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Abstract

Background The laccase Lcc9 from Coprinopsis cinerea has optimal catalytic activity at moderate to alkaline pH con-
ditions, making it invaluable for industrial applications. However, C. cinerea naturally secretes Lcc9 at low expression
levels, which limits the industrial application of Lcc9 on a large scale. Recombinant production of Lcc9 using Aspergil-
lus niger would be an effective way to achieve its high production.

Results This study achieved the secretory production of Lcc9 in A. niger and established an efficient transforma-
tion procedure for A. niger by optimizing its protoplast preparation system. The transformation efficiency of A. niger
was increased 3.8-fold under the optimal system (cell wall digestion enzyme solution: 2% cellulase, 1% snailase, 1%
lyticase, and 0.5% lysozyme; incubation time: 3 h; incubation temperature: 37 °C; culture time: 48 h). The extracel-
lular yield of Lcc9 was enhanced by optimizing gene expression cassette and bioprocess. First, the strain AnGgcl
(containing Pg,4,) mediated by the SP4r, a signal peptide of the extracellular high abundance protein catalase, had
an extracellular laccase activity of 10 U/L after shake flask fermentation. Then, by optimizing promoter and signal
peptide combinations that regulate lcc9 expression, the strain AnGcgl mediated by P_;,4-SP¢.a had an extracellular
laccase activity of 20 U/L. Subsequently, the strain AnRcgL1 (containing P_4-SP¢.4) Obtained by random integration
had an extracellular laccase activity of 86 U/L. Sequencing revealed that the lcc9 expression cassette was integrated
into the citrate synthase gene locus in the AnRcgl1 genome in a 9-copy form. By optimizing the microparticle,
osmolyte, and Cu?* in the fermentation medium, the AnRcgl1 extracellular laccase activity was further increased
to 1566.7 U/L, which was 156.7-fold higher than that of AnGgcL. Furthermore, its extracellular laccase activity

was increased to 1961 U/Lin a 1-L fermenter.

Conclusions To our knowledge, this study is the first to report the recombinant extracellular production of the C.
cinerea laccase Lcc9 in A. niger and to use SPc,y in the A. niger expression system. The results of this study will help
accelerate the industrial application of Lcc9. Moreover, the strategy used in this work provides methodological guid-
ance for increasing other exogenous protein yields in A. niger.
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Background

Laccase (EC 1.10.3.2) is a multi-copper oxidase regarded
as a green catalyst for its ability to oxidize carboxylic
acids, phenols aromatic amine compounds, etc. with
water as the only by-product [1]. Laccase has a wide
range of natural sources, among which the white rot fun-
gal laccase has a greater application potential than lac-
cases from other sources due to its high redox potential
and specific activity [2]. However, the poor stability of
fungal laccase in pH-neutral and alkaline environments,
as well as low natural secretion yields, severely limit its
application in bioethanol production, paper biobleach-
ing, and wastewater treatment [3]. Therefore, it is impor-
tant to screen alkaline active laccase and realize its
efficient production.

Heterologous expression is an effective strategy to
increase target protein yields. Many microbial expression
systems have been developed for large-scale production
of industrial enzymes. Among them, the Aspergillus niger
expression system, due to its excellent protein secretion
ability and inexpensive culture raw material, has been
widely used for the recombinant production of target
proteins derived from filamentous fungi [4]. However,
compared to prokaryotic and eukaryotic chassis hosts
such as Escherichia coli and Pichia pastoris, the low effi-
ciency of genetic transformation in A. niger is one of the
bottlenecks hindering its development into an efficient
protein expression host [5].

To this end, for the polyethylene glycol (PEG)-medi-
ated transformation (PMT) method commonly used
in A. niger, previous studies have often improved the
transformation efficiency by optimizing the protoplast
preparation system [4]. For example, by optimizing cell
wall digestion enzymes and media components during
protoplast preparation of A. niger ATCC 20611, the con-
centration of protoplasts could be increased 11.1-fold,
ultimately resulting in approximately 100 resistant trans-
formants per pg of DNA [6].

Although xylanase and lipase, among others, have
achieved high expression in A. niger, with extracellular
expression as high as 28.91 g/L [4], it is noted that the
recombinant expression levels of target proteins from
various sources in A. niger showed significant discrep-
ancy, with the lowest less than 1 mg/L [7]. To increase the
recombinant expression level of heterologous proteins in
A. niger, commonly used strategies include screening and
modification of hosts, optimization of gene expression
cassette and bioprocess [7, 8].

Promoters and signal peptides (SPs) are two important
expression regulatory elements that affect the transcrip-
tion and secretion of target genes, and are often used as
breakthroughs to increase the expression level of target
proteins [4]. For example, the extracellular recombinant
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activity of a-galactosidase in A. niger could be increased
more than 22-fold to 215.7 U/mL by replacing its natu-
ral signal peptide with the SPg,x [9]. The glyceralde-
hyde-3-phosphate dehydrogenase promoter (P,,;,) from
Aspergillus nidulans is a commonly used constitutive
promoter in the A. niger expression system due to its
high transcriptional activity [10], whereas the P, from
A. niger ATCC 1015 mediated a B-glucuronidase activity
that was approximately 2-fold higher than that mediated
by P44 [11]. Apart from constitutive promoters, induc-
ible promoters also show good performance in mediat-
ing exogenous proteins for recombinant expression in
A. niger [12]. For example, at 20% (w/v) sucrose concen-
tration, the Py, successfully achieved 7.68-fold higher
EGEFP expression in A. niger ATCC 20611 than that medi-
ated by the constitutive promoter P, [12].

For genomic integration expression, the integration loci
of the target gene in the chassis host genome is also an
important factor affecting the target protein expression
level. Due to unanticipated pleiotropic effects result-
ing from the disruption of genome-specific loci by tar-
get gene integration, certain chromosomal locations
are more favorable for recombinant expression of target
genes than others [13]. A commonly used integration
locus in the A. niger expression system is the glaA locus,
where many target genes have achieved effective recom-
binant expression, such as nuclease [14] and protease
[15]. However, among the 14,165 open reading frames
predicted in the A. niger genome, only 2% have been
experimentally validated [13]. Such a high number of
unknowns severely limits the rational screening of poten-
tial high-expression integration locus in A.niger. There-
fore, to achieve high expression of target proteins, target
gene expression cassettes are also often integrated into
the chassis host genome in a random integration mode
[10].

