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Abstract

Background Aspergillus niger is an important industrial filamentous fungus used to produce organic acids and
enzymes. A wide dynamic range of promoters, particularly strong promoters, are required for fine-tuning the
regulation of gene expression to balance metabolic flux and achieve the high yields of desired products. However, the
limited understanding of promoter architectures and activities restricts the efficient transcription regulation of targets
in strain engineering in A. niger.

Results In this study, we identified two functional upstream activation sequences (UAS) located upstream of the
core promoters of highly expressed genes in A. niger. We constructed and characterized a synthetic promoter library
by fusing the efficient UAS elements upstream of the strong constitute PgpdA promoter in A. niger. It demonstrated
that the strength of synthetic promoters was fine-tuned with a wide range by tandem assembly of the UAS elements.
Notably, the most potent promoter exhibited 5.4-fold higher activity than the strongest PgpdA promoter reported
previously, significantly extending the range of strong promoters. Using citric acid production as a case study, we
employed the synthetic promoter library to enhance citric acid efflux by regulating the cexA expression in A. niger. It
showed a 1.6-2.3-fold increase in citric acid production compared to the parent strain, achieving a maximum titer of
1453 g/L.

Conclusions This study proved that the synthetic promoter library was a powerful toolkit for precise tuning of
transcription in A. niger. It also underscores the potential of promoter engineering for gene regulation in strain
improvement of fungal cell factories.
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Background

Aspergillus niger is an essential industrial filamentous
fungus and has been extensively developed as a fungal
cell factory for the biomanufacturing of organic acids and
enzymes, including citric acid, gluconic acid, amylase,
and glucoamylase [1-3]. For instance, A. niger serves as
the primary workhorse for the citric acid industry, which
boasts a global market of nearly 2.0 million tons [2]. Cur-
rently, the rapid developments of the Clustered Regu-
larly Interspaced Short Palindromic Repeats (CRISPR)/
CRISPR associated (Cas) system-mediated genome edit-
ing techniques [4—6] have efficiently removed bottle-
necks in genetic manipulation, accelerating the iterative
improvement of this fungal cell factory.

In addition to genetic manipulation toolboxes, precise
regulation of gene expression is vital to optimize complex
metabolic pathways and maximize the yields of desired
products [7]. Promoters, as fundamental regulatory ele-
ments of transcription, are exploited to fine-tune gene
expression in fungi [8—11]. Similar to the Q-system from
Neurospora crassa widely used across species [12-15],
several heterologous bacterial promoter systems, such as
the doxycycline-inducible Tet-ON/Tet-OFF system [16,
17] and the universal SES system [18], have been success-
fully utilized in fungi. Given the requirement for strong
and stable gene expression, low production cost and
simple fermentation control in industrial biomanufactur-
ing, several native promoters have been identified and
applied for metabolic engineering in A. niger, including
the inducible glucoamylase promoter (PglaA) [19, 20],
the multiprotein bridging factor promoter PmbfA [8],
and the glyceraldehyde-3-phosphate dehydrogenase pro-
moter (PgpdA) [11]. Among these promoters, the strong
constitutive PgpdA promoter has been widely used for
optimizing metabolic pathways in A. miger [11, 21]. The
overexpression of citrate exporter gene cexA driven by
the native PgpdA promoter achieved a 2.48-fold increase
in citric acid production [11]. Similarly, the overexpres-
sion of NAD kinases Utrlp using PgpdA optimized the
NADPH availability, resulting in a significant improve-
ment of malic acid titer of 110.7 g/L compared to the par-
ent strain (85.0 g/L) [21].

Regarding promoter architectures, fungal promot-
ers are notably longer than prokaryotic promoters,
typically exceeding 500 bp, and more complicated but
contain conserved elements that vary between species
[22]. Many yeast promoters are well-defined and often
sought after, typically consisting of core promoter ele-
ments and upstream activation sequences (UASs) [7].
UAS elements upstream of the core promoters serve as
binding sites for specific transcriptional activators, facili-
tating gene expression activation [22, 23]. Many UAS ele-
ments have been identified in yeast, including UASTEF
[24], UASCLB [25], UASCIT [26], UASTDH3 [27] in
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Saccharomyces cerevisiae, UAS1B [28] in Yarrowia lipo-
lytica, and UAS1"'3, UAS2Y'3, UAS1Y!*, UAS2Y* in Oga-
taea polymorpha [29]. These UAS elements have been
successfully exploited to construct synthetic hybrid pro-
moters and improve promoter strength in yeast [23, 27,
29-31]. For instance, the addition of the native UASI1
and UAS2 in the growth phase-dependent promoters
Pro-Y13 and Pro-Y14 resulted in 2.0-fold increases in
promoter activity in O. polymorpha [29]. However, only
a few potential promoter-enhanced sequences have been
evaluated in filamentous fungi, including 83-bp CCAAT-
containing sequence of the PglaA promoter in A. niger
[32], GpdA-box of the PgpdA promoter in Aspergillus
nidulans [33] and a Region III sequence in the PagdA
promoter of Aspergillus oryzae [34]. For instance, the
PagdA142 promoter containing 12 tandem repeats of
Region III showed higher activity with an increase of 5.0-
fold in comparison with the intrinsic promoter (PagdA)
in A. oryzae, suggesting Region III may function as a UAS
element [34]. There is a knowledge gap in the compre-
hensive understanding of the native promoter architec-
tures, restricting the design and development of synthetic
promoters in filamentous fungi.

