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Introduction

α-l-rhamnosidase (E.C. 3.2.1.40) belongs to the gly-
coside hydrolase (GH) family, which can specifically 
hydrolyze l-rhamnose at the non-reducing terminus 
of a variety of glycoside compounds, such as narin-
genin, hesperidin, and rutin (Gao et al. 2021; Huang 
et al. 2016; Sun et al. 2021; Wang et al. 2020). α-l-
rhamnosidase is a crucial enzyme in biotechnologi-
cal applications, particularly in the beverage, food, 
and pharmaceutical industries (Fang et al. 2019; Peng 
et al. 2021; Xu et al. 2019).

α-l-rhamnosidase is widespread in many ani-
mals, plants, and microbes and was first discovered 
as a complex enzyme in celery seeds (Hall 1938; 
Qian et  al. 2013; Shin et  al. 2016; Suzuki 1962). 
α-l-rhamnosidase from microorganisms is the most 
widely used enzyme, and its production is mainly 
dependent on microbial fermentation. Various micro-
bial taxa such as Bacillus sp. (Lyu et al. 2016), Lac-
tobacillus sp. (Ferreira-Lazarte et  al. 2021), and 
Mycobacterium sp. (Wu et al. 2018) among Aspergil-
lus sp. (Li et al. 2022; Lyu et al. 2019) and Penicil-
lium sp. (Xie et al. 2022) and Rhizoctonia sp. (Monti 
et  al. 2004), as well as Pichia angusta X349 (Yanai 
and Sato 2000), Cryptococcus albidus (Borzova et al. 
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2017), and Clavispora lusitaniae (Singh et al. 2015) 
in yeast, and many other microbial taxa are capable of 
producing α-l-rhamnosidase.

To meet the demand for the industrialized produc-
tion of α-l-rhamnosidase, the construction of engi-
neered strains that efficiently express the recombinant 
protein of α-l-rhamnosidase through genetic engi-
neering technology has become the main direction 
of current research. The α-l-rhamnosidase gene was 
amplified from the genomes of Aspergillus niger M 
2018240 (Wang et  al. 2019) and Aspergillus oryzae 
RIB40 (Ishikawa et al. 2017), and P. pastoris GS115 
was used as the host. The optimal recombinant strains 
obtained had p-nitrophenyl-α-l-rhamnopyranoside 
(pNPR) hydrolyzing activities of 0.57 U/mg and 
5.4 U/mg, respectively. Aspergillus-derived α-l-
rhamnosidase showed good catalytic activity toward 
naringin. The α-l-rhamnosidase gene from A. tubin-
gensis (Li et  al. 2019) and A. niger JMU-TS528 (Li 
et  al. 2016) were expressed in P. pastoris GS115, 
and the hydrolytic activities of the recombinant 
enzymes to naringin were 120 U/mg and 711.9 U/
mL, respectively. In addition, Aspergillus-derived 
α-l-rhamnosidase genes are predominantly heterolo-
gously expressed in P. pastoris as a eukaryotic host 
and homologous expression is seldom involved. A. 
niger is a significant supplier of α-l-rhamnosidase, 
which the FDA classifies as generally regarded as safe 
(GRAS), so α-l-rhamnosidase expressed by A. niger 
can be used in food additives. After homologous 
expression of α-l-rhamnosidase in A. niger 3.350, the 
pNPR hydrolyzing activity of the target protein was 
only 0.658 U/mL after fermentation in a 5-L tank (Ye 
et  al. 2022). Therefore, it is of great significance to 
further investigate the homologous expression of α-l-
rhamnosidase from Aspergillus sp. to improve the 
enzyme activity.