It is well known that the culture environment of
recombinant strains significantly affects their produc-
tion characteristics as well as the structural stability of
target proteins [4]. Previous studies have shown that the
recombinant expression level of target proteins can be
increased by adding microparticles to modulate the fila-
mentous fungal mycelial morphology [16]. For example,
the addition of 5 g/L talc increased pectinase activity in
Aspergillus oryzae by 20% to 26.6 U/mL [17]. In addition,
osmolytes can increase soluble natural conformation
formation of target proteins and promote their folding
by altering the solvent properties of the culture solu-
tion [18]. Based on this, Liu et al. increased the recom-
binant laccase activity in A. niger by 372% to 2037.2 U/L
by adding 0.5 mol/L proline [19]. In addition, Cu** can
affect the laccase activity by regulating laccase gene tran-
scription or protein structure [20]. A previous report
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indicated that the addition of 1 mM Cu*" to the reaction
solution could increase the laccase activity of Streptomy-
ces griseorubens ]SD-1 by 28% [21].

In our previous study, we found that co-culture of
Coprinopsis cinerea with Gongronella sp. w5 could pro-
duce laccase Lcc9 with excellent tolerance in moderate to
alkaline pH, which could effectively promote the conver-
sion of indigo and thus have great potential for applica-
tion in the textile dyeing industry [22]. To accelerate the
industrial application process of Lcc9, this study utilized
A. niger for efficient recombinant expression of Lcc9.
Therefore, we first recombinantly expressed the lcc9
c¢DNA in A. niger and optimized its protoplast transfor-
mation efficiency. Then, the signal peptide and promoter
in the lcc9 expression cassette as well as its genomic
integration loci were sequentially optimized. Finally, the
extracellular laccase activity was further enhanced by
optimizing the culture environment of the recombinant
strain obtained. The logical schematic of this study is
shown in Fig. 1.

Materials and methods

Strains, plasmids, and media

The strains and plasmids used in this study are listed
in Table 1. E. coli ]M109 and A. niger MA70.15 [23]
were used as host strains for plasmid propagation and
expression, respectively. The pC3 plasmid information

Recombinant strain construction
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is detailed in Kangdi Hu et al. [23]. Yeast extract pep-
tone dextrose (YPD) medium (2% peptone, 2% glu-
cose, and 1% yeast extract) was used to culture A. niger
to collect mycelium for protoplast preparation. The
high osmolarity czapek agar medium (34% sucrose,
0.3% NaNO,, 0.05% KCl, 0.05% MgSO,-7H,0, 0.001%
FeSO,-7H,0, and 1% agar) was used to regenerate pro-
toplasts. Czapex dox (CD) medium (0.3% NaNO,, 0.2%
KCl, 0.1% KH,PO,, 0.05% MgSO,7H,0, 2% glucose,
0.001% FeSO,-7H,0O and 0.1 mM CuSO,) supplemented
with 0.5 mM 2,2-azino-bis (3-ethylbenzothiazoline-
6-sulphonic acid) (ABTS) was to screen for A. niger posi-
tive transformants. Potato dextrose agar (PDA) plates
were used to culture strains for conidia production. The
fermentation medium contained 70 mM NaNO;, 7 mM
KCl, 200 mM K,HPO,, 2 mM MgSO,, 2% (w/v) glucose,
and 1%o (v/v) trace elements. The trace element content
is 76 mM ZnSO,, 25 mM MnCl,, 18 mM FeSO,, 7.1 mM
CoCl,, 6.4 mM CuSO,, 6.2 mM Na,MoO,, and 174 mM
ethylene diamine tetraacetic acid (EDTA).

Plasmid construction

The primers used in this study are shown in Addi-
tional file 1: Table S1. The lcc9 expression cassette
(Pgpaa-SPglan-lcc9-T,,,c) was synthesized by Sangon
Biotech (Shanghai) Co., Ltd, and delivered as recom-
binant vector pUC57-lcc9. Among them, the lcc9 was
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Fig. 1 Schematic diagram of the expression strategy used to enhance Lcc9 production
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Table 1 Strains and plasmids used in this study
Strains or plasmids Descriptions References
Strains

E. coli JIM109 Clone strain Takara

A. niger MA70.15
AnGgglL
AnGgel
AnGgol
AnGgulL
AnGgxL
AnGgnL
AnGgdL
AnGgyL
AnGgclL
AnGccl
AnGscL
AnGmclL
AnGaclL
AnGegl
AnGsglL
AnGmgl
AnGaglL
AnCcgl
AnRcgl1
Plasmids
pC3
pUC57-lcc9
pUC57-SPgyy
pUC57-SPogrz
pUC57-SPg,
pUC57-SPgq.
PUC57-SPeya
pUC57-SPeg
pUC57-SPeyy
pUCS57-SPeur
pCGgg-lcco
pCGge-lcc9
pCGgo-lccod
pCGgu-lcc9
pCGgx-Icc9
pCGgn-lcc9
pCGgd-lcc9
pCGgy-lcc9
pCGgc-lcc9
pCGec-lec9
pCGsc-lcc9
pCGmc-lcc9
pCGac-lcc9
pCGcg-lec9
pCGsg-lcc9d
pCGmMg-lcc9

AkusA, ApyrG, clone strain

Aniger MA70.15/pCGgg-Icc, Pypaa SPaian
A.niger MA70.15/pCGge-Icc9, Pgpaa SPegr
Aniger MA70.15/pCGgo-Icc9, Pypua SPorz
A.niger MA70.15/pCGgu-Icc9, Pypgn SPea.
A.niger MA70.15/pCGgx-Icc9, Pgpa SPeyya
Aniger MA70.15/pCGgN-lcc9, Pypga SPeqa
A.niger MA70.15/pCGgd-cc9, Pypga SPeay
Aniger MA70.15/pCGgy-Icc, Pypaa SPexy
A.niger MA70.15/pCGgc-lec9, Pypga SPear
A.niger MA70.15/pCGec-lcc9, P jip SPear
A.niger MA70.15/pCGsc-lcc9, Py en SPear
A.niger MA70.15/pCGmc-Icc9, P pa SPear
A.niger MA70.15/pCGac-lcc9, Py SPear
A.niger MA70.15/pCGcg-1cc9, P s SPeian
A.niger MA70.15/pCGsg-Icc9, P, car SPejan
A.niger MA70.15/pCGmMg-Icc9, P pea SPGian
A.niger MA70.15/pCGag-Icc9, Py SPgjan
A.niger MA70.15/pCCcg-Icc9, Pjoa SPejan
A.niger MA70.15/pCRcg-Icc9, P s SPeian

