced high amount of β-glucosidase; how-
ever, most of which were present in inclusion bodies. On

the other hand, 0.3 mM IPTG could induce high amount
of soluble β-glucosidase (marked by arrows). However, the
pNPG assay detected no obvious β-glucosidase activity in
crude extract (0.29 ± 0.13 U/mL, Fig. 3b).
So far, great efforts have been made to enhance the β-

glucosidase and other cellulase activity for further
utilization. While most studies focused on microorgan-
isms’ genetic manipulation (Cunha et al. 2013) or condi-
tion optimization of fermentation process (Jabbour et al.
2013; Yan and Wu 2011, Yan and Wu 2012, Yan et al.
2012, Yan and Wu 2013) to enhance the β-glucosidase
enzymatic activity, few studies reported the relationship
between its activity and signal peptide. In the present
study, the amino acid sequence of β-glucosidase from A.
niger AS3.4523 (Fig. S3) was submitted to the protein
signal peptide prediction website SignalP 4.1 Server
(http://www.cbs.dtu.dk/services/SignalP/). The analysis
result (Fig. S6) indicated that the signal peptide was the
sequence containing 19 amino acids after initiation me-
thionine. Figure 3c showed that the 57 nucleotides after
initiation codon (highlighted by underline) translated the
signal peptide of β-glucosidase. Subsequently, the mu-
tant recombinant plasmid pET28a-ΔSP was constructed,

Fig. 1 Identification of experimental strain. a Agarose gel electrophoresis analysis of 18S rRNA encoding gene of experimental strain, respectively.
M, DNA marker. b Bioinformatics identification of experimental strain using BLAST
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which did not contain the signal peptide sequence,
followed by IPTG induction in BL21. As shown in
Fig. 3d, the soluble β-glucosidase without signal pep-
tide was successfully expressed using 0.3 mM IPTG
(lane 4 and 8, marked by arrows). The enzymatic activity
of crude extract was analyzed using pNPG assay. Surpris-
ingly, after removing the signal peptide, the activity of β-
glucosidase increased to 35.88 ± 0.45 U/mL, which was
even higher than wild-type β-glucosidase (12.59 ± 1.07 U/
mL) in A. niger AS3.4523 (Fig. 3e). Consistent with A. niger
AS3.4523, no extracellular β-glucosidase activity was de-
tected in medium (data not shown). It is worth mentioning
that Hu et al. (1993) had removed the signal peptide of
human prourokinase and expressed the protein in E. coli.
They discovered that both the supernatant and inclusion
bodies had biological activities. Strikingly, it has been re-
ported that the arresten protein, a type of angiogenesis

inhibitor, exerted high level and biological activities after
expressed through pBV200 prokaryotic expression plasmid
in E. coli (Zheng et al. 2006). These results have provided
strong theoretical support for our research. To the best of
our knowledge, the present work is the first report on pro-
karyotic expression of highly active β-glucosidase from A.
niger, which has good application value in various fields.
To further investigate whether the inclusion bodies

exerted high β-glucosidase activity, the precipitate pro-
teins were dissolved, purified using Ni-NTA sepharose,
followed by renaturation and desalting. Moreover, the
signal peptide of precipitate proteins was also removed.
Figure S7 showed the SDS-PAGE of purification process,
indicating that the precipitate β-glucosidase was success-
fully purified. Then, the activity of renatured β-glucosidase
was measured using pNPG method. As shown in Fig. S8,
the β-glucosidase activity of inclusion bodies was still low