To address these issues, we identified three UAS ele-
ments from the promoter sequences of highly expressed
genes encoding amylolytic enzymes. We evaluated their
impact on promoter activity by fusing these UAS ele-
ments upstream of the native strong constitute promoter
PgpdA. The promoter evaluation workflow, featuring an
intuitive fluorescent-auxotrophic double selection [11],
combined with the CRISPR/Cas9 system and flow cytom-
etry, was used to assess the strength of synthetic pro-
moters accurately. We constructed a library through the
tandem assembly of functional UAS elements to generate
synthetic promoters with a broad activity range, result-
ing in a series of strong synthetic promoters. We further
assessed the versatility of the identified UAS elements
by fusing them with different core promoter elements of
the promoters PcitA and PpkiA. Finally, we applied this
synthetic promoter library to regulate citric acid efflux,
significantly improving citric acid production compared
to the previously reported strong promoter PgpdA. This
novel synthetic promoter library based on the identified
UAS elements not only provided particularly efficient
gene regulatory elements for metabolic engineering in
A. niger but also provided a reference for mining func-
tional UAS elements and establishing synthetic promoter
libraries in other fungal cell factories.

Methods

Strains and cultivation conditions

The strains used in this study are listed in Table SI.
Escherichia coli DH5a (Transgene, Beijing, China) was
used for plasmid construction and cultured at 37 °C
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in Luria-Bertani broth containing ampicillin (100 pg/
mL). The citric acid-producing strain A. niger D353.8
(kusA::hph, pyrG:hph, hyg®) was stored in the lab [35]. A.
niger strains were cultivated on complete medium (CM)
or defined minimal medium (MM), as reported previ-
ously [36]. 1.5% agar was supplemented for plates. Ten
mM uracil was supplemented in the media for the pyrG
mutants when necessary.

DNA construction

The plasmids, protospacers, primers, and DNA
sequences of the UAS elements used in this study were
shown in Table S2-Table S5, respectively. Three predicted
UAS elements, UASa, UASb, and UASc, were individually
fused to the core element of the PgpdA promoter from
A. niger. UASa, UASb, and UASc represented UASamyA,
UASagdA and UASglaA, respectively (Table S5). The pro-
moter reporting plasmid pYT1 was constructed by the
reverse PCR with the primers pYT-rev-F and pYT-rev-R,
using pYDD2 as a template. The primers were designed
to contain the 70-bp or 80-bp UAS elements, such as
UASa-F1 and UASa-R1 (Table S4), which were used for
PCR amplification with the template of pYT1. The syn-
thetic promoters reporting plasmids pYT2-pYT4 were
generated with the UASa, UASb, and UASc elements,
respectively (Table S2).

To increase the copy number of UAS elements, the
primers with overlapping DNA sequences were designed
and used for PCR (Figure S1). Taking UASa as an exam-
ple, the first round of PCR was conducted using the
primers of UASa-F2 and UASa-R2 (Table S4) for self-
annealing and amplification to generate a series of tan-
dem UASa elements (Table S5). The first round of PCR
product was used as the template for the second round
of PCR, with the primers of UASa-F3 and UASa-R3
(Table S4). These DNA fragments with different copies of
UAS elements (Table S5) were purified and cloned into
the backbone of the reporting plasmids pYT1 and pYT2,
using the ClonExpress™ one-step cloning kit (Vazyme,
C113), generating pYT5-pYT20, respectively (Table S2).
To investigate the compatibility between the UAS ele-
ments and the core promoter elements, the core ele-
ments of the PcitA and PpkiA promoters were amplified
with the primers PcitA-F/PcitA-R and PpkiA-F/PpkiA-R
to replace the core element of the PgpdA promoter in the
plasmids pYT1, pYT3, pYT13, and pYT15, respectively.
For the PcitA promoter, the pYT21-pYT24 were con-
structed without and with One, two, and four copies of
the UASD element, respectively (Table S2). For the PpkiA
promoters, the pYT25-pYT28 were constructed with the
same design (Table S2).

Similarly, the DNA fragments with two hybrid UAS ele-
ments (Table S5) were amplified using the correspond-
ing primers, such as UASab-F and UASab-R, which were
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also used as the template of the second round of PCR, to
generate hybrid UAS elements. These DNA fragments
with hybrid UAS elements were also inserted into the
background of the pYT2 and pYT3 plasmids, generating
pYT29-pYT35, respectively (Table S2). These plasmids
were used as templates for generating donor DNA con-
taining the mCherry-pyrG expression cassettes driven by
different synthetic promoters.