Recombinant expression vector backbone, pyrG

amp (E. coli), lcc9

amp” (E. coli), SPegy

ampR (E. coli), SPogz

amp" (E. coli), Py,

amp® (€. coli), SPgq,

amp” (E. col), SPe,y s

amp” (E. coli), SPg

ampR (E. coli), SPeyy

amp® (€. coli), SPxr

pC3 derivative, pC3-5'glaA-P ,4y-SPgjsp-lcc9-TyppyrG-3'glaA
pC3 derivative, pC3-5'glaA-P ;44-SPegylcc9-TyppyrG-3'glaA
pC3 derivative, pC3-5'glaA-P ;p44-SPopzIcc9-T,,pyrG-3'glaA
pC3 derivative, pC3-5'glaA-P 44-SPyg -Icc9-T,,~pyrG-3'glaA
pC3 derivative, pC3-5'gIaA-P ;44=SPpyya-lcc9-Typ-pyrG-3'glaA
pC3 derivative, pC3-5'glaA-P p44-SPeya-lcc9-Ty,~pyrG-3'glaA
pC3 derivative, pC3-5'gIaA-P pg4-SPeglcc9-Ty,,
pC3 derivative, pC3-5'glaA-P p4a-SPexy-lcc9-T, n-pyrG-3'glaA

~pyrG-3'glaA

pC3 derivative, pC3-5'glaA-P 44-SPar-lcc9-T,,,pyrG-3'glaA
pC3 derivative, pC3-5'gIaA-P jyu-SPerlcc-Ty,~pyrG-3'glaA

pC3 derivative, pC3-5'glaA-Ps-SPcar-lcc- T, -pyrG-3'glaA
pC3 derivative, pC3-5'glaA-P,,;-SPar-lcc9-T, ,-pyrG-3'glaA
pC3 derivative, pC3-5'glaA-P,
pC3 derivative, pC3-5'glaA-P iy-SPgaa-lcc9-T,,,~pyrG-3'glaA

-SPeprlcc9-Typ-pyrG-3'glaA

cat

pC3 derivative, pC3-5'glaA-Py, 4-SPgaa-lcc9-T,,,~pyrG-3'glaA
pC3 derivative, pC3-5'glaA-P ,-SPgap-lcc9-T,~pyrG-3'glaA

Our laboratory
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Our laboratory
Sangon Biotech
Our laboratory
Our laboratory
Our laboratory
Our laboratory
Our laboratory
Our laboratory
Our laboratory
Our laboratory
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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Table 1 (continued)

Strains or plasmids Descriptions References
pCGag-lcc9d pC3 derivative, pC3-5'glaA-P ;- SPgjua-lcc9-To,pyrG-3'glaA This study
pCCcg-lcc9 pC3 derivative, pC3-5'cat-P,4-SPgjaa-lcc9-T,,,~pyrG-3'cat This study
pCRcg-lcc9 pC3 derivative, pC3-Pp4-SPgjpa-lcc9-TocpyrG This study

derived from C. cinerea okayama7#130 (Genome
accession number: GCA_000182895.1) and optimized
according to A. nmiger codon usage preferences. The
SPg.a was derived from A. niger MA70.15 glucoa-
mylase. The promoter P,,;, and terminator T, are
derived from A. nidulans.

The Py, ;4-SPgp-lcc9-T,,,c fragment was obtained from
pUC57-lcc9 using primers P,,,,-F/T,,R. The pyrG
was obtained from pC3 using primers pyrG-F/pyrG-R.
The glaA homology arms 5'glaA and 3'glaA fragments
were obtained from the A. nmiger MA70.15 mycelium
using primers 5'glaA-F/5'glaA-R and 3'glaA-F/3'glaA-R,
respectively. Then, the 5¢glaA-P,, 4-SPgjop-lcc9-T,,,
pyrG-3'glaA fragment was constructed by overlap PCR.
The pC3 fragment (the backbone of pCGgg-lcc9) was
obtained from pC3 using primers pC3-F/pC3-R. The
plasmid pCGgg-lcc9 was created by linking the 5'glaA-
Popia-SPGlaa-lec9-T,,,c-pyrG-3'glaA fragment with the
pC3 fragment using the One Step Cloning Kit (Vazyme,
Nanjing, China).

The pCGg-lcc9 fragment (the backbone of pCGge-lcc9)
was obtained from plasmid pCGgg-lcc9 using primers
pCGgg-lec9-F/pCGgg-lec9-R. The SPcpyy, SPorzs SPhyyas
SPgg1s SPeqyar SPegir SPexy, and SPc,p were obtained
from pUC57-SPcpy, pUCS57-SPorz,  pUCS7-SPyy,
pUC57-SPpqy, pUCS7-SPyys PUCS7-SPgy, pUCSH7-
SPryy, and pUCS7-SPq,r using primers SP-F1/SP-R1,
SP-F2/SP-R2, SP-F3/SP-R3, SP-F4/SP-R4, SP-F5/SP-R5,
SP-F6/SP-R6, SP-F7/SP-R7, and SP-F8/SP-R8, respec-
tively. The plasmids pCGge-lcc9, pCGgo-lec9, pCGgu-
lec9, pCGgx-lec9, pCGgn-lec9, pCGgd-lec9, pCGgy-lecy,
and pCGgc-lcc9 were obtained by linking the SPipyy
SPorzs SPpyyar SPrcrs SPegas SPegis SPexy, and SPcur
with the pCGg-lcc9 fragment using the One Step Cloning
Kit, respectively.

The pCGc-lec9 fragment (the backbone of pCGec-lec9)
was obtained from plasmid pCGgc-lcc9 using primers
Vector-F1/Vector-R1. The P4, Pyu; Py and P, frag-
ments were obtained from the A. niger MA70.15 genome
using primers Pro-F1/Pro-R1, Pro-F2/Pro-R2, Pro-F3/
Pro-R3 and Pro-F4/Pro-R4, respectively. The plasmids
pCGcce-lec9, pCGsc-lec9, pCGme-lec9, and pCGac-lec9
were obtained by linking the pCGc-lec9 fragment with
the Py, Pyear Py and P, fragments, respectively,
using the One Step Cloning Kit.

trp

The pCGg-lcc9 fragment (the backbone of pCGceg-lec9)
was obtained from plasmid pCGgg-lcc9 using primers
Vector-F2/Vector-R2. The P4, P45 Ppppar and P, frag-
ments were obtained from the A. niger MA70.15 genome
using primers Pro-F5/Pro-R5, Pro-F6/Pro-R6, Pro-F7/
Pro-R7 and Pro-F8/Pro-R8, respectively. The vectors
pCGcg-lec9, pCGsg-lec9, pCGmg-lec9, and pCGag-lec9
were obtained by linking the P4, Py Ppppar and Py
with the pCGe-lcc9 fragment using the One Step Cloning
Kit, respectively.