Fig. 2 Analysis of β-glucosidase gene in A. niger AS3.4523. a RT-PCR analysis of bgl transcript in A. niger AS3.4523. M, DNA marker; lanes 1 and 2
represent two independent experiments. b Partial sequence analysis of bgl gene in A. niger AS3.4523. The black boxes showed four mutated
nucleotides. c Partial protein sequence of β-glucosidase in A. niger AS3.4523. The black boxes showed two mutated amino acids. d β-glucosidase
activity assay in A. niger AS3.4523 compared with M85, CICC2041, and GQ471881.1. Bars represent mean ± SD (n = 3). **p < 0.01
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after renaturation (0.164 ± 0.053 U/mL), similar with that
of supernate β-glucosidase (0.238 ± 0.013 U/mL). Interest-
ingly, after removing the signal peptide, the β-glucosidase
activity had increased to 10.265 ± 1.987 U/mL, which was
basically the same with that in AS3.4523 but still not as
high enough as that of supernate β-glucosidase with-
out signal peptide (36.219 ± 1.543 U/mL). We specu-
lated that the renaturation process might not fully
restore the activity of the enzyme, which resulted in
the decreased β-glucosidase activity in inclusion bod-
ies. Taken together, we had successfully expressed re-
combinant A. niger AS3.4523 β-glucosidase with high
activity in E. coli. expression system.

Preparation of gardenia blue pigments by using
recombinant β-glucosidase
As recombinant β-glucosidase with high activity was
successfully expressed in E. coli, it was further used for
gardenia blue synthesis. Recombinant β-glucosidase ex-
tract was incubated with geniposide to generate genipin.
The glucose production was analyzed by HPLC. The
HPLC results of glucose standard and geniposide hydrol-
ysate are shown in Fig. S9, suggesting that the produc-
tion of glucose could be used to indirectly assess the
production of genipin and catalytic process. Later, 6
kinds of amino acids (Val, Ala, Phe, Met, Lys, and Arg)
were selected to react with genipin at 80 °C for 10 h.

Fig. 3 Prokaryotic expression and enzymatic determination of β-glucosidase from A. niger AS3.4523 in E. coli. a SDS-PAGE results of prokaryotic
expression of β-glucosidase. Lanes 1, 3, 5, 7, 9, 11, 13, and 15 represent supernatant proteins; lanes 2, 4, 6, 8, 10, 12, 14, and 16 represent
precipitate proteins. The recombinant β-glucosidase was marked by arrow. b pNPG assay on enzymatic activity of wild-type β-glucosidase and
recombinant β-glucosidase. c Signal peptide sequence of β-glucosidase (marked by underline). d Prokaryotic expression of β-glucosidase without
signal peptide using 0.3 mM IPTG inducing. Lanes 1, 3, 5, and 7 represent precipitate proteins; lanes 2, 4, 6, and 8 represent supernatant proteins.
Con., no IPTG groups. The recombinant β-glucosidase was marked by arrows. e pNPG assay on enzymatic activity of wild type and prokaryotic
expressed β-glucosidase without signal peptide. BL21-pET28a-ΔSP represents recombinant plasmid without bgl signal peptide. Bars represent
mean ± SD (n = 3). *p < 0.05; **p < 0.01
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Figure 4a displays the pigments synthesized by different
amino acids. Table 1 shows the essential parameters of
different pigments. As we can see, Val, Phe, Met, Arg,
and Ala could generate purple pigments. Particularly,
Lys was the optimal amino acid in this study because it
could form blue pigment when reacted with genipin,
which revealed that gardenia blue was successfully pre-
pared by using recombinant β-glucosidase.
The effects of reaction conditions on gardenia blue

production were further investigated in our work. The
production yield of pigments was indicated by ODmax

value of gardenia blue. As shown in Fig. 4b, the produc-
tion of gardenia blue reached maximum (OD584 0.72 ±
0.02) when molar ratio of Lys and geniposide was 3:1. In
addition, citric acid also had effect on gardenia blue syn-
thesis, and the optimal molar ratio of citric acid and
geniposide was 6:1 (Fig. 4c, OD584 0.78 ± 0.02). Figure
4d showed the effects of temperature and time on prep-
aration of pigments. As we can see, the yields of
gardenia blue increased as the reaction time and
temperature increased. The gardenia blue production
remained stable after 28 h at 80 °C, which was the opti-
mal reaction condition in our study (OD584 0.91 ± 0.01).
It was worth mentioning that Cho et al. (2006) had pro-
duced gardenia blue pigments from geniposide by using
one-step enzymatic method and investigated the effect

of reaction temperature on pigment yield. Their results
showed that the maximum of pigment production was
about ODmax 0.62, which was lower than that in our
work. In addition, Xiao et al. (2002) and Li et al. (2001)
also investigated the optimal synthesis process of gar-
denia blue pigments. They obtained the pigment yield of
ODmax 0.882 and ODmax 0.8, respectively, which was
slightly lower than our results. Nevertheless, the yield of
gardenia blue in our study only slightly increased com-
pared with others’ work, which might be due to other
conditions in preparation process. In this case, we are
also planning to increase the yield of gardenia blue by
optimizing the producing process in our future work.

