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Dextrose equivalent of glucose from starch hydrolysis is a critical index

for starch-hydrolysis industry. Improving glucose yield and decreasing the

non]-fermentable sugars which caused by transglycosylation activity of the

enzymes during the starch saccharification is an important direction. In

this study, we identified two key α-glucosidases responsible for producing

non-fermentable sugars in an industrial glucoamylase-producing strain

Aspergillus niger O1. The results showed the transglycosylation product

panose was decreased by more than 88.0% in agdA/agdB double knock-

out strains than strain O1. Additionally, the B-P1 domain of agdB was found

accountable as starch hydrolysis activity only, and B-P1 overexpression in

1A1B-21 significantly increased glucoamylase activity whereas keeping the

glucoamylase cocktail low transglycosylation activity. The total amounts of

the transglycosylation products isomaltose and panose were significantly

decreased in final strain B-P1-3 by 40.7% and 44.5%, respectively. The

application of engineered strains will decrease the cost and add the value of

product for starch biorefinery.
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Introduction

Starch is one of the most important polysaccharides
and is abundant in plant tuber and grains (Vanier et al.,
2017). As an important industrial feedstock, starch and its
hydrolysates have many applications in food and non-food
industries (Adewale et al., 2022), including in the production
of glucose and/or fructose syrups (Sun et al., 2014), as
thickening agents and fat substitutes (Payne et al., 2011),
and in the paper, textile, pharmaceutical, cosmetics, and
packaging industries (Hashim, 2020; Maniglia et al., 2021).
Acid hydrolysis of starch has been substituted by enzymatic
hydrolysis because of its environmental and economic benefits
(de Souza et al., 2019). The enzymes used in the starch
hydrolysis industry are mainly glucoamylase, α-amylase,
α-glucosidase, and β-amylase (Vihinen and Mantsala, 1989;
Xu et al., 2018). These enzymes are predominantly produced
by microorganisms, such as Bacillus subtilis, Aspergillus niger
and A. oryzae (Kim et al., 2008; Guo et al., 2021; Ichikawa
et al., 2021). Many organisms have been engineered to
improve the production of amylolytic enzymes for starch
hydrolysis (Wong et al., 2007; van Zyl et al., 2012; Parashar
and Satyanarayana, 2017; An et al., 2019). The α-amylase
of Bacillus acidicola and glucoamylase gene of Aspergillus
niger were engineered to generate a chimeric biocatalyst in E.
coli, and the biocatalyst saccharified wheat and corn starches
more efficiently (Parashar and Satyanarayana, 2017). Barley
α-amylase and lentinula edodes glucoamylase expressed in
saccharomyces cerevisiae synergistically enhanced the rate of
hydrolysis by three times for corn and wheat starch granules,
compared to the sum of the individual activities (Wong et al.,
2007). The glucoamylase activity increased significantly
from 28250 U/ml to 40710 U/ml after overexpression
of amyA and glaA in Aspergillus niger with 1% casein
phosphopeptides added to the fermentation medium (An
et al., 2019).

With a mechanism of action similar to that of glucoamylase,
α-glucosidase is an exoenzyme catalyzing the hydrolysis
of α-glycosidic linkages at the non-reducing terminal of
substrates via an anomer-retaining reaction mechanism (Saburi
et al., 2015). This enzyme is involved in the utilization of
starch and oligosaccharides by many organisms (Ma et al.,
2019) and can be of animal, plant, bacterial, and fungal
origin (Tomasik and Horton, 2012). According to the CAZy
database, α-1, 4-glucosidases can be grouped into several
glycoside hydrolase (GH) families: 4, 13, 31, 63, 97 and 122
(Fujimoto et al., 2017). α-Glucosidases are mainly classified
into the glycoside hydrolase families 13 and 31 (Ma et al.,
2019).