The homology arms 5'cat and 3'cat fragments were
obtained from the A. niger MA70.15 mycelium using
primers 5'cat-F/5'cat-R and 3'cat-F/3'cat-R, respectively.
The P;4-SPgip-lec9-T,,,c-pyrG fragment was obtained
from the pCGceg-lcc9 using primers loci-F1/loci-R1.
Then, the 5'cat-P,-SPgua-lec9-T,,c-pyrG-3'cat frag-
ment was constructed by overlap PCR. The pCCcg-lcc9
fragment (the backbone of pCCcg-lcc9) was obtained
from plasmid pCGcg-lec9 using primers loci-F2/loci-
R2. The plasmid pCCcg-lcc9 was created by linking the
5'cat-P;4-SPgiap-lcc9-T,,,c-pyrG-3'cat  fragment with
the pCCcg-lcc9 fragment using the One Step Cloning Kit.

The pCRcg-lcc9 fragment (the backbone of pCRcg-
lcc9) was obtained from plasmid pCGceg-lec9 using prim-
ers loci-F4/loci-R4.  The P ;4-SPgjop-lec9-T,,,-pyrG
fragment was obtained from the pCGcg-lcc9 using prim-
ers loci-F3/loci-R3. The plasmid pCRcg-lcc9 was created
by linking the P ;4-SPgj,p-lcc9-T,,,-pyrG fragment with
the pCRcg-lcc9 fragment using the One Step Cloning Kit.

Construction and validation of A. niger transformants

The A. niger MA70.15 was cultivated on a PDA plate at
28 C for 5 d, after which four fungal plugs of A. niger
with a diameter of 5 mm were added to YPD medium
and incubated at 30 ‘C, 200 rpm for 48 h. When cultur-
ing the ApyrG strain, 10 mM uracil must be added to the
medium. Subsequently, fresh mycelium was harvested
through suction filtration and subjected to a 3 h diges-
tion process with an enzyme cocktail (2% cellulase +1%
snailase) in a water bath shaker at 30 °C, 100 rpm for 3 h
to obtain fresh protoplasts for transformation. In the
protoplast preparation optimization process, the cellu-
lase, lyticase, and lysozyme used were purchased from
Acmec Biochemical Technology (Shanghai) Co., Ltd., and



Yao et al. BMC Biotechnology (2024) 24:95

the snailase used was purchased from Sangon Biotech
(Shanghai) Co., Ltd.

The plasmid (4—10 pg) was added to 200 pL of proto-
plasts obtained from A. miger. Subsequently, 50 uL PEG
solution (60% PEG, 50 mM CaCl,, and 10 mM Tris HCI,
pH 7.5) was added, and the mixture was incubated on
ice for 30 min. After that, the mixture was further incu-
bated in a PEG solution at room temperature for another
25 min. Finally, the transformants were cultured in a
high osmolarity CD agar medium at 28 “C for protoplast
regeneration.

Transformants were selected for uracil prototrophy by
growth on a selective solid minimal medium (without
uracil) and the lcc9 expression cassette was verified to
be integrated into the transformant genome by diagnos-
tic PCR using primers F1/R1. As the host strain A. niger
MA70.15 is kusA-deficient, the transformed plasmid will
achieve targeted integration into the genome through the
homologous arm. To verify that the target fragment was
successfully integrated into the glaA locus and that the

A EEEE s, B,

pCGgg-lcc9

W
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transformants were homokaryotic, primers F2/R2 were
designed using upstream sequences of the glaA locus and
intra-glaA integration deletion sequences as templates,
respectively. The schematic of the above verification pro-
cess is shown in Fig. 2A. A similar principle applies to
the validation of positive transformants with integrated
expression at the cat locus. Among them, primers F3/R3
were designed using upstream sequences of the cat locus
and intra-cat integration deletion sequences as tem-
plates, respectively.

To obtain genome sequence information of A. niger,
mycelium was collected after culturing in shake flasks for
5 d and then sent to Shanghai OE Biotech Co., Ltd. for
whole genome denovo sequencing.

Bioprocess optimization

Micropatrticle type and concentration optimization

The microparticles (CaCO; MgSiO;, and Al,O,)
were separately suspended in 50 mM sodium acetate
buffer (pH 6.5) and autoclaved at 121 ‘C for 20 min.

S'glaA

gpdA

3’gIaA

Recombinant strain AnGggL

— EZIE o E

A.niger MA70.15 AnGggL

amp® pCGgg-lecd SPGlan
lec9
T.c
3'glaA L
pyrG
Da oM 1 23 456
95 — —
75 — -
55— 4
v

Fig. 2 Recombinant extracellular production of Icc9 in A. niger. A Genomic loci-specific integration diagram of lcc9 expression cassette. B Schematic
structure of the plasmid pCGgg-lcc9. C A.niger MA70.15 and AnGggl laccase activity detection based on plates containing ABTS. D SDS-PAGE
analysis of A.niger MA70.15 and AnGggL fermentation supernatant. M: protein molecular weight marker; Lane 0: fermentation supernatant samples
from MA70.15 shake flasks cultured for 6 d; Lanes 1-6: fermentation supernatant samples from AnGggL shake flasks cultured for 1-6 d, respectively
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The microparticles were then added to the fermenta-
tion medium at a concentration of 0.5% (w/v). Different
additive concentrations of 0.5%, 1%, and 2% were then
selected to investigate the effect of microparticle concen-
tration on laccase activity.

Osmolyte type and concentration optimization

Glycine, proline, and trimethylamine oxide (TMAO)
were added to the fermentation medium at a concen-
tration of 0.2 M, respectively. To further investigate the
effect of osmolyte concentration on laccase activity, dif-
ferent addition concentrations were selected. The glycine
was added at concentrations of 0.05, 0.1, 0.2, 0.3, and
0.4 M, respectively; and the proline was added at concen-
trations of 0.1, 0.2, 0.3, 0.4, and 0.5 M, respectively.

Cu?* concentration optimization

Cu?* was added to the fermentation medium at concen-
trations of 0.1, 0.5, 1, 2, 3, and 4 mM, respectively. Note
that the trace element added to the fermentation medium
contains Cu?* and the Cu®" are added here in addition.

Shake flask and 1-L fermenter cultivation

The spore solution stored in the -80 °C refrigerator was
inoculated onto PDA plates for activation, after which
they were again transferred to PDA plates for conidia
production at 28 °C for 5 d. The spore suspension was
obtained by washing the PDA plate with a solution con-
taining 0.9% NaCl and 0.05% Tween 80. The above spore
suspension was then transferred to a 500-mL triangular
flask containing 100 mL fermentation medium accord-
ing to an inoculum volume of 1 x 10° spores/mL, and cul-
tured at 30 C and 200 rpm.

Referring to spore suspension preparation and inocu-
lum volume in shake flask fermentation, the obtained
spore suspension was transferred to a 1-L fermenter
(Baoxing Bio-Engineering, Biotech-JS/JSA-1L) con-
taining 1 L fermentation medium and incubated at 30
C, pH 5.5, 200 rpm with an airflow rate of 50 L/h. The
airflow rate was maintained at 20 L/h from the 2nd day
after inoculation. During the above fermentation pro-
cess, samples were taken every 24 h and centrifuged at
12,000 X g for 10 min at 4 “C to obtain culture superna-
tants for subsequent laccase expression assays.