To exploit the synthetic promoters for strain engineer-
ing, the synthetic promoter library was used to enhance
the citric acid efflux through overexpression of the criti-
cal citric acid exporter gene cexA. The cexA gene was
amplified with the primers of cexA-F and cexA-R, then
cloned into the backbone of the corresponding syn-
thetic promoters reporting plasmids, using the ClonEx-
press™ one-step cloning kit (Vazyme, C113), resulting in
pXM10-pXM26, respectively (Table S2). These plasmids
were used as the templates to amplify the donor DNAs
containing the cexA-P2A-mCherry-pyrG expression cas-
settes driven by different synthetic promoters with differ-
ent UAS elements (Table S5).

A. niger strains construction

The strains used in this study are listed in Table S1. The
standard protocol of A. niger genome editing using the
CRISPR/Cas9 system-based 5 S rRNA was performed as
previously described [4, 11, 37]. To construct the report-
ing strains of the synthetic promoters, the donor DNA
fragments containing mCherry-pyrG reporting cassettes
driven by synthetic promoters were integrated into the
genome locus of a-glucosidase encoding gene (agdA) to
avoid the influence of the genomic context, resulting in
the reported strains YT1-YT33, respectively. The DNA
transformation into the A. niger D353.8 protoplasts was
conducted by the PEG-mediated DNA transformation
approach following the previously reported protocol [37].
The protoplasts were prepared in the protoplast lysing
buffer with the Yatalase Enzyme (Takara, Cat#T017) and
washed with the STC buffer [37]. Then, 2 ug donor DNA
fragments were co-transformed into the protoplasts in
the TC buffer [37] with 25 uL 25% PEG-6000 together
with the sgRNA targeting constructs AgdA-sgRNAI,
AgdA-sgRNA2, and Cas9 expression cassette amplified
by the primers of Ptef-F and Ttef-R.

The transformants with fluorescence were selected
after detection under the Tanon 5200 Multi fluorescence
image system (Tanon, Tianjin, China). After the subcul-
ture, the genomic DNA of selected fluorescent trans-
formants was extracted using a Genomic DNA extract
kit (TIANGEN Biotech., Cat#DP305) according to the
manufacturer’s handbook (https://en.tiangen.com/-conte
nt/details_43_4227.html). Then, the genomic DNAs were
verified by diagnostic PCR with the primers of agdA-g-
F and mCherry-R and DNA sequencing analysis. Copy
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number analysis was conducted with quantitative PCR
(qPCR) Lightcycler 96 (Roche) using ChamQ Univer-
sal SYBR qPCR Master Mix (Vazyme) according to the
manufacturer’s instructions. The qPCR signal of mCherry
was normalized to the gpdA gene as a reference. The
qPCR primers are listed in Table S4. The correct single-
integration isolates were chosen for further fluorescence
detection.

Similarly, citric acid-producing engineered strains
XMD9-XMD26 (Table S1) were also constructed using
the same tactics. The differences were the donor DNAs
containing cexA expression cassette, amplified with
the primers of MH-agdA-sgRNAI1-F and MH-agdA-
sgRNAI1-R, using pYDD2, pXM10-pXMD26 as the tem-
plates (Table S2), respectively. After the subculture, the
genomic DNAs of selected transformants were extracted
and verified via diagnostic PCR and sequencing analysis
with the primers of agdA-g-F and cex-R. The correct iso-
lates were chosen for further citric acid fermentation.

Flow cytometry analysis

The fluorescence of the conidia of the reporting strains
was quantitatively determined through flow cytometry,
as described in the previous study [11]. Briefly, A. niger
strains were cultivated on CM plates for five days. Then,
conidia were collected and diluted in Phosphate Buffer
Solution (PBS) and filtered through four-layer lens clean-
ing paper before flow cytometry analysis using a BD Fort-
essa X-20 cell sorter (Becton, Dickinson and Company,
Piscataway, NJ 08855-1327, USA). A green (561 nm)
laser and a 610 nm filter were used for mCherry fluores-
cence determination. The forward scatter (FSC) voltage,
side scatter (SSC), and PE-CF 594 were set as 50, 170, and
489, respectively. Minor gating was performed on data to
exclude apparent errors, such as dust particles, cell clus-
ters, and conidia aggregates. 100, 000 cells of each sample
were recorded and used for mCherry fluorescence and
forward scatter (FSC). Flow cytometry results were ana-
lyzed with FlowJo software (Becton, Dickinson and Com-
pany, Piscataway, NJ 08855-1327, USA). The ¢-test was
used for statistical analysis of the data.

Citric acid fermentation and detection

To test the application of synthetic promoters on citric
acid production, citric acid fermentation was carried out
using the liquefied corn media as described in previous
studies [11, 38]. Spores with the final concentration of
1 x 10° spores/ml were inoculated in 20 mL liquefied corn
media at 34 °C and 220 rpm for 120 h. The weight of the
shake flasks was measured before and after the citric acid
fermentation to eliminate measurement errors caused by
evaporation. For citric acid production in the 5 L biore-
actor with stirring paddle devices, the same fermentation
parameters were utilized for 120 h, with the aeration rate
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coupled to the dissolved oxygen concentration of 40—-60%
[11].