α-Glucosidases are widely distributed in animals, plants
and microbes (Chiba and Shimomura, 1975; de Burlet et al.,
1979; Nigam and Singh, 1995). Because fungi depend on
their ambient environment for nutrition, they produce

α-glucosidases as endocellular and extracellular enzymes
(Ichikawa et al., 2021). The intracellular α-glucosidase
MalT in A. oryzae can convert maltose to isomaltose by
transglycosylation, thereby controlling the activation of the
transcription factor amyR that is essential for amylolytic
gene expression (Ichikawa et al., 2021). α-Glucosidases
play important roles in fermentation and have been used
to achieve desirable tastes in miso by producing large
amounts of isomaltooligosaccharides (Kawano et al., 2021).
The transglycosylation activity of α-glucosidases allows
them to produce a variety of oligosaccharides, such as
isomaltooligosaccharides (α-1, 6-glucooligosaccharides),
nigerooligosaccharides (α-1, 3-glucooligosaccharides),
and kojibiose (α-1, 2-glucobiose) (Ma et al., 2019). These
oligosaccharides have many benefits such as prebiotic functions,
preventing tooth decay, ameliorating hepatic dysfunction
caused by arachidic acid and increasing iron absorption (Ma
et al., 2019).

Although these oligosaccharides have many benefits for
humans, the generation of transglycosylated products is
undesirable in the glucose industry and during citric acid
fermentation (Wang et al., 2016). For cost reasons, corn starch
is used instead of glucose in the industrial production of
enzymes and organic acids by microorganisms (Dao et al.,
2013; Meng et al., 2022). The filamentous fungus A. niger
secretes a variety of hydrolytic enzymes such as α-amylase,
glucoamylase, and α-glucosidase that hydrolyzes starch to
generate glucose (Guo et al., 2021). The transglycosylation
activity of α-glucosidase results in the accumulation of non-
fermentable oligosaccharides such as isomaltose, isomaltotriose,
and panose during glucose production. The presence of
transglycosylated products reduces the quality of glucose and
affects its crystallization (Li et al., 2014). The presence of
non-fermentable transglycosylated products also reduces the
production of organic acids, including citric acid (Wang et al.,
2016).

To improve substrate utilization and decrease non-
fermentable sugars production, the genetic basis of
transglycosylation should be explored in glucoamylase-
producing industrial strains. In this study, two α-glucosidase
genes agdA and agdB were identified responsible for
transglycosylation in the industrial glucoamylase-producing
A. niger strain O1. The transglycosylation activity decreased
significantly in the agdA/agdB double KO strains than
in O1. Additionally, the specific domain B-P1 was
identified responsible for starch hydrolysis activity in
agdB. Overexpression of B-P1 domain in strain 1A1B-
21 significantly increased glucoamylase activity. The
transglycosylation products isomaltose and panose decreased
significantly in B-P1 strain compared with strain O1 in products
detection of starch liquefaction and saccharification. The
application of the engineered strains will decrease the cost and
add the value of product for starch biorefinery.
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Materials and methods

Strains, medium and growth conditions

The Aspergillus niger strain O1, an industrial glucoamylase-
producing strain with an aconidial phenotype, was provided
by Longda Biotechnology Inc. (Shandong, China). Strain O1
and the transformants were cultured at 34◦C on Czapek-Dox
solid medium. The composition of Czapek-Dox solid medium
(per 100 ml) was as follows: sucrose 3 g, NaNO3 0.2 g,
MgSO4·7H2O 0.102 g, KCl 0.05 g, FeSO4·7H2O 0.00183 g,
K2HPO4 0.1 g, agar 1.5 g, pH 6.0. The semisolid medium,
which was used to prepare mycelia for fermentation, had
the same composition with agar concentration 0.04% (w/v).
The components of the shake-flask fermentation medium were
100 g/L glucose, 30 g/L soybean flour and 30 ml/L corn steep
liquor, pH 5.6. Equal weights of mycelia were each inoculated
into 50 ml fermentation medium in 250-ml Erlenmeyer flasks.
Then, the shake flasks were cultured at 34◦C with shaking at
240 rpm for 6 days. Samples of the fermentation broth were
collected at 2, 4, and 6 days of cultures for extracellular protein,
secretome, and glucoamylase activity analyses. For plasmid
proliferation, Escherichia coli Tran1-T1 was cultured at 37◦C
in Luria-Bertani (LB) medium supplemented with kanamycin
(50 mg/L) or ampicillin (100 mg/L). The components of LB
medium were as follows: tryptone 10 g/L, yeast extract 5 g/L,
and NaCl 10 g/L.