Mycelial morphology observation

To investigate the effect of growth environment optimiza-
tion on mycelial morphology, individual mycelial pellets
or clusters were selected from the fermentation system
after shaking flask incubation, blotted dry with filter
paper, and observed microscopically at 10x magnification.
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Laccase activity determination and protein gel
electrophoresis analysis

Laccase activity was determined according to the method
reported by Kai Pan et al. [22]. Briefly, 17 uL of fermenta-
tion supernatant was mixed with 33 puL of ABTS (15 mM)
and 950 pL of sodium tartrate buffer (pH 4.0, 100 mM).
The mixture was reacted in a 30 C water bath for 3 min
and then cooled in ice water. Its absorbance value was
measured at 420 nm. One activity unit (U) was defined
as the amount of laccase required for oxidizing 1 uM of
ABTS per minute. The formula for laccase activity calcu-
lation is OD,, % dilution factor x 555.56 (U/L).

SDS-PAGE and native-PAGE of laccase were per-
formed according to the method reported by Juanjuan
Liu et al. [24] and Ganfei Xu et al. [25], respectively. The
sample volume for both SDS-PAGE and native-PAGE
analysis was 15 pL. After electrophoresis, the denatured
gel was stained with Coomassie Brilliant Blue R-250, and
the active gel was immersed in 100 mM citrate phosphate
buffer containing 15 mM ABTS, then incubated at 30 °C
until a green band appeared. The original images corre-
sponding to all the native-PAGE in this study are shown
in Additional file 2.

For peptide fingerprinting detection of the protein
band, the target strip in the SDS-PAGE was cut and sent
to Sangon Biotech (Shanghai) Co., Ltd. under low-tem-
perature preservation for experiments and data analysis.

Quantitative reverse transcription-PCR (qRT-PCR) analysis
A. niger mycelia were harvested by centrifugation of fer-
mentation broth samples at 12,000 x g for 10 min at 4 °C.
Then their total RNA and corresponding cDNA were
obtained using RNAiso-Plus extraction reagent (TaKaRa,
Dalian, China) and Evo M-MLV RT kit (AG, Hunan,
China), respectively. The obtained cDNA was used as a
template for qRT-PCR, and the transcription level of lcc9
was determined with the S-actin as the reference gene.
Primers used for qRT-PCR amplification of the lcc9 and
[B-actin are shown in Additional file 1: Table S1. qRT-PCR
was performed based on the Light-Cycler 96 Real-Time
PCR system (Roche, Basel, Switzerland) using the SYBR
Green Premix Pro Taq HS qPCR Kit (AG, Hunan, China).
qRT-PCR protocols were set following the instructions
from the Premix Pro Taq HS qPCR Kit (AG, Hunan,
China) manufacturer. The data were analyzed using 2~
AACT methodology [26].

Statistical analysis

All data were obtained through three independent
experiments and presented as the averageststand-
ard deviation. The SAS statistical software (version 8.1,
SAS Institute Inc., Cary, NC, USA) was used to perform
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statistical analysis. Data were statistically analyzed using
Student’s ¢-test and p<0.05 was considered a statistically
significant difference.

Results and discussion

Recombinant extracellular production of Lcc9 in A. niger
The vector pCGgg-lcc9 (Fig. 2B) containing lcc9 was
transformed into A. niger MA70.15 to obtain the recom-
binant strain AnGggL. The naming convention for
AnGggL is as follows: the first two letters represent A.
niger, the third letter indicates the integration region
glaA locus, the fourth letter represents the promoter
P, 4 the fifth letter indicates the signal peptide SPg;,5
and the last letter represents laccase lcc9. When cultured
on CD plates containing ABTS, The AnGggL can form
a green halo (Fig. 2C). However, no laccase activity was
detected in the fermentation supernatant of AnGggL
after shake flask cultivation, and no Lcc9 (~59 kDa) pro-
tein bands were observed in the SDS-PAGE (Fig. 2D) and
native-PAGE (data not shown) results of the correspond-
ing samples. The above results indicate that although
AnGggL can achieve recombinant extracellular produc-
tion of Lcc9, the production level is low.

In previous studies, recombinant expression of laccase
SlLac2 and PsLac2 derived from Stemphylium lucomag-
noense and Pestalotiopsis sp. in A. niger resulted in extra-
cellular laccase activities of 85.9 and 15.12 nkat/mL, with
approximately 5154 and 907 U/L, respectively [10, 27].
Differences between the results of this study and those of
the above studies may be due to variations in factors such
as gene expression cassettes, integration locus, and cul-
ture conditions of the recombinant strains.

In addition, it is noted that a protein band near 95 kDa
appeared in the SDS-PAGE results of A. niger MA70.15
and AnGggL extracellular supernatants (Fig. 2D). The
protein was identified by peptide fingerprinting as cata-
lase (Additional file 1: Fig. S1). Previous studies have
shown that promoters and signal peptides commonly
used in the Brevibacillus brevis expression system are
derived from expression regulatory elements correspond-
ing to its high extracellular abundance protein HWP [28].
Moreover, integrating the lacA expression cassette into
the gene locus encoding the extracellular high abundance
protein CBHI in the Trichoderma reesei genome enables
efficient extracellular expression of laccase LacA [29].
These results suggest that expression regulatory elements
and genomic loci of genes encoding extracellular high
abundance proteins in the chassis host genome can be
used for efficient extracellular expression of recombinant
proteins. Inspired by this, subsequent studies will inves-
tigate whether the signal peptide and promoter based on
the identified catalase gene as well as its genomic locus

Page 8 of 16

can increase the recombinant extracellular production
level of Lec9 in A. niger.

Another problem we noticed in this part of the project
is the low transformation efficiency of A. niger MA70.15
(5 transformants/pg DNA). Therefore, to facilitate the
implementation of subsequent expression strategies, we
will first establish an efficient genetic transformation sys-
tem for A. niger MA70.15.

A. niger protoplast preparation optimization

Quantity and quality of protoplast preparation are
important factors affecting the efficiency of A. niger
transformation using the PMT method [4]. Therefore, to
improve the genetic transformation efficiency of A. niger
MA70.15, we optimized the protoplast preparation con-
ditions, including cell wall digestion enzyme mixture,
incubation time, incubation temperature, and mycelium
age.