Conclusion
In this work, a new A. niger isolate (AS3.4523) was iden-
tified from soil, which contained a new type of β-
glucosidase mutant containing two specific amino acid
substitutions (Asp154Gly and Ser163Pro) compared with
A. niger BCRC31494. Enzymatic activity assay indicated
that β-glucosidase from A. niger AS3.4523 exerted
higher activity (13.19 ± 0.27 U/mL) compared with A.
niger strains M85 (3.61 ± 0.24 U/mL) and CICC2041
(4.36 ± 0.76 U/mL). Prokaryotic expressed AS3.4523 β-
glucosidase without signal peptide exhibited extremely
even higher activity (35.88 ± 0.45 U/mL) than the wild

Fig. 4 Preparation of gardenia blue pigments by using recombinant β-glucosidase. a Photographs of gardenia pigments synthesized by
reaction of genipin and 6 types of amino acids (Val, Ala, Phe, Met, Lys, and Arg). b Effect of Lys content on gardenia blue pigment
production. c Effect of citric acid content on gardenia blue pigment production. d Effect of temperature and time on gardenia blue
production. Bars represent mean ± SD (n = 3)
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type. Furthermore, β-glucosidase was successfully ap-
plied to geniposide hydrolysis and gardenia blue prepar-
ation. Consequently, a highly active β-glucosidase from
A. niger AS3.4523 was discovered and expressed in pro-
karyotic system, which provided a theoretical and appli-
cation foundation for efficient preparation of gardenia
blue pigments.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13213-020-01576-7.

Additional file 1: Figure S1. Preparation of gardenia blue (genipin
blue). Hydrolysis of glycosides extracted from the fruits of Gardenia
jasminoides Ellis using β-glucosidase yields genipin. Reaction of genipin
with amino acids leads to formation of gardenia blue (genipin blue) pig-
ments. Figure S2. The open reading frame (ORF) of β-glucosidase gene
of A. niger AS3.4523. The signal peptide sequence was marked by under-
line in red. Figure S3. Amimo acid sequence of β-glucosidase of A. niger
AS3.4523. Figure S4. Amino acid sequence of β-glucosidase of A. niger
M85. Figure S5. Amino acid sequence of β-glucosidase of A. niger
CICC2041. Figure S6. Signal peptide analysis of β-glucosidase from A.
niger AS3.4523 using prediction website SignalP 4.1 Server (http://www.
cbs.dtu.dk/services/SignalP/). The result showed that the signal peptide
cleavage site was between the 19th and 20th amino acids, indicating the
signal peptide was the sequence containing 19 amino acids after initi-
ation Met (corresponding to 57 nucleotides after initiation codon).
Figure S7. SDS-PAGE of purification process of inclusion bodies. Lane 1
represented SDS-PAGE of inclusion bodies β-glucosidase; Lane 2 repre-
sented SDS-PAGE of purified inclusion bodies β-glucosidase; Lane 3 rep-
resented SDS-PAGE of β-glucosidase after renaturation; Lane 4
represented SDS-PAGE of β-glucosidase without signal peptide after rena-
turation. Figure S8. pNPG assay on enzymatic activity of wild type,
supernate and renatured precipitate β-glucosidase with or without signal
peptide, respectively. Bars represent mean ± SD (n=3). **, p < 0.01.
Figure S9. HPLC analysis of glucose standard (A) and geniposide hydrol-
ysate (B). The production of glucose could be used to indirectly assess
the production of genipin and catalytic process.
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