Construction of plasmids for deletion
of α-glucosidases and overexpression
of specific domains

The primers used in this study are listed (Supplementary
Table 1). For the deletion of agdA (An04g06920) and agdB
(An01g10930), gene-deletion cassettes were constructed
(Supplementary Figure 2A). The 5′ and 3′ flanking sequences
of An04g06920 and An01g10930 were amplified using the
primers A-donor-F1/R1 and A-donor-F3/R3, and B-donor-
F1/R1 and B-donor-F3/R3, respectively. PtrpC-neo cassettes
were amplified from P0380-neo using the primers A-donor-
F2/R2 and B-donor-F2/R2 for deletion of agdA and agdB,
respectively. The fragment 5′-PtrpC-neo-3′ was fused by
overlapping PCR and cloned into the Pjet1.2/blunt cloning
vector to generate donor DNA sequences. Specific sgRNAs
targeting agdA and agdB were designed using the sgRNACas9
tool and sgRNA target sites with high scores were selected.
All protospacer sequences used to target the genes are
listed in Supplementary materials. The U6 promoter
was amplified from the genome of A. niger O1. sgRNAs
and sgRNA scaffold fragments were fused by overlapping
PCR. The final resulting fusion fragments were cloned

into the Pjet1.2/blunt cloning vector for sequencing. The
Cas9-expression PCR cassette AnPtef-Cas9-TtrpC was
amplified from the plasmid P0380-AnPtef-Cas9-TtrpC,
which was constructed in our laboratory, using the primers
An-Ptef/cas9-F/R.

According to the protein domain information of agdB, the
DNA sequences of B-P1, and B-P2 were amplified from the
genome of A. niger O1 using the primers B-3amp-F/B-P1-R
and B-3amp-F/B-P2-R, respectively. The DNA sequence of B-P3
was amplified using the primers B-3amp-F/B-P3-link-R and
B-P3-link-F/B-P3-R, and the two parts of B-P3 were fused by
overlapping PCR. The sequences of B-P1, B-P2 and B-P3 were
each cloned into the Pjet1.2/blunt cloning vector for sequencing.
Then, the identified fragments were integrated to the EcoRV-
digested PAN52-AnPgpdA-TtrpC vector using the Gibson
Assembly R© Cloning Kit (NEB, Beverly, MA, United States) to
complete the construction of the OE plasmids.

Protoplast transformation of
Aspergillus niger

Protoplast transformation of A. niger was carried out as
described previously with some modifications (Wang et al.,
2015). To overexpress specific protein domains, 10 µg linearized
plasmid was mixed with the A. niger protoplasts. For gene
disruption by the CRISPR/Cas9 system, 10 µg Cas9-expression
cassette AnPtef-Cas9-TtrpC, sgRNA expression cassette, and
the corresponding donor fragments were mixed at a molar
concentration ratio of 1:1:1 and then added to A. niger
protoplasts (Liu et al., 2017). The transformants were cultured
on Vogel’s MM solid medium at 34◦C for 4 days with
selection for resistance to geneticin (250 mg/L) or hygromycin
(100 mg/L). The strains overexpressing specific protein domains
or with disrupted agdA/agdB were identified by diagnostic PCR.

Total RNAs extraction and quantitative
real-time PCR

The mycelia were harvested from 2-day, 4-day, and
6-day shake-flask cultures by vacuum filtration, and then
homogenized in liquid nitrogen for total RNA extraction. Total
RNA was isolated and purified using a Qiagen RNeasy Mini
Kit (Qiagen, Hilden, Germany). Total RNA was synthesized to
first strand cDNA using ReverTra Ace qPCR RT Kit (TOYOBO,
Osaka, Japan). qRT-PCR was performed using SYBR Green
Real-time PCR Master Mix (TOYOBO, Osaka, Japan). The
primers used for detection of expression of α-glucosidases are
listed (Supplementary Table 1). The actin gene An15g00560
was used as an internal control. The expression level of each
gene was estimated using the 2−11CT method (Livak and
Schmittgen, 2001).
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Glucoamylase activity assay