The composition of the cell wall digestion enzyme solu-
tion can directly affect the effectiveness of mycelial cell
wall cleavage and is a key factor in obtaining high yields
of protoplasts [30]. Here, four types of cell wall diges-
tion enzymes, including cellulase, snailase, lyticase, and
lysozyme, were used individually or in combination to
prepare protoplasts. As shown in Fig. 3A, A. niger myce-
lium treated with an enzyme solution containing 2%
cellulase, 1% snailase, 1% lyticase, and 0.5% lysozyme pro-
duced the highest number of protoplasts with a density
of 9.9x 10° protoplasts/mL, whereas no protoplasts were
produced with 2% cellulase alone. A. niger cell wall poly-
saccharides are complex structures composed of chitin,
cellulose, and dextran [31], which may be an important
reason why a single cellulase could not be used to obtain
protoplasts in this study. Similarly, it has been previously
reported that only a very limited amount of protoplasts
could be obtained from A. niger ATCC 20611 mycelium
despite using varying concentrations of individual diges-
tion enzymes [6].

Selecting an appropriate incubation time is also nec-
essary to obtain a sufficient number of high-quality
protoplasts, as too short or too long incubation of the
mycelium with the enzymatic solution will result in
incomplete protoplast release or degradation of early
protoplasts. The mycelium was incubated with the
optimal cell wall enzymatic solution (2% cellulase, 1%
snailase, 1% lyticase, and 0.5% lysozyme) for 3.5 h. Sam-
ples were taken every half hour to determine the num-
ber of prepared protoplasts. The results showed that it
reached a maximum value of 1 x 10° protoplasts/mL after
incubation for 3 h, which is 9-fold higher than that at
1.5 h (Fig. 3B).

In addition, the incubation temperature affects the
protoplast release efficiency by influencing the digestion
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enzyme activity. Therefore, we set three incubation tem-
peratures (30, 34, and 37 C) to explore the optimal incu-
bation temperature based on the optimal incubation time
and lytic enzyme combination. As shown in Fig. 3C, the
number of protoplasts could be increased 2.2-fold to
2.2x10° protoplasts/mL when the incubation tempera-
ture was 37 C.

Mycelium age is also an important factor in protoplast
preparation because the size and solid density of myce-
lium pellets formed vary at different incubation times,
which indirectly affects enzymatic digestion [4]. Mycelia
cultured for 24, 36, 48, and 60 h were selected for pro-
toplast preparation, respectively. It was found that as
the mycelium age increased, the number of protoplasts
obtained first increased and then decreased, reaching a
maximum at 48 h (Fig. 3D).

To summarize, the optimal conditions for producing A.
niger MA70.15 protoplasts in this study were as follows:
mycelia were cultured for 48 h and then incubated for 3 h
at 37 C in an enzyme solution containing 2% cellulase,
1% snailase, 1% lyticase, and 0.5% lysozyme. The final
yield of protoplasts obtained was 2.2x10° protoplasts/

mL. Based on the protoplasts prepared under the above
conditions, the plasmid pCGgg-lcc9 transformation
efficiency obtained was 19 transformants per ug DNA,
which is 3.8-fold higher than that before optimization.
Liu et al. obtained A. niger N1 and O1 transformation
efficiencies of 28 and 39 transformants per 10 pg DNA,
respectively, by optimizing protoplast preparation con-
ditions [5]. Since transformation efficiency also depends
on factors such as osmotic stabilizer and PEG solution,
as well as the strain used in the transformation system, it
is reasonable to assume that the discrepancy between the
results of the present study and those of Liu et al. could
be due to differences in overall operating procedure and
preparation system.

Effect of signal peptide element on Lcc9 production

Signal peptides are N-terminal specific sequences of
intracellular protein precursors that play an important
role in translation initiation and extracellular secretion
of target proteins [32]. To enhance extracellular Lcc9
expression, we selected seven signal peptides (SPcpyyp,
SPorz SPpyyas SPeGL» SPeyxyas SPegy, and SPeyy) that can
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mediate target proteins to achieve efficient expression in
A. niger, based on a literature review [9, 33, 34]. In addi-
tion, we investigated the effect of the signal peptide of
the extracellular high abundance protein catalase (SPq,r
) from A. niger MA70.15 on Lcc9 expression. Sequence
information for the above signal peptides is provided in
Additional file 1: Table S2.

To exclude the influence of protoplast preparation
method on the recombinant extracellular expression of
Lcc9, we reconstructed the recombinant strain based on
the optimal protoplast preparation system and plasmid
pCGgg-lcc9 at this experimental stage. It was found that
the protoplast optimization process did not affect the
recombinant extracellular expression of Lcc9 in A. miger
MA70.15 (data not shown). After incubation on plates
containing ABTS, it was observed that all A. niger recom-
binant strains mediated by the above eight signal peptides
could produce a green halo, with the SP.,r-mediated
AnGgcL (containing Py, ;4-SPcar) requiring the shortest
time, only 2-3 d, while the other strains required 8-10 d
(Additional file 1: Fig. S2). After 5 d of shake flask cultiva-
tion, the extracellular laccase activity of AnGgcL reached
10 U/L, and the corresponding fermentation supernatant
sample showed a clear green band in the native-PAGE
(Additional file 1: Fig. S3A). On the contrary, the corre-
sponding fermentation supernatant sample from A. niger
MA70.15, which served as a negative control, showed no
obvious green bands in Native-PAGE (Additional file 1:
Fig. S3B). These results indicate that the SP.,r identified
in this study is the optimal signal peptide to mediate the
recombinant extracellular expression of Lcc9 in A. miger
MAZ70.15. To our knowledge, this is the first report of the
SPc 7 application in A. niger expression system.

SP¢j.a one of the signal peptides widely used in the
A. niger expression system [35], mediates the extracellu-
lar SlLac2 activity in A. niger up to 85.9 nkat/mL (~5154
U/L) after 9 d of shake flask cultivation [10]. However, no
laccase activity was detected in the shake flask fermen-
tation supernatant of AnGggL (containing P, ;,-SPgy,,)
mediated by SPg,,, in this study (data not shown). This
may be due to variations in laccase sequences, promot-
ers, and chassis hosts used in different studies.

Effect of promoter element on Lcc9 production

Promoters are important expression regulatory ele-
ments that control transcription initiation and inten-
sity of target genes [36]. Based on AnGgcL (containing
P,44-SPcat), we investigated the effects of three pro-
moters with high transcriptional activity in the A. niger
expression system, namely P, [37], Py, 4 [12], and P,
[11], as well as the catalase gene promoter (P,,), on the
recombinant expression of Lcc9. The sequence informa-
tion of the above promoters is shown in Additional file 1:
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Table S3. Given the relatively wide application of SPg,
in the A. niger expression system [9], we also performed
corresponding promoter optimization studies based on
AnGggL (containing P,,;4-SPgj,s). Eight recombinant
expression strains of /cc9 mediated by different promot-
ers and signal peptides were finally obtained, namely
AnGcecLl (containing P;4-SPear), AnGscL (contain-
ing P4 -SPcar), AnGmcL (containing P, -SPcar),
AnGacL (containing P,,-SP-,r), AnGcegL (containing
P,ia-SPgraa)» AnGsgL (containing Pg,.,-SPg.a), AnG-
mgL (containing P,,;,4-SPg),4) and AnGagL (containing
P,,;-SPgraa) (Table 1).