Ougan (Citrus reticulata cv. Suavissima) is a tra-
ditional citrus species in Zhejiang province, China. 
Ougan is rich in vitamin C and a variety of minerals, 
with high nutritional value, and functions in cool-
ing and detoxifying, resolving phlegm, and relieving 
cough (Zhang et  al. 2014). Ougan has a strong bit-
ter taste, it has been shown that the main bitter sub-
stances in Ougan are neohesperidin and naringin (Li 
et  al. 2017; Yadav et  al. 2013; Ye et  al. 2011). Bit-
ter substances seriously affect the taste of Ougan and 
lead to its low competitiveness in the citrus market; 
therefore, removing the bitter substances in Ougan 

is a focus of attention. α-l-rhamnosidase can hydro-
lyze bitter neohesperidin into non-bitter hesperetin 
7-O-glucoside, which effectively reduces the bitter-
ness of Ougan juice. In addition, pectinase produced 
by A. niger during fermentation breaks down pec-
tin to clarify the juice, and β-d-glucosidase further 
hydrolyzes hesperidin monoglucoside to hesperidin.

The main production mode of α-l-rhamnosidase is 
microbial fermentation. In the fermentation process 
of strains, the fermentation yield of original strains is 
low, many extracellular enzymes are produced, and 
purification is difficult, so it is an inevitable trend to 
obtain strains with high expression of this enzyme 
by modern molecular biology technology. This 
study from NCBI database retrieval to A. niger α-l-
rhamnosidase gene (GenBank: XM_001389049.1), 
the rha1 gene was amplified from the genome of 
A. niger CCTCC 206047, and two recombinant 
plasmids were constructed. Homologous expres-
sion of α-l-rhamnosidase was achieved in A. niger 
CCTCC 206047 and CCTCC 206047ΔpyrG strains 
using PEG-mediated protoplast transformation with 
hygromycin B and auxotrophic as selection mark-
ers, respectively. The crude enzyme of A. niger engi-
neered strain was applied to the enzymatic debittering 
of Ougan juice, and the optimal process conditions for 
enzymatic de-bittering of Ougan juice were explored.

Materials and methods

Microbial strains and plasmids

A. niger CCTCC 206047, A. niger CCTCC 
206047ΔpyrG strain, and plasmid pCAMBIA-PglaA-
TcbhI-hph-PtrpC are kept in our laboratory. Takara 
Biotechnology (Dalian, China) provided the pMD19-
T vector, while Tsingke Biotechnology (Hangzhou, 
China) provided the E. coli DH5α.

Chemicals

The SYRB Green Realtime PCR Master and ClonEx-
press MultiS One Step Cloning Kit were purchased 
from Vazyme (Nanjing, China). The Column Fun-
gal Genomic DNA Extraction Kit was bought from 
Sangon (Shanghai, China). Zhejiang Senma Eco-
logical Agriculture Development Co., Ltd (Wenzhou, 
China) was the source of Ougan (Citrus reticulata cv. 
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Suavissima) fruit. Hesperidin, hesperetin, hesperetin 
7-O-glucoside, and p-Nitrophenyl-α-l-rhamnose were 
purchased from Aladdin Co., Ltd (Shanghai, China).

Sequence analysis of α‑l‑rhamnosidase gene

Based on published protein profiles of α-l-
rhamnosidase and commercial α-l-rhamnosidase, the 
rha1 gene (GeneBank: XM_001389049.1) from A. 
niger was retrieved from GeneBank (Ye et al. 2022). 
The α-l-rhamnosidase sequences from different 
Aspergillus were analyzed for homology using Blast 
in NCBI (https://​www.​ncbi.​nlm.​nih.​gov). MEGA-X 
software (https://​www.​megas​oftwa​re.​net) was used 
for sequence alignment and phylogenetic tree con-
struction based on the neighbor-joining method. The 
signal peptide of the rha1 gene was predicted using 
the SignalP 5.0 program (https://​servi​ces.​healt​htech.​
dtu.​dk/ services/SignalP-5.0) (Nielsen 2017).

Construction of recombinant plasmids

After activation of A. niger CCTCC 206047 on PDA 
solid medium, a small number of spores were inocu-
lated into the DPY medium and cultured at 30 °C for 
two days. Mycelia were collected and the genome 
was extracted according to the instructions of the Col-
umn Fungal Genomic DNA Extraction Kit (Sangon 
Biotech, Shanghai, China).