For extracellular citric acid detection, supernatants
were separated from cultures by filter paper after fer-
mentation. Total acids were titrated using 142.9 mM
NaOH with 20 pL 0.1% phenolphthalein as pH indica-
tor. After titration, supernatants were diluted in sterile
distilled water depending on the estimated total acid.
Samples were boiled for 15 min at 100 °C, centrifuged at
12,000 rpm for 5 min, and filtered through a 0.22 um ster-
ile filter membrane to collect the supernatant. Extracel-
lular organic acids were detected by Prominence UFLC
equipped with a UV detector (Shimadzu, Kyoto, Japan)
and a Bio-Rad Aminex HPX-87 H column (300 x 7.8 mm)
according to the procedure described previously [11, 38].

Results

Identification of UAS elements from the promoter regions
of Aspergillus amylatic genes

Since the 12 tandem repeats of region III of PAoagdA
were reported to improve the native promoter strength
in A. oryzae [23], we supposed that Region III might
consist of one or more transcription factor binding sites
(TFBSs) and function as a promoter-enhancing sequence.
Inspired by this hypothesis, we predicted the Region III-
like sequences in three highly expressed amylolytic genes
encoding amylase (amyA), a-glucosidase (agdA), and
glucoamylase (glaA), according to the A. niger transcrip-
tomic profiling under glucose gradients [39] and the mul-
tiple sequence alignments of their promoters sequences
in different Aspergilli species, including A. niger, A. ory-
zae, A. nidulans, Aspergillus pseudonomiae, Aspergillus
brasiliensis, and Aspergillus tubingensis (Fig. 1A). Based
on the reported Region III sequence of PagdA in A. ory-
zae [34], several conserved Region III-like sequences
were predicted in the amyA, agdA, and glaA promot-
ers of various Aspergilli. The Region Illa sequences have
been indicated in all three promoters, while the Region
IIIb sequences were only found in the PagdA and PglaA
promoters. The Region IIla sequences and their flank-
ing sequences were more diverse than the Region IIIb
sequences (Fig. 1A). Consequently, the 70-bp or 80-bp
DNA sequences containing the Region III-like sequences
of the PamyA, PagdA, and PglaA promoters were consid-
ered putative UAS elements.

To investigate the function of the UAS element candi-
dates, they were integrated into the core element of the
PgpdA promoter to construct three synthetic promoters:
UASa-PgpdA, UASb-PgpdA, and UASc-PgpdA, respec-
tively (Fig. 1 and Figure S1). Subsequently, a fluorescent-
auxotrophic double-check workflow was employed to
evaluate the synthetic promoter activity by combining
the CRISPR/Cas9 system with flow cytometry (Fig. 1B).
To eliminate the impact of the reporting gene integration
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Fig. 1 UAS elements prediction and characterization in A. niger. (A) Multiple sequence alignment of potential Region Ill sequences of highly expressed
amylolytic enzymes protomers from various Aspergilli spp. The GenBank accession numbers of the selected genes included amyA of A. niger CBS 513.88
(AnamyA, An05g02100), A. oryzae RIB40 (AoamyB, AO090120000196), and Aspergillus pseudonomiae (ApamyA, Asppsen1_70912); agdA of A. niger CBS
513.88 (AnagdA, An04g06920), A. nidulans FGSC A4 (ANagdA, AN2017) and A. oryzae RIB40 (AoagdA, AO090003001209); and glaA of A. niger CBS 513.88
(AnglaA, An03g06550), Aspergillus brasiliensis CBS 101,740 (AbglaA, KV878703) and Aspergillus tubingensis CBS 134.48 (AtglaA, KV878178). The predicted
conserved sequences of Region llla and lllb were highlighted in red fonts with a yellow background and black asterisks in the black boxes. The other
conserved sequences in each promoter region were also shown in bold black fonts. (B) The UAS elements characterization and evaluation workflow
combined the efficient CRISPR/Cas9 genetic manipulation system, the fluorescent protein-selection marker fused indicator, and flow cytometry-based
analysis. (C) The fluorescence analysis of the reporting strains expressing mCherry-pyrG controlled by the synthetic promoters with different UAS elements.
The 100,000 spores were analyzed by flow cytometry. A. niger YT1 with the promoter of PgpdA was used as a positive control, while the parent strain
D353.8 was used as a negative control. A. niger YT2,YT3, and YT4 represented the fluorescence reporting strains for synthetic promoters with UASa, UASD,
and UASc, respectively
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locus, the fused protein mCherry-PyrG expression cas-
settes under the control of synthetic promoters were
precisely integrated into the genomic locus of the agdA
gene. Flow cytometry determined the reporter mutants’
fluorescence intensity to reflect the promoter activ-
ity (Fig. 1B). As shown in Fig. 1C and Figure S1, the
mCherry-pyrG reporting strain YT3, under the control of
UASb-PgpdA, exhibited the highest fluorescence inten-
sity with a 1.3-fold increase compared with the PgpdA
promoter. Similarly, the fluorescence of the reporting
strain YT2 with UASa-PgpdA also reached up to 1.2-
fold that of the PgpdA promoter. In contrast, adding the
UASc element from the PglaA promoter reduced fluores-
cence. These results indicated that the 70-bp sequences
within Region III of the PamyA and PagdA promoters
could function as the UAS elements to enhance promoter
activity.