Because extracellular protein level and total glucoamylase
activity are highest in 6-day supernatant, the enzyme activity
and secretome of 6-day supernatants were determined and
analyzed. Glucoamylase activity was determined by a modified
3,5-dinitrosalicylic acid method using soluble starch as
the substrate. Firstly, the fermentation supernatants were
appropriately diluted using 50 mM sodium acetate buffer, pH
4.6. Then, 250 µL 1% (w/v) soluble starch preheated in a water
bath at 62◦C for 5 min was added to 250 µL diluted supernatant
and mixed well. The mixture was incubated at 62◦C for a further
10 min and then the reaction was terminated by adding 500 µL
3,5-dinitrosalicylic acid. The samples were boiled for 10 min
and cooled on ice for 5 min before adding 1.5 ml distilled water.
The glucoamylase activity was evaluated by calculating the
amount of reducing sugars released from starch hydrolysis from
the absorbance at 540 nm.

Transglycosylation activity assay

To decrease glucose production when maltose was used as
the substrate in the transglycosylation activity assay, 0.75 g/L
acarbose was used to inhibit the activity of amylolytic enzymes
as described in previous work (Li et al., 2014). Firstly, 0.75 g/L
acarbose was prepared using 20 mM sodium acetate buffer
pH 4.8. Then, 0.4 ml 0.75 g/L acarbose was mixed with
0.1 ml 20 times diluted supernatant, which was preheated at
37◦C for 10 min. Next, 0.5 ml 20% maltose prepared using
20 mM sodium acetate buffer, pH 4.8, was added to the
reaction mixture. The mixture was incubated at 37◦C for 24 h,
and then the reaction was terminated by boiling for 10 min.
The mixture was cooled to room temperature, then mixed
with 9 ml 10 mM H2SO4 before filtering through 0.22 µm
PES membrane (Millipore, Billerica, MA, United States). The
filtered supernatant was analyzed by high-performance liquid
chromatography (HPLC) with an e2695 instrument (Waters,
Manchester, United Kingdom) equipped with a Waters 2414
refractive index detector and an Aminex HPX-87H column
(Bio-Rad, Hercules, CA, United States). The mobile phase was
10 mM H2SO4 with a constant flow rate of 0.5 ml/min.

For starch liquefaction and saccharification, liquid α-
amylase (kindly provided by Ms. Xiaoling Mu) was used for
starch liquefaction and the supernatants produced by O1 and
variety of transformants were used for starch saccharification.
Before the experiment was conducted, corn starch was dried
to constant weight at 60◦C. First, 100 µL liquid α-amylase was
added to a 30 ml slurry of 30% w/v corn starch (Solarbio, Beijing,
China) with 0.2% CaCl2 and the mixture was incubated at 85◦C
for 2 h. The end point of starch liquefaction was identified
using 0.05 M I2-KI standard solution. The reaction mixture was
boiled for 10 min to inactivate the enzyme and then cooled

to room temperature. Subsequently, the pH was adjusted to
pH 4.4 to provide a favorable environment for glucoamylase
activity. A 4.5-ml aliquot of the starch liquefaction product
mixture was mixed with 300 µL fermentation supernatant
(containing excessive amounts of enzymes) from O1 or each of
the transformants. The mixture was then incubated at 62◦C for
48 h. Ethyl alcohol was used to verify the end point of starch
saccharification (when no precipitate was generated). Finally,
the products of starch saccharification were analyzed by HPLC
and the reducing sugars content was measured using an SGD-
IV automatic reducing sugar detector (BISD, Shandong, China)
with Fehling’s solution.

Secretome analysis by liquid
chromatography-mass spectrometry

Aspergillus niger O1 and transformants were cultured
in fermentation medium and samples were collected at 2,
4, and 6 days of cultures. The samples were centrifuged
and the supernatants were filtered through 0.22 µm PES
membrane (Millipore). The protein concentration in the culture
supernatant was determined using a Bio-Rad protein assay
kit according to the manufacturer’s instructions (Bio-Rad,
Hercules, CA, United States). Bovine serum albumin (BSA)
was used as the standard, and the absorbance was measured at
595 nm. The supernatant of 6-day cultures was assayed by SDS-
PAGE. The subsequent LC-MS/MS analyses and identification
of proteins in the secretome were performed as described
previously (Guo et al., 2021).