The genomic DNA of A. niger CCTCC 206047 
was used as a template to amplify the rha1 gene using 
the specific primers rha1-F and rha1-R (Table  S1). 
The PCR products were used as templates to amplify 
a fragment in addition to its signal peptide and with 
the homology arm of plasmid pCAMBIA-PglaA-
TcbhI-hph-PtrpC using primers Sig-rha1-F and Sig-
rha1-R (Table  S1). The plasmid pCAMBIA-PglaA-
TcbhI-hph-PtrpC was used as the template, and the 
linearized fragment of the plasmid was reverse ampli-
fied with primers pCAMBIA-F and pCAMBIA-R 
(Table  S1). It was then ligated with the rha1 gene 
according to the instructions of the ClonExpress Mul-
tiS One Step Cloning Kit (Vazyme, Nanjing, China) 
and transformed into E. coli DH5α competent cells. 
Single colonies were chosen and identified by PCR 
and sequencing, following overnight culture at 37 °C. 
The correct plasmid was named pCAMBIA-rha1.

The genomic DNA of A. niger CCTCC 206047 
was used as the template to amplify the pyrG gene 

(GenBank: XM_001395395.2) with specific prim-
ers and to generate the homology arm of the plas-
mid pCAMBIA-rha1. The constructed plasmid 
pCAMBIA-rha1 was used as the template, and the 
linearized plasmid pCAMBIA-rha1 was reverse 
amplified using primers pCAMBIA-rha-F and 
pCAMBIA-rha-R (Table  S1). The pyrG gene was 
ligated with pCAMBIA-rha1, and the recombinant 
product was transformed into E. coli DH5α. The 
positive recombinant plasmid screened using PCR 
and sequencing was named pCAMBIA-rha1-pyrG.

Plasmid transformation and screening of 
transformants

Transformation of A. niger CCTCC 206047 using 
hygromycin B as a selection marker. When trans-
forming the CCTCC 206047ΔpyrG strain, auxo-
trophic was used as a selection marker, and the 
selection marker gene pyrG encoded orotidine 
5′-phosphate decarboxylase. Strains with deletion 
of pyrG are unable to synthesize uracil/uridine and 
should be supplemented with additional uracil/uri-
dine for normal growth. After the pyrG gene was 
transferred to the CCTCC 206047ΔpyrG strain, the 
recipient strain returned to a phenotype and could 
grow on basal media.

A. niger CCTCC 206047 and A. niger CCTCC 
206047ΔpyrG strains were inoculated into DPY 
medium and cultured for 24  h to prepare proto-
plasts. The linearized plasmids pCAMBIA-rha1 
and pCAMBIA-rha1-pyrG carrying the pyrG gene 
were randomly integrated into the genomes of A. 
niger and CCTCC 206047ΔpyrG using the PEG-
mediated protoplast transformation method, with 
hygromycin B and auxotrophic as selection mark-
ers. After culturing at 30  °C, the transformants 
with A. niger CCTCC 206047 as the host were 
transferred to PDA solid medium containing hygro-
mycin B, while the transformants with A. niger 
CCTCC 206047ΔpyrG as the host were transferred 
to non-resistant PDA solid medium and cultured at 
30  °C for 4  days. Transformant spores were inoc-
ulated into DPY medium and incubated at 30  °C 
for 2  days. The mycelium was collected and the 
genome was extracted and identified using PCR and 
sequencing to screen for positive transformants.

https://www.ncbi.nlm.nih.gov
https://www.megasoftware.net
https://services.healthtech.dtu.dk/
https://services.healthtech.dtu.dk/
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Cultivation of A. niger engineered strain

Positive transformants were inoculated on PDA solid 
medium and cultured at 30  °C for four days. The 
spores were then washed with sterile water to prepare 
a spore suspension containing 107 spores/ml. After 
inoculation in the seed media, the spore suspension 
was grown for 24 h at 30  °C and 220  rpm. The 2% 
(v/v) seed solution was transferred to the fermenta-
tion medium and incubated at 30  °C and 220  rpm 
for 96 h to produce α-l-rhamnosidase. The superna-
tant of the fermentation broth was collected by cen-
trifugation at 12,000  rpm for 10  min at the end of 
fermentation. The enzyme activity and copy number 
of α-l-rhamnosidase in the fermentation broth were 
determined and SDS-PAGE was performed.