Modulating synthetic promoter strength by varying
tandem UAS elements

To investigate the effect of tandem UAS elements on pro-
moter activity, we generated a series of tandem UASa and
UASD elements through PCR amplifications with over-
lapping primers (Table S4) and constructed synthetic
promoters by fusing them to the PgpdA promoter (Figure
S2). To avoid the influence of integration site, all the pro-
moter reporting cassettes were targeted to the adgA gene
locus, owing to its favorable transcriptional accessibil-
ity. For each construct, four transformants with fluores-
cence were randomly selected and verified by diagnostic
PCR, qPCR and DNA sequencing confirmation (Figure
S3 and Table S5). It demonstrated that all these selected
isolates, containing repeats of the UASa and UASD ele-
ments, were confirmed with a single copy of mCherry-
pyrG fusion inserted at the agdA locus (Figure S3). The
expression of mCherry-pyrG under the synthetic pro-
moter variants was evaluated by fluorescence using flow
cytometry of conidia, which was consistent with the
fluorescence of mycelial pellets of each strain detected
by microscopes (Fig. 2 and Figure S4). The result dem-
onstrated that increasing the copies of UASa and UASb
led to a gradual and significant improvement in syn-
thetic promoter strength. In particular, the fluorescence
intensity of the mutants with the synthetic promoters
(UASa)4-PgpdA and (UASb);-PgpdA, containing six cop-
ies of UASa and five copies of UASD, peaked at 3.5-fold
and 5.4-fold that of the positive control with the PgpdA
promoter, respectively. However, increasing the copy
number of UASa and UASb could not further enhance
the fluorescence intensity of the reporting strains. For
example, when the copies of UASa and UASb reached
eleven, the mCherry fluorescence intensity of the report-
ing strains leveled to 2.4-fold and 3.4-fold, like that of the
three-copy constructs. Additionally, the UASb element
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showed remarkable improvement in promoter activity
for the same copy number as UASa. These data validated
that the UASa and UASD elements play a crucial role in
promoter strength, and their tandem arrangement pro-
vided a strategy to modulate the promoter activity.

To further evaluate modular compatibility between the
UAS elements and different core promoter elements, we
selected the UASD element to design different synthetic
promoters fused with the core elements of the PpkiA and
PcitA promoters (Fig. 3). Similarly, the synthetic pro-
moter reporting cassettes were integrated into the adgA
gene locus, and the resulting strains were verified by
genomic PCR and DNA sequencing (Figure S5 and Table
S5). The effect of the UASb element on transcription
efficiency driven by synthetic promoters was evaluated
based on the fluorescence intensity of the mcherry-pyrG
reporting strains in conidia and mycelial pellets (Fig. 3
and Figure S5). Compared with the corresponding origi-
nal promoters PpkiA, PcitA, and PgpdA, the addition of
a single copy of UASD resulted in considerable improve-
ment in promoter activity, with 2.9-fold, 1.9-fold, and 1.3-
fold increases, respectively (Figs. 2B and 3). To identify
combinations that maximize promoter activity, we con-
structed synthetic promoters with multiple repeats of the
UASD element fused to the core elements of PpkiA and
PcitA (Figure S5). The expression of mCherry-pyrG under
the synthetic promoter variants was evaluated by fluores-
cence using flow cytometry of conidia and microscopic
images of mycelial pellets (Figure S5). The results dem-
onstrated that increasing the number of UASb repeats
gradually enhanced the promoter activity of the PpkiA
and PcitA promoters, similar to the effect observed with
the PgpdA promoter. Two copies of the UASb element
further enhanced the transcription level of the mCherry-
pyrG gene up to 4.9-fold, 2.7-fold, and 1.9-fold, com-
pared to the original promoters PpkiA, PcitA, and PgpdA,
respectively (Figs. 2B and 3). Furthermore, the addition
of four copies of the UASb element into the core ele-
ments of PpkiA, PcitA, and PgpdA achieved up to a 7.3-
fold, 3.8-fold, and 4.8-fold increase in promoter strength,
respectively (Figs. 2B and 3). These results indicated that
the UAS elements were functionally robust and highly
efficient in A. niger. It established a series of strong syn-
thetic promoters by assembling the UAS element in a
hybrid manner into different promoter core elements.