Results and discussion

Identification of genes related to
transglycosylation activity by
transcription levels and secretome
analyses

According to the results of previous studies, α-glucosidases
generate transglycosylated products in bacteria and fungi
(Fujimoto et al., 2017; Ma et al., 2017). To identify the genes
encoding enzymes catalyzing transglycosylation in A. niger
O1, an industrial fungal strain, total RNAs were extracted
from mycelia collected from 2-day, 4-day, 6-day shake-flask
cultures. The transcription levels were detected and analyzed
using quantitative real-time PCR. The transcript levels of five
predicted α-glucosidase genes were very low, but those of
An04g06920 (agdA) and An01g10930 (agdB) were high in the
transcription level analyses of 2-day, 4-day, 6-day cultures
(Supplementary Figure 1) (Yuan et al., 2008). On the basis
of the results of our previous work, α-glucosidase is the fifth
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FIGURE 1

Effects of agdA and/or agdB knockout (KO) on extracellular protein levels, glucoamylase activity. (A) Extracellular protein levels in supernatants
of 2-day, 4-day, and 6-day shake-flask fermentation cultures of Aspergillus niger O1, agdA-KO strains, agdB-KO strains, and agdA/agdB double
KO strains. Relative extracellular protein = extracellular protein level in supernatant of engineered strain compared with that in supernatant of
strain O1. (B) Glucoamylase activity assay in supernatants of 6-day shake-flask fermentation cultures of A. niger O1, agdA-KO strains, agdB-KO
strains, and agdA/agdB double KO strains. Relative glucoamylase activity = glucoamylase activity in supernatant of engineered strain compared
with that in supernatant of strain O1. Values are means ± SD (n = 3 repeats). ∗∗P < 0.01 (Student’s t-test), ∗P < 0.05 (Student’s t-test), n.s., not
significant.

FIGURE 2

HPLC chromatograms of transglycosylation products and effects of agdA and/or agdB knockout (KO) on transglycosylation activity. (A) HPLC
chromatograms of transglycosylation products from 20% maltose as substrate. Peak 1, panose; peak 2, maltose; peak 3, glucose.
(B) Concentration of sole product, panose, in reaction mixture. Values are means ± SD (n = 3 repeats). ∗∗P < 0.01 (Student’s t-test).

most abundant protein in the secretomes of 2-day, 4-day, 6-
day cultures (Guo et al., 2021). Peptide search analyses revealed
that A2QAC1 (UniProt accession) was the most abundant α-
glucosidase, ranked fifth among all detected proteins in the O1
secretome. A2QAC1 is the translation product of An01g10930,
and has α/β-glucosidase agdB annotation in the NCBI database.
The gene encoding another predicted α-glucosidase with α-
xylosidase activity, A2QTU5, was rarely detected. Surprisingly,
although An04g06920 had the highest transcript level of all
the α-glucosidase genes, no corresponding protein product was
detected in the strain O1 secretome. According to transcription
levels and secretome analyses, agdB (encoded by An01g10930),

the most abundant α-glucosidase in the secretome, and agdA
(An04g06920), the highest transcript level of all the seven
α-glucosidase genes, were selected as the target genes for
decreasing transglycosylation activity.

Knockout of agdA and agdB decrease
transglycosylation activity of
α-glucosidases

On the basis of the above analyses, donor DNA and sgRNA
cassettes of agdA and agdB were designed and constructed to
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FIGURE 3

Domain architecture of A. niger agdB and effects of overexpressing different domains in strain 1A1B-21 on extracellular protein levels,
glucoamylase activity, and transglycosylation activity. (A) Schematic representation of agdB created using Protter protein visualization tool
(Omasits et al., 2014). (B) Extracellular protein levels in supernatants of 4-day and 6-day shake-flask fermentation cultures of 1A1B-21 and
domain-overexpressing (OE) strains. Relative extracellular protein = extracellular protein level in supernatant of engineered strain compared
with that in supernatant of strain 1A1B-21. (C) Glucoamylase activity assay in supernatants of 6-day shake-flask fermentation cultures of
1A1B-21 and domain-OE strains. Relative glucoamylase activity = glucoamylase activity in supernatant of engineered strain compared with
that in supernatant of strain 1A1B-21. (D) Concentrations of sole product, panose, in reaction mixture as detected by HPLC. Values are
means ± SD (n = 3 repeats). ∗P < 0.05 (Student’s t-test), n.s., not significant.