α‑l‑Rhamnosidase activity assay

pNPR was used as a substrate to determine the rha 
activity (Yadav et  al. 2010). 10 μL pNPR (10  mM) 
was added to 480 μL phosphate citrate buffer (pH 4.5) 
and preheated at 60 °C for 3 min, after which 10 μL 
of enzyme solution or inactivated enzyme solution 
(control group) was added for 10 min, and the reac-
tion was stopped by the addition of 500 μL of 1  M 
sodium carbonate solution. The release of p-nitrophe-
nol (p-NP) was measured at 405 nm, three parallel in 
each group. The amount of enzyme required to pro-
duce 1 μmol of p-NP per minute was defined as one 
unit (U).

Gel electrophoresis

The homogeneity and molecular weight of the puri-
fied enzyme were estimated using sodium dodecyl 
sulphate–polyacrylamide gel electrophoresis (SDS-
PAGE). The separation gel had a concentration of 
12% acrylamide, while the concentration gel had 5% 
acrylamide. Proteins were stained with Coomassie 
Brilliant Blue R-250. A 180  kDa Prestained Protein 
Marker (Vazyme Nanjing) was used as the molecular 
weight standard.

Determination of rha1 gene copy number

The copy number of the rha1 gene of the recombi-
nant A. niger strains was determined using the dou-
ble standard curve method of real-time quantitative 

PCR (q-PCR) with gpdA as the reference gene. The 
standard plasmids T-Vector-gpdA and T-Vector-rha1 
were constructed, and the plasmid copy number 
was calculated according to the following formula: 
copies/μL = (6.02 × 1023) × (ng/μL × 10–9) / (DNA 
length × 660). The two standard plasmids were diluted 
to 109–104 copies/μL by the serial dilution method. 
The standard plasmid was subjected to q-PCR using 
RT-gpdA-F, RT-gpdA-R, RT-rha1-F, and RT-rha1-R 
as primers; the specific sequences of the primers are 
shown in Table  S1. The standard curve was plotted 
with the copy number of the standard plasmid along 
the X-axis and the measured Cp value along the 
Y-axis. The genome of the positive transformants was 
used as the template for qPCR to calculate the copy 
number of rha1 in the recombinant A. niger strain.

Preparation conditions of Ougan juice and its 
analytical methods

The seed was peeled and removed before the pulp 
was squeezed, the crude juice was centrifuged at 
12,000  rpm for 5  min, and the supernatant was the 
juice from Ougan.

Ougan juice was prepared by peeling and remov-
ing the seed, the Ougan pulp was squeezed, the crude 
juice was centrifuged at 12, 000 rpm for 5 min, and 
the supernatant was the Ougan juice. Determination 
of flavonoid content and transmittance of ougan juice.

The Ougan juice was appropriately diluted and fil-
tered through a 0.22 μm membrane, and then a high-
performance liquid chromatography (HPLC) system 
(Waters2695, China) was used for the quantitative 
analysis of flavonoids in Ougan juice. HPLC was 
performed on a UItimate® AQ_C18 column (3  μm, 
250 × 4.6  mm, Shanghai, China) with a flow rate of 
1 mL/min and an injection volume of 10 μL; mobile 
phase A was 0.1% formic acid and mobile phase B 
was 100% acetonitrile. Gradient elution was per-
formed using 85%A at 0–1  min, 75%A at 1–4  min, 
60%A at 4–14 min, 50%A at 14–24 min, and 85%A 
at 24–36 min. The contents of neohesperidin and its 
hydrolyzed products, hesperetin 7-O-glucoside and 
hesperidin, were determined by HPLC at 283 nm.

The absorbance of Ougan juice at 680  nm was 
determined using an ultraviolet–visible spectropho-
tometer (distilled water as control), and the transmit-
tance was calculated. The larger the transmittance, 
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the higher the clarity, which was calculated using the 
following equation:

where, T-transmittance, A-absorbance value.