All of the above recombinant strains formed green
halos after cultivation on plates containing ABTS, with
AnGscL, AnGmcL, and AnGegL taking only 2-3 d, while
the other strains required 8-10 d (Additional file 1: Fig.
S4). However, after shaking flask cultivation for 5 d, lac-
case activity was detected only in the fermentation
supernatant of AnGcegL (containing P_;4-SP,4), which
was 20 U/L, while the other strains remained undetecta-
ble. Native-PAGE results displayed similar patterns to the
enzyme activity (Fig. 4A). In addition, qRT-PCR analysis
of the obtained recombinant strains showed that the lcc9
were all successfully transcribed, with the highest tran-
scription level in the AnGggL (containing P,,;4-SPgj,a)
strain (Fig. 4B). This is similar to many previous reports
in which the extracellular activity of target proteins did
not match the intracellular transcript levels of their
encoded genes [38]. This may be attributed to the fact
that beyond the intracellular mRNA content, post-tran-
scriptional translation and secretion efficiency also play
an important role in the extracellular expression of target
proteins.

A. niger is an important producer of citric acid in indus-
try, and citrate synthase is active throughout its growth. It
has been shown that the citrate synthase gene promoter
P4 can initiate efficient transcription of mCherry-pyrG
at different developmental stages of A. miger [37]. Simi-
larly, P, -mediated AnGcgL had the highest extracel-
lular laccase activity in this study. Interestingly, despite
using the same promoter P_,,, AnGccL (containing
P,ia-SPcat) and AnGegL (containing P, 4-SPq,4) exhib-
ited different extracellular laccase activities, indicating
that signal peptide and promoter compatibility may be
necessary to achieve efficient extracellular expression of
Lcc9. Optimizing promoter-signal peptide compatibility
has also been shown in previous studies to be an effective
strategy for increasing target protein expression levels.
For example, the promoters Py, P, 4, and P, were
combined with the signal peptides SPgj,s, SPypya, and
SP s mmas Tespectively, and it was found that the extracel-
lular xylanase activity varied significantly with the com-
bination. Among them, the xylanase activity mediated by
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P 1,4-SP Amya Was approximately 1.3-fold higher than that
Of P,1a-SP Amya [39]. Since the AnGcegL containing the
P,ia-SPciaa had the highest extracellular laccase activity,
subsequent studies were based on it alone.

Effect of integration mode on Lcc9 production
It is well known that in genomic integration, the target
gene expression cassette integration loci have an obvi-
ous “positional effect” on target protein expression [40].
Therefore, in addition to integrating the lcc9 expression
cassette into the A. niger MA70.15 genomic glaA locus,
we also investigated the effect of the catalase gene cat
locus on the extracellular Lcc9 expression and explored
other potentially efficient genomic loci by random
integration.

In this regard, the vector pCCcg-lcc9 (Additional
file 1: Fig. S5) was transformed into A. niger MA70.15
to obtain recombinant strain AnCcgL, which integrated
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the lcc9 expression cassette into the cat locus. The vec-
tor pCRcg-lcc9 (Additional file 1: Fig. S5) was trans-
formed into A. miger MA70.15 to obtain recombinant
strains AnRcgL, which was randomized to integrate the
lcc9 expression cassette (a total of 20 positive transfor-
mants were obtained). We added identical amounts of
DNA during random and targeted integration, both at
8 pg. At the same time, all factors remained consistent
except for differences in the expression plasmids used
in terms of whether or not they contained integration
loci homologous arm sequences. Among these recom-
binant strains obtained based on the random integra-
tion model, only AnRcgL1 could show a visible green
halo on plates containing ABTS within 2-3 d, while the
other strains required more than 8 d (Additional file 1:
Fig. S6). The extracellular laccase activity of AnRcgL1
reached 86 U/L after shake flask fermentation, and its
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fermentation supernatant samples showed significantly
thickened protein bands in native-PAGE (Fig. 5A).

In previous studies to achieve efficient recombinant
expression of target genes in A. niger, the correspond-
ing gene expression cassettes were often integrated
into a limited number of known high expression locus
in the chassis host genome, such as glucoamylase,
B-glucosidase, and a-amylase. However, due to the lim-
ited knowledge of current genomic information on A.
niger, it is difficult to determine the potential of other
gene loci in enhancing protein expression. Integrating
target gene expression cassettes into the genome in a ran-
domized integration mode is an effective solution to the
above problems. For example, the marine-derived fungal
laccase SlLac2 successfully achieved recombinant extra-
cellular expression in A. niger by a randomized integra-
tion mode, and about 90% of the positive transformants
exhibited laccase activity [10]. However, the specific
information on the SlLac2 encoding gene integration
locus was not further investigated.
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In this study, integration of the lcc9 expression cassette
into the cat locus did not further increase the extracel-
lular laccase activity compared to the glaA locus (Addi-
tional file 1: Fig. S6). This suggests that the cat locus is
not suitable for efficient expression of the Lcc9. On the
contrary, AnRcgL1 obtained by random integration had
the highest extracellular laccase activity. To investigate
the reasons for the increased extracellular laccase activity
of AnRcgL1, whole genome sequencing was performed.
The data showed that the lcc9 expression cassette was
integrated in nine consecutive copies into the promoter
upstream region of the citrate synthase gene in the
AnRcgL1 genome (Fig. 5B). This suggests that the com-
bined effect of integration loci and copy number may be
responsible for the increased extracellular laccase activity
of AnRcgL1.

Effect of bioprocess on Lcc9 production

For filamentous fungi expression systems, mycelial
morphology is also an important factor influencing
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recombinant protein expression levels. Filamentous fungi
mycelial morphology can be regulated by genetic engi-
neering modification and bioprocess optimization [4].
For example, microparticles in the fermentation medium
are the key component affecting mycelial morphology
[16]. In addition, osmolytes and metal ions in the fer-
mentation medium can have an impact on target protein
yields by directly or indirectly affecting their post-trans-
lational folding [19]. Therefore, based on the results of
lcc9 expression cassette optimization, we investigated
the effects of microparticles, osmolytes, and Cu®" in the
culture medium on the extracellular laccase activity of
AnRcgL1.