Establishing synthetic promoters by hybrid tandem UAS
elements

To evaluate whether hybrid UAS elements could enhance
promoter strength in A. niger, the UASa and UASD ele-
ments were assembled in tandem (Fig. 4 and Figure S6-
7). The results demonstrated that the promoter activities
were significantly affected by the arrangement order of
the UAS elements (Figure S6). Additionally, the synthetic
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Fig. 2 Characterization of the effect of copy number of UASa and UASb elements on the transcription activity of the synthetic promoters. Schematic
diagrams and fluorescence analyses of the constructs expressing mCherry-pyrG controlled by the synthetic promoters with different copies of UASa (A)
and UASD (B) were depicted. The overlap extension PCR amplified the copies of UAS elements and fused the core elements of the PgpdA promoter. UASa
and UASb were represented as orange bars and red bars, respectively. The PgpdA promoter was displayed as grey bars. The mean mCherry fluorescence
intensity of each construct was shown as blue bars. Results are the mean of three replicates, and error bars indicate standard deviations (n=3). Pairwise
Student’s t-tests were conducted between the mutants with synthetic promoters and the PgpdA promoter. p values were indicated as asterisks (<0.05, *;

<0.001, ***)

promoter reporting cassettes were integrated into the
adgA gene locus, generating the strains YT29 to YT35,
which were verified through genomic PCR and DNA
sequencing (Figure S7 and Table S5). The fluorescence
intensity of the mCherry-pyrG gene expression of the
conidia and mycelial pellets under the control of a syn-
thetic promoter containing UASb-UASa was detected
(Fig. 4 and Figure S7). It demonstrated that the activity of

these synthetic promoters with the UASb-UASa elements
was higher than the ones with the UASa-UASbD elements,
both of which had increases of 2.6-fold and 2.0-fold com-
pared to the PgpdA promoter, respectively (Fig. 4). As the
copies of the hybrid UAS elements increased, the activ-
ity of the synthetic promoters improved. Notably, two
copies of hybrid UASa-UASb and UASb-UASa led to a
significant increase in promoter strength, reaching up to
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Fig. 3 Effect of the UASb element on synthetic promoters with different core promoter elements. One, two, and four copies of the UASb element were
fused into the core elements of the PpkiA and PcitA promoters to test the compatibility between the UAS elements and the core promoter elements.
UASb was represented as red bars. The core elements of the PpkiA and PcitA promoters were displayed as light grey and dark grey bars, respectively. The
mean mCherry fluorescence intensity of each construct was shown as blue bars. Results are the mean of three replicates, and error bars indicate stan-
dard deviations (n=3). Pairwise Student’s t-tests were conducted between synthetic promoters and the corresponding parent promoter. pvalues were

displayed as asterisks (< 0.001, ***)

UAS PgpdA

TtrpC

P ey s N

UAS (bp) Normalized mCherry fluorescence intensity value

ATG
)
-1195 775
Blank
P e
vasaip, SIHHHEn 280
uasbza, HHHHHHEn 280

| 593
B serss

*k*k

15,050.7

*kk

Fig.4 Characterization of synthetic promoters with the hybrid tandem UASa and UASb elements. The synthetic promoters with the hybrid UAS elements
of UASa and UASb were constructed using different UAS arrangements. Fluorescence analysis of constructs expressing mCherry-pyrG controlled by syn-
thetic promoters was conducted using flow cytometry. UASa and UASb were represented as orange bars and red bars, respectively. The core elements
of the PgpdA promoters were displayed as grey bars. The mean mCherry fluorescence intensity of each construct was shown as blue bars. Results are the
mean of three replicates, and error bars indicate standard deviations (n=3). Pairwise Student's t-tests were conducted between synthetic promoters and

the PgpdA promoter. pvalues were shown as asterisks (< 0.001, ***)
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4.9-fold and 5.6-fold of the PgpdA promoter, respectively
(Fig. 4). The strength of synthetic promoter with (UASb-
UASa), exceeded that of all other synthetic promoters.
To summarize, we have established a library of synthetic
promoters with various activities using combinations of
the identified functional UAS elements.

Application of the synthetic promoter library for citrate
efflux optimization significantly improved citric acid
production in A. niger