Research on enzymatic debittering process of Ougan 
juice

The optimum debittering conditions for Ougan 
juice were investigated using a crude enzyme solu-
tion of recombinant α-l-rhamnosidase. Ougan juice 
(10 mL) was added to a 15 mL centrifuge tube and 
preheated in a metal bath at 60  °C, and then differ-
ent volumes (0%, 0.01%, 0.05%, 0.1%, 0.15%, and 
0.2% v/v) of α-l-rhamnosidase enzyme solution were 
added. Enzymatic hydrolysis at different temperatures 
for different times. The temperature was varied from 
30 to 70  °C, and samples were taken every ten min 
of reaction to determine the enzyme activity until 
the reaction reached 80 min. The reaction liquid was 
boiled at the end of the reaction, the contents of neo-
hesperidin, hesperetin 7-O-glucoside, and hesperidin 
were detected by HPLC, and the transmittance of the 
Ougan juice was determined using an ultraviolet–vis-
ible spectrophotometer.

Statistical analysis

Data values were expressed as mean ± standard devia-
tion (SD). All data were analyzed for normality prior 
to statistical testing by Origin®2021 (OriginLab Cor-
poration). The Student’s t-test was applied for com-
parisons between the two groups. The values of sev-
eral groups were analyzed using one-way ANOVA. 
Statistical significance was defined as P-value < 0.05.

A = log (1∕T),

Results and discussion

Sequence analysis of α‑l‑rhamnosidase gene

Phylogenetic analysis of the amino acid sequences of 
α-l-rhamnosidases using MEGA-X software showed 
that the eight α-l-rhamnosidases were divided into 
four branches: rha1 and rha7, rha4 and rha6, rha3 
and rha2, and rha5 and rha8 (Fig.  1). rha1 shares 
96% identity with r-Rha1 from A. niger JMU-TS528 
(Li et  al. 2016) and 99% identity with Rha from A. 
niger CCTCC M 2018240 (Wang et  al. 2019). Sim-
ilar to most α-l-rhamnosidases from fungi, α-l-
rhamnosidase (rha1) from A. niger also exhibits low 
homology with α-l-rhamnosidases from bacteria 
(Miyata et al. 2005). Amino acids 1–17 in the N-ter-
minus of rha1 are its signal peptides. Previous studies 
have shown that the glaA signal peptide contributes 
to the expression and secretion of α-galactosidase in 
A. niger (Xu et al. 2018). Therefore, the signal pep-
tide of rha1 itself was removed when constructing 
the recombinant plasmid, and the glaA signal peptide 
wasused in this study.

Construction of recombinant plasmids

The results of 1% agarose gel electrophoresis showed 
that the length of the rha1 gene and linearized plas-
mid pCAMBIA-PglaA-TcbhI-hph-PtrpC were 
approximately 2000 bp and, respectively (Fig. 2A and 
B), which is consistent with the expected size. The 
ligated products of the rha1 gene and plasmid pCAM-
BIA-PglaA-TcbhI-hph-PtrpC were transformed into 
E. coli DH5α, and the positive transformants were 
screened by PCR and sequencing with a fragment of 
885 bp (Fig. 2C), indicating that the pCAMBIA-rha1 
plasmid had been successfully constructed.

Fig. 1   Phylogenetic tree 
analysis of eight α-l-
rhamnosidase
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The results of 1% agarose gel electrophore-
sis showed that the length of the pyrG gene and 
pCAMBIA-rha1 linearized plasmid were 2000  bp 
and more than 8000  bp, respectively (Fig.  2D and 
E), which is consistent with the expected size. The 
ligated products of pyrG and plasmid pCAMBIA-
rha1 were transformed into E. coli DH5α, and 
positive transformants were screened by PCR and 
sequencing (Fig.  2F). The plasmid, pCAMBIA-
rha1-pyrG, was successfully constructed.