Effect of microparticle on Lcc9 production

In initial experiments, three types of microparticles
(CaCO3, MgSiO; and Al,O;) were added to the fermen-
tation medium separately with a final concentration of
0.5% (w/v). As shown in Fig. 6A, the best microparticle
source for Lcc9 production by AnRcgll was CaCOs,
followed by MgSiO;, which increased extracellular lac-
case activity by 76% and 19%, respectively. However,
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adding Al,O; reduced the extracellular laccase activity of
AnRcgL1 by 48% (Fig. 6A).

Then, the effect of different microparticle addition
concentrations (0.5%, 1%, and 2%) on extracellular lac-
case activity was investigated. Among them, AnRcgL1
extracellular laccase activity reached a maximum of
520.6 U/L at a CaCOj; concentration of 1%, which was
6.05-fold higher than that without CaCO; (Fig. 6B).
Although AnRcgL1 extracellular laccase activity shows a
positive correlation with the MgSiO; concentration, the
maximum selectable concentration is only 2%. This is
attributed to the fact that it is difficult to prepare a cor-
responding concentrate at concentrations above 2%. At
this time, the extracellular laccase activity of AnRcgL1 is
184.7 U/L, which is 2.1-fold higher than that before the
addition of MgSiO; (Fig. 6C). However, the inhibitory
effect of Al,O; on AnRcgL1 extracellular laccase activity
is independent of addition concentration (Fig. 6D).

The filamentous fungi mycelial morphology in liquid
culture can be divided into three types, namely, mycelial
pellets (including rough and smooth pellets), clumped
aggregates, or dispersed mycelia [41]. To investigate the
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effect of microparticles on AnRcgl1 mycelial morphol-
ogy, its morphological characteristics were observed
under a microscope after shaking flask fermentation
for 48 h. As shown in Fig. 6E, adding either MgSiO; or
CaCO; significantly affected AnRcgL1 mycelial morphol-
ogy except for Al,O;, transforming them from smooth
pellets to rough pellets or freely dispersed mycelia.

Mycelial morphology influences the yield and pro-
ductivity of target products from filamentous fungi by
affecting heat, mass, and momentum transfer during
submerged fermentation [31]. Filamentous fungi secrete
proteins mainly at the mycelial tip, and when forming a
myecelial pellet, it is more favorable for protein secretory
expression in the surface thin layer than in the interior of
the pellet [4]. In conclusion, the addition of MgSiO; or
CaCO; in this study promoted the generation of mycelial
morphology favorable for Lcc9 secretory expression dur-
ing AnRcgL1 fermentation, which improved extracellular
laccase activity.

Effect of osmolyte on Lcc9 production

To screen for osmolytes favorable for recombinant extra-
cellular production of Lcc9, three osmolytes (0.2 M of
TMADO, proline, and glycine) were added to the fermen-
tation medium separately. As shown in Fig. 7A, the best
osmolyte for Lcc9 production by AnRegll was glycine,
followed by proline, which increased extracellular laccase
activity by 53% and 44%, respectively. However, adding
TMAO reduced the extracellular laccase activity by 69%
(Fig. 7A).

Since both glycine and proline can increase laccase
activity and there is no significant difference (p>0.05)
between them, their optimal concentrations were fur-
ther investigated separately. The results showed that
the optimal concentrations of glycine and proline were
0.1 and 0.2 M, respectively. Under these conditions, the
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extracellular laccase activities of AnRcgl.1 were 874.6 and
751.8 U/L (Fig. 7B and C), which were 1.7- and 1.4-fold
higher than those without osmolytes, respectively.

Similarly, Dehghanpoor et al. found that adding 0.3 M
glycine resulted in the highest recombinant peroxidase
activity [42]. They suggested that altering the microen-
vironment of aromatic amino acids in the enzyme pro-
tein by adding osmolyte was responsible for increasing
enzyme activity [42]. Furthermore, Norouzi et al. found
that adding proline improves the stability of xylanase
by inducing its conformational change [43]. Thus, these
could also explain the increase in AnRcgL1 extracellular
laccase activity after glycine and proline addition.

Effect of Cu** on Lcc9 production

By adding different concentrations (0.1, 0.5, 1, 2, 3 and
4 mM) of Cu** to the fermentation medium, it was
found that the AnRcgLll extracellular laccase activity
first increased and then decreased with increasing Cu*™
concentration (Fig. 7D). When Cu®* was added at a con-
centration of 3 mM, the AnRcgL1 extracellular laccase
activity reached a maximum of 1566.7 U/L, which was
1.8-fold higher than that before addition (Fig. 7D).

Cu®" can increase enzyme activity by increasing tran-
script levels of laccase-encoding genes and binding to their
active sites during subsequent protein folding [44]. How-
ever, if the added Cu®* concentration was too high, it inhib-
ited mycelial growth and thus was unfavorable for laccase
production [45]. This may be the reason why the AnRcgL1
extracellular laccase activity was reduced when the Cu®"
concentration exceeded 3 mM in this study (Fig. 7D).

Scale-up of Lcc9 production in a 1-L fermenter

To further verify the effect of gene expression cassette
and bioprocess optimization on the extracellular Lcc9
production in A. niger, the recombinant strain AnRcgL1

Time (d)

Fig. 8 Scale-up (1-L) fermentation of AnRcglL1. A The laccase activity in the fermentation supernatant was monitored as a function of time. Error
bars represent the standard deviation. B Native-PAGE analysis of AnRcgL1 fermentation supernatant. Lanes 1-5: supernatant samples of AnRcgl 1

at 2,3,4,5,and 6 d, respectively
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was fermented in a 1-L fermenter. As shown in Fig. 8A,
the extracellular laccase activity of AnRcgLl was 1961
U/L, which was 1.3-fold greater than that of its shake
flask fermentation (1566.7 U/L). This result was vali-
dated by native-PAGE analysis (Fig. 8B). In conclusion,
optimizing gene expression cassettes and recombinant
strain bioprocesses is an effective strategy to enhance the
recombinant extracellular expression of laccase Lcc9 in
A. niger.

Conclusion

This study presents the first successful recombinant pro-
duction of the C. cinerea laccase Lcc9 in A. niger. Recom-
binant Lcc9 production was improved by optimizing the
gene expression cassette and bioprocess. The recombi-
nant production level of Lcc9 was eventually increased
from only a plate qualitative assay to an extracellular
enzyme activity of 1566.7 and 1961 U/L in shake flasks
and 1-L fermenter fermentations, respectively, with an
increase of about 156.7-fold. In this process, A. niger
transformation efficiency was increased 3.8-fold by opti-
mizing the protoplast preparation system, and a novel
efficient signal peptide, SP-,r, was discovered that can
be used in the A. niger expression system. Therefore, this
study will not only advance the industrial production of
Lcc9, but also improve the A. niger expression system.
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