knock out agdA or agdB separately or simultaneously using the
CRISPR-Cas9 gene editing system (Supplementary Figure 2A).
After protoplasmic transformation, transformants were
acquired and identified by diagnostic PCR (Supplementary
Figures 2B,C). The extracellular protein levels in the
supernatants of 2-day, 4-day, and 6-day fermentation cultures of
O1 and transformants were measured. The extracellular protein
levels assay showed that the extracellular protein levels of agdA
KO transformants 1A-13, 1A-18, and 1A-21 were lower than
that of strain O1 in the 4-day and 6-day cultures (Figure 1A).
The extracellular protein levels in the agdB KO transformants
1B-13 and 1B-25 were similar to those in the 2-day, 4-day, and
6-day cultures of strain O1. However, double KO transformants
1A1B-21 and 1A1B-28 were slightly higher than that in the
4-day culture and similar to those in 6-day culture of strain
O1 (Figure 1A). When the glucoamylase activity of the filtered
supernatants was compared between the transformants and O1,
the agdA KO strains 1A-13, 1A-18, 1A-21 had significantly
decreased glucoamylase activity compared with that of O1
(by 25.2%, 16.9% and 18.8%, respectively) (Figure 1B). The
glucoamylase activities of the agdB KO strains 1B-13, and
1B-25 and double KO strains 1A1B-21, and 1A1B-28 were
slightly lower than that of O1 (by 5.1%, 6.8%, 2.4% and 9.8%,
respectively) (Figure 1B).

The filtered supernatants were also analyzed by LC-
MS/MS to detect the protein profiles of 6-day cultures

of the KO strains and O1. The secretome of the strains
with the agdB single KO or agdA/agdB double KO were
almost the same as that of O1 except for A2QAC1,
for which no corresponding peptides were detected
(Supplementary material 2).

After knocking out single or double genes, the
transglycosylation activity of α-glucosidases was detected
in a variety of strains. Because the glucoamylase activity
was significantly decreased in agdA KO strains, subsequent
work was conducted in agdB KO stains and agdA/agdB
double KO strains. Because A. niger strain O1 is an industrial
glucoamylase-producing strain, there is a large amount of
glucoamylase to hydrolyze α-1, 4-glucosidic linkages, which
interferes with the determination of transglycosylation activity
(Li et al., 2014). In addition, α-glucosidase is a bifunctional
enzyme that also hydrolyzes the α-1, 4-glucosidic linkages
of oligosaccharides. Hence, acarbose was used to reduce
the interference from hydrolase activity of these amylolytic
enzymes. The transglycosylation products of KO strains and O1
were detected by HPLC. The HPLC spectrum revealed three
components detected: maltose, panose and glucose (Figure 2A).
Of them, panose is the only transglycosylation product. The
concentration of panose in reaction mixture of 1B-13, 1B-25,
1A1B-21, 1A1B-28 were decreased by 87.9%, 87.0%, 88.6%
and 88.5% respectively, compared with that in strain O1
(Figure 2B).
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FIGURE 4

Analysis of starch liquefaction and saccharification products in supernatants of strain O1, 1A1B-21, and domain-OE strains. (A) Analysis of
reaction products by HPLC. Peak 1, glucose; peak 2, isomaltose; peak 3, panose; peak 4, unknown product. (B) Total amount of glucose
detected in reaction mixtures. (C) Total amount of isomaltose detected in reaction mixtures. (D) Total amount of panose detected in reaction
mixtures. Values are means ± SD (n = 3 repeats). ∗∗P < 0.01 (Student’s t-test), ∗P < 0.05 (Student’s t-test), n.s., not significant.

These findings provided further evidence that agdB encodes
the enzyme responsible for the transglycosylation activity of
strain O1, and showed that agdB KO and agdA/agdB double KO
significantly decreased transglycosylation activity and slightly
decreases glucoamylase activity.