Transformation of A. niger with α‑l‑rhamnosidase

A. niger was transformed using PEG-mediated pro-
toplast transformation. The positive control with A. 
niger CCTCC 206047 as the host did not contain 
resistant drugs, while the positive control with the 
CCTCC 206047ΔpyrG strain as the host was supple-
mented with uracil nucleosides, so the positive con-
trol grew normally. The negative controls received 
screening pressure for adding hygromycin B or not 

Fig. 2   Construction of recombinant plasmids. Lane M: DNA 
marker. A Electrophoresis results of rha1 gene. B Electro-
phoretic results of the linearized plasmid pCAMBIA-PglaA-
TcbhI-hph-PtrpC. Lane 1: The linearized plasmid. C Colony 
PCR electrophoresis results of E. coli DH5α transformants of 
recombinant plasmid. Lane 1–10: Colony PCR bands of plas-
mid pCAMBIA-rha1 transformants. D Electrophoresis results 

of the pyrG gene. Lane 1: pyrG gene. E Electrophoresis results 
of the linearized plasmid pCAMBIA-rha1. Lane 1: pCAM-
BIA-rha1 linearized plasmid. F Colony PCR electrophoresis 
results of E. coli DH5α transformants of recombinant plasmid. 
Lane 1–10: Colony PCR bands of plasmid pCAMBIA-rha1-
pyrG transformants
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supplementing the uracil nucleoside, and failed to 
grow the mycelium. The experimental group was 
transferred to A. niger CCTCC 206047 and CCTCC 
206047ΔpyrG strains containing hygromycin B and 
carrying the pyrG gene, respectively, and the transfor-
mants were able to grow normally on the screening 
plates. Single colonies on the transformation plates 
were selected for passaging.

Twenty-three transformants of the A. niger CCTCC 
206047 strain were selected for genomic validation, 
of which five were positive transformants (Fig. 3A), 
with a positive transformation rate of only 21.7%. 
In contrast, ten transformants from the CCTCC 
206047ΔpyrG strain were selected for genomic vali-
dation, of which nine were positive transformants 
(Fig.  3B), with a 90% positive transformation rate. 
The results of PCR and sequencing were consistent 

with expectations, indicating that two strains of A. 
niger CCTCC 206047 and CCTCC 206047ΔpyrG 
with homologous expression of α-l-rhamnosidase 
were successfully constructed and named RHA001 
and RHA003, respectively.

Enzyme activity of recombinant α‑l‑rhamnosidase

Transformants were selected from the stable geneti-
cally recombinant A. niger strains RHA001 and 
RHA003 for inoculation into PDA solid media, 
numbered RHA001-1 to RHA001-3 and RHA003-1 
to RHA003-6, respectively. The activity of α-l-
rhamnosidase was determined after fermentation. The 
results showed that The enzyme activity of RHA001-1 
in the three recombinant A. niger strains (RHA001-1 
to RHA001-3) was the highest at 20.81 ± 0.56 U/mL, 

Fig. 3   Electrophoresis results of genomic PCR of A. niger 
transformants. Lane M: DNA marker. A Lane 1–23: PCR 
electrophoresis results of transformants from A. niger CCTCC 
206047 strain. Lane 24: Control A. niger CCTCC 206047. B 

Lane 1–10: PCR electrophoresis results of transformants from 
A. niger CCTCC 206047ΔpyrG strain. Lane 11: Control A. 
niger CCTCC 206047ΔpyrG strain
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which was 6.29-fold higher than that of the host A. 
niger CCTCC 206047. Among the six recombinant A. 
niger strains (RHA003-1 to RHA003-6), RHA003-1 
had the highest enzyme activity 15.35 ± 0.87 U/mL, 
which was 7.04-fold higher than that of the CCTCC 
206047ΔpyrG strain.