To assess the utility of the established synthetic promoter
library in an industrially relevant application, we con-
ducted promoter engineering of the citric acid exporter
encoding gene cexA, which played an essential role in
citric acid efflux [40]. With the assistance of the highly
efficient CRISPR/Cas9 genome editing toolbox [4], donor
DNAs containing the cexA expression cassettes driven
by the synthetic promoter library with varying promoter
strengths were successfully integrated into the agdA gene
locus in A. niger (Fig. 5 and Figure S8). Following verifica-
tion by genomic PCR and sequencing analysis, correctly
integrated isolates with different promoters were selected
for citric acid fermentation in shake flasks (Figure S8).
The UAS elements in each synthetic promoter and their
corresponding DNA sequences are showed in Table
S1 and Table S5, respectively. As expected, all the cexA
overexpressing strains under the control of synthetic
promoters with extra tandem UAS elements achieved
significantly higher citric acid production than the posi-
tive control XMD9 with the constitutive strong pro-
moter PgpdA (Fig. 5B). Notably, the strains with synthetic
promoters containing tandem identical UAS elements,
such as XMD12 with (UASa);-PgpdA and XMD17 with
(UASD),-PgpdA, exhibited high citric acid production of
132.3+0.2 g/L and 141.7+1.3 g/L, respectively, which
were 1.4-fold and 1.5-fold that of XMD9 with the PgpdA
promoter. All strains with tandem hybrid UAS elements
achieved a nearly 1.5-fold increase in citric acid titer
compared to the positive control XMD?9. For instance,
the citric acid production of the stain XMD25 with
the (UASa);-(UASb),-PgpdA promoter reached up to
145.3 + 3.8 g/L, which was 1.6-fold that of XMD?9 with the
PgpdA promoter. These data indicated that the synthetic
promoter library enables fine-tuned metabolic pathway
optimization, which is essential for achieving industrially
feasible production levels.

Discussion

The filamentous fungus A. niger is a leading industrial
cell factory to produce organic acids and enzymes. Pro-
moters are crucial to optimize gene expressions for syn-
thetic biology and strain engineering. However, due to
a knowledge gap in fully understanding native promot-
ers and their architectures, there is a shortage of strong
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promoters available in A. niger. To overcome these limi-
tations, we identified two functional UAS elements,
UASa and UASDb, and constructed a synthetic promoter
library with vigorous intensity and an extensive range.
This library facilitated the fine-tuned gene expression of
the cexA gene and improved citric acid productivity.

In fungi, many yeast promoters have been well-charac-
terized [22, 31], and many UAS elements have been iden-
tified in the yeast constitutive promoters. These identified
UAS elements have been exploited to design hybrid pro-
moters and stimulate transcription initiation with higher
efficiency in yeast [23, 24, 27, 41]. By contrast, only a few
such UAS elements were identified in filamentous fungi.
For instance, a 200-bp DNA fragment was identified in
the most potent inducible promoter, Pcbhl of Tricho-
derma reesei, which enhanced the promoter strength
when fused to a constitutive promoter, Pcdnal [42]. Few
DNA sequences in strong inducible promoters were
found to improve their native original promoters’ activ-
ity, such as a CCAAT-containing sequence in the PglaA
promoter of A. niger T21 [32] and a Region III sequence
in the PagdA promoter of A. oryzae [34]. To identify
more functional promoter-enhancing sequences, here,
we predicted the potential UAS elements in three highly
expressed amylolytic genes agdA, amyA, and glaA in A.
niger (Fig. 1). Among them, UASa from the PagdA pro-
moter and UASb from the PamyA promoter were iden-
tified to enhance the promoter activities. Remarkably,
UASD improved the activity of the PgpdA promoter by
33% (Fig. 1C). Moreover, the UASDb element could work
well after truncation to a 30-bp conserved sequence.
Overall, these two identified UAS elements can con-
fer more efficient promoter activity. In addition, we also
surprisingly found that the UASc of the PglaA promoter,
with the conservated motifs of the CCAAT-containing
sequence in PAnglaA of A. niger T21, didn’t show any
improved effect on the PgpdA promoter activity (Fig. 1C),
which was not consistent with the previous report [32].
This inconsistency might be caused by random mutations
in Region III of UASc spontaneously generated when the
UASc sequence was synthesized and constructed in E.
coli (Figure S9).

Due to the distinctive functional feature of UAS ele-
ments, many researchers have invested efforts in enhanc-
ing promoter activity through synthetic hybrid promoter
engineering in yeast [7, 22, 23, 27, 30]. Synthetic hybrid
promoters have been designed using tandem UAS ele-
ments, assembling different UAS elements, or replacing
core elements [27]. This study established a synthetic
hybrid promoter library with high activities and a wide
range by making these two identified UAS elements. We
observed that increasing the number of UAS element
repeats enhanced promoter strength, corroborating pre-
vious studies on UASIB in Y. lipolytica [23] or the BS
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Fig. 5 Citric acid production of A. niger strains expressing cexA under the control of synthetic promoters. (A) Schematic diagram of the construction of
the cexA expressing mutants. The donor DNAs containing CexA-expressing cassettes with synthetic promoters were integrated into the genomic locus of
the agdA gene at DNA double-strand breaks (DSBs) generated by Cas9 under the guide of two sgRNA (agdA-sgRNA1 and agdA-sgRNA2). (B) Citric acid
production of the cexA expressing mutants. The spores with 1x 10°/ml concentration were inoculated in 20 ml citrate fermentation media and incubated
at 34 °Cfor 120 h. The extracellular citric acid titer was determined by HPLC. A. niger XMD9 with cexA expression cassette under the control of the PgpdA
promoter and was used as a positive control. The UAS elements used in each strain were shown above each column. Specifically, XMD10: UASa;, XMD11:
UASa,, XMD12: UASag, XMD13: UASag, XMD14: UASa;;, XMD15: UASb,, XMD16: UASb,, XMD17: UASb,, XMD18: UASbs, XMD19: UASb,, XMD20: UASb;;,
XMD21: UASa;b,, XMD22: UASa,b,, XMD23: UASa, bs, XMD24: UASb,a;, XMD25: UASb,a,, XMD26: UASbsa;. Results are the mean of three replicates, and
error bars indicate standard deviations (n=3). Pairwise Student's t-test was conducted between the cexA expressing mutants with synthetic promoters
and the positive control XMDO. pvalues were shown as asterisks (< 0.05, *; <0.01, **; <0.001, ***)