Identification of the critical domain of
agdB for starch hydrolysis

α-Glucosidase is one of most important enzymes in the
last step of starch degradation (Zhou et al., 2009). Blast
searches of amino acid sequences revealed three specific protein
domains (NtCtMGAM_N, GH31_N, and Glyco_hydro_31) and
an unknown functional domain in agdB (Figure 3A). A variety
of substrates including disaccharides, oligosaccharides, and
aryl-and alkyl-α-glucopyranosides can be hydrolyzed by α-
glucosidases, which are typically inactive against high molecular
weight substrates (Tomasik and Horton, 2012). On the basis of
the domain analysis results, we constructed three OE plasmids
to identify which domain is responsible for starch hydrolysis
activity in agdB (Supplementary Figure 3A). The three OE

constructs with different domains of agdB were designated
as B-P1 (containing the signal peptide, linker sequence, and
NtCtMGAM_N domain), B-P2 (containing the signal peptide,
linker sequence, and NtCtMGAM_N and GH31_N domain),
and B-P3 (containing signal peptide, linker sequence, and
the Glyco_hydro_31 domain). 1A1B-21 was selected as the
original strain for domain-specific overexpression because
it had the highest specific activity of glucoamylase. After
protoplast transformation, transformants were acquired and
identified by diagnostic PCR (Supplementary Figures 3B–D).
The extracellular protein levels in the supernatants of 4-day and,
6-day fermentation cultures of 1A1B-21 and the transformants
were measured. No significant differences in extracellular
protein contents were detected between 1A1B-21 and B-P3
OE transformants in the 4-day and 6-day cultures, but small
increases were detected in the supernatants of 4-day and 6-day
cultures of B-P1 and B-P2 OE strains (Figure 3B). Subsequently,
the glucoamylase activity of supernatants of 1A1B-21 and
domain OE strains 6-day fermentation cultures were tested. The
glucoamylase activity was significantly higher in B-P1 and B-P2
OE strains than 1A1B-21. Compared with the glucoamylase
activity in 1A1B-21, that in B-P1-3 and B-P1-12 was increased
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FIGURE 5

The reducing sugars content of strain O1, 1A1B-21, and
domain-OE strains measured using an SGD-IV automatic
reducing sugar detector. Values are means ± SD (n = 3 repeats).
∗P < 0.05 (Student’s t-test), n.s., not significant.

by 21.4% and 18.3%, respectively, and that in B-P2-2, B-P2-
8, and B-P2-11 was increased by 20.7%, 19.9% and 20.5%,
respectively (Figure 3C). However, the glucoamylase activity
of the B-P3 OE strains B-P3-8, B-P3-11 and B-P3-22 were
almost the same as that of 1A1B-21 (Figure 3C). The results
of transglycosylation activity assays showed that all B-P1, B-P2
and B-P3 OE strains produced panose at comparable levels to
that produced by 1A1B-21 (Figure 3D).

Multiple protein sequence alignment of α-glucosidases
confirmed high conserved protein sequences in some regions
among Aspergillus species (Supplementary Figure 4). Several
key elements have been reported to be critical for the
transglycosylation activity of α-glucosidases in fungi. An
aromatic residue, Tyr296, on β-α loop 1 in the catalytic domain
was shown to be important for transglycosylation activity in
A. oryzae (Supplementary Figure 4; Song et al., 2013; Nagayoshi
et al., 2015). This location corresponded to the N-terminal of
the Glyco_hydro_31 domain in agdB. The residues 457–560
of Aspergillus sojae (A. sojae) were found to be the structural
basis of transglycosylation activity, corresponding to the middle
part of Glyco_hydro_31 domain in agdB (Ding et al., 2022).
Mutation of the amino acid residue H450 or R450 in α-
glucosidases from A. oryzae and A. sojae changed the types and
amounts of transglycosylation products (Kawano et al., 2021).
Similarly, mutation of N696 in A. niger α-glucosidase modified
transglycosylation properties (Ma et al., 2017).