Ye et  al. expressed the synthetic rha1 gene 
in A. niger 3.350 strain, and the activity of α-l-
rhamnosidase was 0.471 U/mL (Ye et  al. 2022), 
whereas the enzyme activity of the α-l-rhamnosidase 
from the A. niger engineered strain constructed in 
this study was much higher than this level. This may 
be because of the following two factors. First, the 
A. niger used in this study is an excellent strain that 
secretes α-l-rhamnosidase, which has a strong ability 
to secrete and express endogenous α-l-rhamnosidase. 
Second, in this study, the rha1 gene was amplified 
from A. niger genomic DNA, and the retention of the 
two introns contained in the rha1 gene was beneficial 
for gene expression, which was consistent with previ-
ously reported findings (Zhu et  al. 2020). The pres-
ence of introns may make the secondary structure 
more stable, thereby protecting the precursor mRNA 
from degradation in the nucleus, and ultimately 
increasing the expression level of the enzyme.

SDS‑PAGE analysis of recombinant 
α‑l‑rhamnosidase

The results of SDS-PAGE showed that the bands of 
the fermentation broth of the recombinant A. niger 
strains RHA001 and RHA003 became thicker at 
about 100 kDa, but the theoretical molecular weight 
of rha1 was about 70  kDa (Fig.  4A and B). The 
analysis results of NetNGlyc 1.0 software showed 
13 potential N-glycosylation sites in the Rha1 
gene. This suggests that post-translational N-gly-
cosylation modification of fungal proteins results 
in a larger molecular weight of Rha1. The study 
results of Li et  al. also reported that the apparent 
molecular weight of A. niger α-l-rhamnosidase was 
high after recombinant expression in Pichia pasto-
ris (Li et al. 2016). Subsequently, the protein band 
was identified by mass spectrometry, and the results 
showed that the band contained Rha1. Among the 
six recombinant A. niger strains, RHA001-1 and 
RHA003-1 had deeper bands of the target protein, 
indicating that the protein expression levels of these 
two engineered strains were higher, and the identi-
fication results were consistent with the results of 
enzyme activity.

Fig. 4   SDS-PAGE analysis of fermentation broth of A. niger 
engineered strains. Lane M: protein marker. A SDS-PAGE 
of A. niger RHA001 fermentation broth. Lane 1: Control A. 
niger CCTCC 206047. Lane 2–4: RHA001-1, RHA001-2, 

RHA001-3 fermentation supernatant. B SDS-PAGE of A. niger 
RHA003 fermentation broth. Lane 1: Control A. niger CCTCC 
206047ΔpyrG strain. Lanes 2–4: RHA003-1, RHA003-2, 
RHA003-3 fermentation supernatant
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Analysis of the copy number of the rha1 gene

The copy number of A. niger engineered strains were 
determined by the double standard curve method 
of q-PCR, the copy number of the rha1 gene of A. 
niger CCTCC 206047 was 1, while A. niger engi-
neered strains were all more than 2 (Table  S2). 
Correlation analysis of copy number and enzyme 
activity of A. niger engineered strains revealed that 
α-l-rhamnosidase activity was positively correlated 
with the copy number of the rha1 gene, and the engi-
neered strain RHA001-1, with the highest enzyme 
activity, also had the highest copy number, which was 
18 (Fig. 5).

At the same time, the results of this study also 
showed that increasing the copy number of the glaA 
gene in the A. niger genome can increase the expres-
sion of glucoamylase, and when the copy number is 
below 20, the copy number has a linear relationship 
with expression (Verdoes et al. 1993). The results of 
this study support this finding.

Effect of recombinant α‑l‑rhamnosidase on 
enzymatic debittering of Ougan juice

Ougan juice was subjected to HPLC before enzy-
molysis, and it was found that the main bitter sub-
stance in Ougan juice was neohesperidin (Fig. S1D), 
with a content of 2.22 g/L, and the transmittance of 
Ougan juice was 16.3%. Ougan juice was hydrolyzed 

by the crude enzyme solution of A. niger engineered 
strain RHA001-1, and the Ougan juice from the enzy-
molysis process was subjected to HPLC. The bitter 
substance, neohesperidin, was gradually hydrolyzed 
to hesperetin 7-O-glucoside and hesperidin during 
enzymatic hydrolysis (Fig.  S1E). Because the crude 
enzyme solution also contained β-d-glucosidase, the 
bitter substance neohesperidin could not be com-
pletely hydrolyzed when too little enzyme solution 
was added. However, when too much enzyme solu-
tion is added, β-d-glucosidase hydrolyzes hesperetin 
7-O-glucoside into hesperidin, reducing the content 
of the product, hesperetin 7-O-glucoside, thus affect-
ing the debittering effect of Ougan juice. When the 
crude enzyme solution was added at 0.1%, neohes-
peridin was completely enzymatically hydrolyzed by 
α-l-rhamnosidase, and the debittering effect of Ougan 
juice was the best (Fig. 6A).