motifs in the SES system [18]. However, the synthetic
promoter activity declined beyond a certain number of
repeats (Fig. 2). There appears to be a critical threshold
for UAS repeats, such as 6 copies for UASa and 5 cop-
ies for UASb. Notably, six copies of UASamyA and five
copies of UASagdA conferred significant improvements
in the transcription efficiency of synthetic promoters,
up to 3.5-fold and 5.4-fold that of the strong PgpdA pro-
moter (Fig. 2). Similar phenomena have been reported
in other studies. For instance, Cox et al. found that a

palindromic cAMP response element (CRE) functions
as a UAS element for constructing synthetic promot-
ers [43]. The optimal number of tandem-repeated CREs
was 9 or 12, but promoter strength significantly declined
when the CRE repeats were increased to 15 or 18 [43].
Based on the observed saturation phenomena of the
UAS elements, we speculate that a certain number of
UAS repeats could facilitate the binding of transcription
activators and improve the recruitment of transcription
factors (TFs) and RNA polymerase; however, further the
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increased UAS repeats may change the DNA accessibil-
ity and possibly affect the localization of transcription
activators and RNA polymerases, which hinders their
effective recruitment. The underlying reasons behind this
interesting phenomenon could be further discovered by
structure analysis of the complex involved in transcrip-
tion initiation.

Compatibility of UAS elements with different core
elements is crucial for designing synthetic promoters.
Zhao et al. [23] demonstrated that the UAS1B element
exhibited vigorous activity when fused to various core
promoter elements in Y. lipolytica, including LEU, TEF,
PAT1, POX2, and EXP. In this study, we showed that the
UAS elements also displayed good compatibility with
the core elements of the PpkiA and PcitA promoters in
A. niger. For instance, four copies of the UASagdA ele-
ment achieved up to 7.3-fold and 3.8-fold increases in
the strength of the PpkiA and PcitA promoters, respec-
tively (Fig. 3). This compatibility highlights the potential
of UAS elements to broaden the design range of artificial
promoters, facilitating more versatile and effective tran-
scriptional regulation.

In addition, we revealed that the UAS elements showed
good functional modularity and that tandem hybrid UAS
elements can collaboratively enhance promoter strength.
Notably, two copies of UASagdA-UASamyA dramati-
cally increased the promoter strength up to 5.6-fold that
of the PgpdA promoter. This functional modularity of the
UAS elements has been verified in yeast UAS elements,
such as UAS1 and UAS2, from the promoters Pro-Y13
and Pro-Y14 in O. polymorpha [29]. The Phy4 promoter
with a hybrid tandem fusion of UAS1Y!?+UAS2!? and
UAS1Y + UAS2Y* showed a 2-fold increase in activity
compared to the original promoter. The strong modular-
ity of the UAS elements enables the design of shorter but
more powerful synthetic promoters.

For the application testbed, the cexA overexpression
driven by this synthetic promoter library led to much
higher citric acid production than that of the PgpdAg
promoter. Among the synthetic promoters, the highest
citric acid production was achieved at 145.3 g/L by fus-
ing with hybrid tandem UAS elements (Fig. 5). These
obtained synthetic promoters, exhibiting strength far
surpassing that of the previously reported most potent
promoter [11], PgpdA, provided additional options for
strong gene regulatory elements in A. niger strain engi-
neering. The activation effect of the UAS elements on
promoter strength involves some specific transcription
activators [22, 44]. In the future, more efforts should be
put into the screening of UAS interacting transcription
activators to achieve a synthetic gene regulatory sys-
tem with more commonality, more robust activity, and
a broader range of gene transcription levels to achieve
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high-level production of organic acids and enzymes by
this important cell factory A. niger.

Conclusion

In this study, two functional UAS elements, UASamyA
and UASagdA, were identified from the promoter of
highly expressed genes in A. niger. Based on these UAS
elements, we created a synthetic promoter library with
high activities and a broad range by assembling UAS ele-
ments with the reported most potent PgpdA promoter.
We also demonstrated that these UAS elements were
well-compatible with the core elements of different pro-
moters. This synthetic promoter library was success-
fully applied to optimize citric acid-producing strains,
resulting in significantly higher citric acid production in
A. niger. In summary, the findings in this study lay the
groundwork for developing more efficient synthetic pro-
moter systems and expanding the promoter engineering
toolboxes in fungal cell factories.
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