The above results suggested that NtCtMGAM_N or
NtCtMGAM_N and GH31_N may be the domain(s) responsible
for starch hydrolysis. Because glucoamylase activity and panose
content were unaffected in the B-P3 OE strains, and on
the basis of results and information in the literatures, we

concluded that the Glyco_hydro_31 domain is an incomplete
transglycosylation domain. The whole transglycosylation
domain may contain all or part of the GH31_N domain, whole
sequence of Glyco_hydro_31, all or some of the domain with
unknown function at the C-terminal of agdB.

Increased reducing sugars production
of the B-P1 OE strain by starch
degradation under laboratory
conditions

Aspergillus niger strain O1 is an industrial glucoamylase-
producing strain, but the α-glucosidases are also present in
fermentation cultures affecting the purity of glucose, and
the product of starch degradation. Therefore, two steps of
starch liquefaction and saccharification were conducted under
laboratory conditions using commercial α-amylase and the
supernatants of strains O1, 1A1B-21, and transformants
to assess the effect of genetic manipulation. After starch
liquefaction and saccharification, the products were diluted
and assayed by HPLC. As shown in Figure 4A, four products
were detected: glucose, isomaltose, panose and an unknown
component. The unknown component may be a kind of
oligosaccharide, but it did not correspond to any of the
standards we have and could not be quantified (Supplementary
Figure 5). The amounts of the other three products were
calculated. Compared with O1, the strains 1A1B-21 and
B-P1-3 produced 0.4% and 0.9% more glucose, respectively
(Figure 4B). Compared with O1, the 1A1B-21 and B-P1-3
strains produced 17.6% and 40.7% less isomaltose, respectively
(Figure 4C) and 26.1% and 44.5% less panose, respectively
(Figure 4D). Owning to the unknown component of the
products, the reducing sugars content was measured using
an SGD-IV automatic reducing sugar detector with Fehling’s
solution. The reducing sugars content in the product of 1A1B-
21 and B-P1-3 were increased by 0.2% and 0.9% respectively,
compared with that in the product of O1 (Figure 5).
Thus, agdB KO and B-P1 domain overexpression reduced
transglycosylation activity and increased the reducing sugars
content in the products of starch degradation.

If the GH31_N domain is responsible for starch hydrolysis,
then the reducing sugars content of B-P2-11 should have
been increased like that of B-P1-3. Instead, it was decreased.
These results demonstrated that only the NtCtMGAM_N
domain of agdB is responsible for starch hydrolysis. Further
research is required to determine which domains are responsible
for transglycosylation activity, some or all of the GH31_N
domain and Glyco_hydro_31, with or without the domain
with unknown function at the C-terminal. Furthermore, the
transglycosylation products differed depending on whether
maltose or corn starch was used as the substrate. This
may be due to the differences in reaction systems. When
a high concentration of maltose (20%) was the substrate
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with the inhibitor acarbose, the product was simple (panose
is the sole transglycosylation product). However, when the
mixture of starch liquefaction was used as the substrate, its
composition was more complex, the concentration of maltose
was lower than 20%, and no inhibitor was present in the
reaction system. These differences may have led to difference
products. In summary, overexpression of the B-P1 domain
containing the NtCtMGAM_N domain increased the reducing
sugars content, which enhanced the purity of glucose, thereby
adding to its value.

Conclusion

In this study, two α-glucosidase genes agdA and agdB
have been identified responsible for transglycosylation in
the industrial glucoamylase-producing A. niger strain O1.
The transglycosylation product panose was decreased more
than 88% in the agdA/agdB double KO strains than in
O1. Additionally, agdB-P1 was identified as the specific
domain responsible for starch hydrolysis activity in agdB.
Overexpression of B-P1 domain of agdB in strain 1A1B-
21 significantly increased glucoamylase activity. In products
detection of starch liquefaction and saccharification, the
transglycosylation products isomaltose and panose decreased
significantly as compared with strain O1. The reducing sugars
content of the B-P1-3 product increased accordingly. Together,
the glucoamylase activity and the glucose content of B-P1 OE
strain were increased, as well as the transglycosylated products
were decreased. The application of the engineered strains
will simplify the production process and decrease the cost of
product, increase production of amylose and organic acids, and
add the value of product for starch biorefinery.
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