The different optimal enzymatic hydrolysis tem-
peratures for the ectoenzymes of A. niger directly 
affect enzyme activity, thus affecting the debittering 
effect of the Ougan juice. After enzymatic hydroly-
sis at 50  °C and 60  °C for 20  min, the neohesperi-
din content in Ougan juice was similar, but that of 
hesperetin 7-O-glucoside was lower in Ougan juice 
at 50  °C. This may be because the activity of β-d-
glucosidase is higher at 50  °C, whereas the activity 
of α-l-rhamnosidase is higher at 60 °C. Therefore, the 
debittering effect of Ougan juice was best at 60  °C 
(Fig. 6B).

The transmittance of Ougan juice increased with 
increasing enzymolysis time (Fig. 6C), and the reason 
for this result is the presence of pectinase in the A. 
niger RHA001-1 enzyme solution. It has been shown 
that pectinase can prevent the flocculation of soluble 
solids by breaking down pectin. Thus, it improves 
juice transmission (Chen et al. 2023). The activity of 
pectinase in the A. niger RHA001-1 crude enzyme 
solution was measured at 1394.58 U/mL. After enzy-
matic hydrolysis for 50 min, the transmittance of the 
Ougan juice increased slightly, indicating that the 
clarification effect of pectinase on Ougan juice was 
more significant in the first 50 min. The neohesperi-
din was completely hydrolyzed at 60  min, and the 
contents of hesperetin 7-O-glucoside and hesperidin 
were 1.47  g/L and 0.143  g/L, respectively, and the 
transmittance of Ougan juice was 34.4% at this time. 
After 60  min, hesperetin 7-O-glucoside was further 
hydrolyzed to hesperidin by β-d-glucosidase; thus, 
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60 min was determined to be the optimal enzymatic 
hydrolysis time (Fig. 6C).

Conclusions

This study will rha1 gene was homologously 
expressed in A. niger CCTCC 206047 and CCTCC 
206047ΔpyrG strains. Two recombinant strains with 
high expression of Rha1, RHA001-1 and RHA003-1, 
were successfully screened, and their enzyme activi-
ties were 20.81 ± 0.56 U/mL and 15.35 ± 0.87 U/mL, 
respectively. Enzyme activity was positively corre-
lated with the rha1 gene copy number, and the rha1 

gene copy number of the engineered strain RHA001-1 
was as high as 18. The crude enzyme solution of A. 
niger engineered strain RHA001-1 was used for the 
enzymatic degradation of Ougan juice, and the bitter 
substance neohesperidin was converted into hespere-
tin 7-O-glucoside and hesperidin, which effectively 
improved the taste of Ougan juice. Homologous 
expression of α-l-rhamnosidase was achieved in A. 
niger, and the expressed α-l-rhamnosidase could be 
used as a food-grade enzyme. Moreover, the enzyme 
solution of the A. niger engineered strain was used to 
enzymatically hydrolyze Ougan juice to improve its 
taste, providing a reference for the application of A. 
niger enzyme solution in the food field.

Fig. 6   Effects of enzyme addition, enzymolysis temperature 
and enzymolysis time on the conversion of neohesperidin in 
Ougan juice. A Effect of crude enzyme solution addition on 
the conversion of neohesperidin in Ougan juice. B Effect of 

enzymolysis temperature on the conversion of neohesperidin in 
Ougan juice. C Effect of enzymolysis time on the conversion 
of neohesperidin in Ougan juice
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